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Hybrid quantum systems that utilize controllable coupling between phonons and superconducting qubits
could pave the way for a new generation of compact quantum memories and sensor technologies. How-
ever, the same electromechanical interaction mechanisms that enable coherent qubit-phonon coupling can
also lead to decoherence due to the spontaneous phonon emission. In this paper we study the dynamics
of a qubit coupled to an acoustic resonator by a piezoelectric film. By varying the surface topography
of the resonator from rough to flat to shaped, we explore the crossover from fast decay of an excited
qubit to quantum-coherent coupling between the qubit and an isolated phonon mode. The developed the-
oretical model allows us to establish and check quantitative links between the results obtained for the
rough and shaped topographies. Discrepancy between the theory and the data for the flat resonator points
to the imperfections of the studied device. Our experimental approach may be used for precision mea-
surements of crystalline vibrations, the design of quantum memories, and the study of electromechanical

contributions to dielectric loss.
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I. INTRODUCTION

Circuit quantum electrodynamics (cQED) is a versa-
tile platform for universal quantum computation [1-3]
and the design of hybrid quantum architectures [4]. Fast,
multicavity control is enabled by a transmon qubit’s
large electric dipole moment, which can strongly cou-
ple to several microwave modes simultaneously [5]. In
the emerging domain of quantum acoustics, a supercon-
ducting qubit can efficiently couple to collective vibra-
tions—phonons—to prepare nonclassical states of sound
and coherently exchange quantum excitations [6—12].
Given that the speed of sound is much slower than that
of light, phonons in crystalline media may form a high-
density quantum random access memory in a compact
form factor with a transmon serving as a nonlinear mixing
element to interface multiple acoustic modes [13]. How-
ever, coupling a qubit to an acoustic medium with many
degrees of freedom can lead to rapid decay if the modes
are either very lossy or if coupling to a continuum of modes
produces unintended acoustic radiation.
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The spontaneous emission rate of a quantum emitter is
determined by the density of states (DOS) in the environ-
ment. According to Fermi’s golden rule, the decay rate y of
a two-level system from spontaneous emission reflects the
DOS D(w) at its transition frequency w and its coupling
rate g to those states, or y =27 |g|2D(a)). A transmon
qubit in free space would have a submicrosecond life-
time because its large size makes it an efficient radiator
to the electromagnetic continuum. However, embedding
the qubit in a high Q-factor microwave cavity suppresses
the continuum DOS by several orders of magnitude when
the qubit is strongly detuned from the cavity resonance
[14]. This leads to an inverse Purcell effect [15], where
the qubit is protected from radiative decay such that other
nonradiative mechanisms begin to dominate.

Before we can utilize phonons as a resource for compact
quantum acoustic memories and sensor technologies, it is
necessary to suppress unintentional acoustic radiation of
the qubit into a continuum of modes typically supported
by macroscopic systems. In quantum acoustic devices,
qubits are coherently coupled to surface and bulk acoustic
waves and to phononic defect cavities using piezoelec-
tric materials [16—19]. While strong coupling has enabled
single-phonon control, the lifetimes of qubits in current
piezo devices can be up to 2 orders of magnitude lower
than those of conventional transmons [20]. Since the qubit
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footprint is much larger than the acoustic wavelength, it
may potentially radiate into the acoustic continuum. This
problem is common for the devices designed to support
a coherent superposition of the qubit excitation and an
acoustic resonator mode, and for the cQED qubits with
nominally passive dielectric substrates. To better under-
stand such qubit decoherence pathways, it can be helpful
to identify the dynamics associated with electromechani-
cal coupling of a qubit to the phonon modes hosted by an
acoustic resonator.

In this work we investigate acoustic radiation of a trans-
mon with piezoelectric transducers on a high overtone bulk
acoustic wave resonator (HBAR) made of a thin film of
aluminum nitride (AIN) on sapphire. By modifying the
surface topography, we systematically vary the acoustic
density of states (ADOS) and explore three unique regimes
of acoustic radiation. First, we couple the qubit to a res-
onator with a roughened backside and observe that the
qubit’s lifetime shortens by 2 orders of magnitude; see
Sec. IT A. Disorder on the scale of the acoustic wavelength
makes the qubit irreversibly emit its energy into a contin-
uum of phonon modes. Next, by coupling the qubit to a
flat acoustic resonator, we observe a modulation of its life-
time that is consistent with discrete bands in the expected
ADQOS; see Sec. II B. Finally, by shaping the piezoelectric
transducer, we form acoustic bound states whose spectral
signatures we observe in the qubit’s decay (see Sec. 11 C)
and to which we can coherently couple (see Sec. 11 D).

In parallel, we develop a theoretical model describing a
qubit coupled to the acoustic modes in HBAR. We deter-
mine the parameters of the model using the data for the
resonator with a roughened backside, see Sec. I A, and
then use it to predict the experimental results for all the
other studied geometries. We find a very good agreement
with the data for shaped transducers; see Secs. I C and
IID. There are substantial deviations of the data for the
flat resonator from the theoretical predictions; see Sec.
IIB. The discrepancy can not be explained by devia-
tions of HBAR from flat geometry and points to device
imperfections which are undetermined at this stage.

II. MEASURING ACOUSTIC RADIATION

To study acoustic radiation, we track the dynamics of a
flux-tunable qubit as a function of frequency when coupled
to different acoustic environments. Our experimental plat-
form consists of a flip-chip assembly, in which one chip
contains the qubit and its metallic traces and the other
the HBAR. The qubit has a concentric capacitor layout
that shunts a pair of parallel Josephson junctions, resulting
in a transition frequency at approximately wy/2w = 56
GHz. Flux threading the square loop is used to tune the
qubit’s frequency over a broad range; strong, off-resonant
voltage drives are used to quickly Stark shift the qubit’s
frequency in a narrow range. An adjacent meandering
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FIG. 1. Acoustic spontaneous emission from a transmon.

(a) An illustration of the sample geometry. Stacked above the
center of the concentric transmon is a chip with 1 pm of alu-
minum nitride on 430 pm of sapphire, which has a roughened
backside. The chip entirely covers the qubit. An external mag-
netic field H is applied (field lines in blue) to flux tune the qubit.
(Inset) The electric field of the transmon mode excites an acous-
tic wave in the resonator, via the piezoelectric effect in AIN.
The wave scatters diffusely at the roughened backside. (b) The
measured qubit decay rate y is independent of its transition fre-
quency, confirming the diffuse nature of phonon scattering off a
rough surface. A blue solid line indicates the analytical estimate
using Eq. (1) with e33 = 0.52 C/m?, and a dashed line shows the
decay rate of a control qubit Yy /27 = 2.6 kHz.

stripline is hanger coupled to a transmission line for dis-
persive readout. The HBAR is formed from sapphire with a
film of aluminum nitride b, = 1 wm thick; aluminum spac-
ers are deposited to form a 1-pwm vacuum gap between the
qubit and the piezoelectric film. The assembly is mounted
in a superconducting package at the base of a dilution
refrigerator.

We conduct experiments using three different styles of
HBARSs that systematically vary the ADOS. First, we use
a single-side polished sapphire chip with thickness b =
430 pm, whose backside has a roughness of approxi-
mately 1-um rms [shown in Fig. 1(a)]. Next, we repeat
the same with a » = 100 um double-side polished sapphire
chip. Finally, we make two separate samples, in which a
b = 100 wm thick sapphire chip is patterned with an alu-
minum nitride cylinder of diameter 250 pum or a dome
formed through a vapor-phase reflow process [21] and dry
etching of the residual piezoelectric.

A. Radiation into acoustic free space

To understand the impact of acoustic radiation on qubit
coherence, we begin by investigating the coupling of the
qubit to a quasicontinuum of phonon modes. Here, we
employ a HBAR with a roughened backside, with rough-
ness on the order of the acoustic wavelength. A qubit is
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first brought into the excited state with a fast pulse. Field
oscillations within the excited qubit couple (via the piezo-
electric effect) to an acoustic wave that traverses the bulk
and diffusely scatters from the roughened back surface.
Hence, this acoustic excitation does not coherently return
to the transducer, leading to spontaneous emission anal-
ogous to that of a qubit coupled to acoustic free space.
Indeed, measurement results shown in Fig. 1 reveal a
fast decay time of 73 = 0.21 ws that does not depend
on the qubit’s frequency in a 40 MHz bandwidth (a res-
onator with the same nominal thickness would have a 13
MHz free spectral range). By comparison, a control qubit,
which lacks the top HBAR chip entirely, has a lifetime
Ty = 62 ws. Therefore, acoustic spontaneous emission is
the dominant source of decoherence, occurring at a rate
y /2w = 750 kHz.

We model the roughened HBAR as an acoustic half
space to analytically estimate the radiation rate. The main
contribution to the spontaneous emission rate in our device
comes from the emission of longitudinal waves. The
coupling between the qubit and a longitudinal phonon
hg = — [ d*ro..(r)s..(r) is determined by the overlap of
stress 0., (r) = ey3E,(r) generated by the qubit’s elec-
tric field £ in the piezoelectric film, and strain s.,(r) =
soe’* L "Lsin(k.z) associated with the phonon. Here, e33 is
the piezoelectric modulus of AIN and sy is the zero-point
strain amplitude. Applying Fermi’s golden rule, we find
that [22]

21 4é? . wob
vis(wo) = fnvz,jioo s1n4< 20vl[)>/d2rLEzz(il)> (1)

where p = 4 - 10° kg/ m® is the density of sapphire and
vy = 11.1 km/s is the longitudinal wave velocity. In the
derivation we assumed that the electric field does not
change appreciably across the thickness of the piezo-
electric film. To find E.(r.), we use a high-frequency
simulation software, which gives f d’r lEf(r 1) =52-
1071 V2. For a thin film with b, < A,, the decay rate
Y& & (wo/v;)°, analogous to radiation by a dipole in free
space. In our experiment, however, the piezoelectric film
thickness b, is close to half the acoustic wavelength
(Mac/2 = 0.9 um) at the qubit’s transition frequency, yield-
ing sin(wob, /(2v)) ~ 1.

The estimate for y¢ depends sensitively on the value of
the piezoelectric modulus e33;, which we have not mea-
sured independently. Upon using in Eq. (1) the value
e33 = 1.4 C / m? previously reported for polycrystalline
AIN thin films [23,24], we find that yi = 27 - 5.9 MHz.
While this estimate agrees with the measured rate within an
order of magnitude, it nonetheless overestimates the exper-
imentally observed rate by a factor approximately equal
to 7. We can bring the theory and the data into agree-
ment if we use e33 =0.52 C/ m>. Although this value

is lower than that for thin AIN films at room temper-
ature (by a factor of approximately 2.5), it is close to
the e33 extracted from measurements of the coherent cou-
pling to a discrete phonon mode in other quantum acoustic
devices [8].

The large difference between the lifetimes of a control
qubit (77 = 62 ws) and a qubit in the roughened HBAR
structure (77 = 0.20 ws) verifies the impact of acoustic
spontaneous emission on coherence. This disparity could
be even more dramatic in other quantum acoustic designs.
From the participation ratio, p, = €p€ f dVEzz/ how, we
estimate that the qubit stores 1% of its electrical energy
in the piezoelectric film. Alternate designs with stronger
in-film electric field strengths or piezoelectric coupling
e33 may cause the qubit’s lifetime to drop to nanosecond
timescales.

B. Flat acoustic resonator

Next, we consider the qubit coupled to a flat acoustic
resonator. We begin with the theoretical predictions for
this geometry. If the qubit size, a, is large compared with
the acoustic wavelength, we may first dispense with the
diffraction phenomena and consider a simplified problem.
In it, the qubit couples to a single standing wave in a finite-
size resonator of thickness, b, built on top of the qubit
footprint. This coupling would result in Rabi oscillations
of the excitation between the qubit and acoustic mode. The
oscillation frequency depends on the coupling strength,
go. The Rabi frequency 2z = 2gy at the resonance of the
qubit with the standing wave, wy = w,. The oscillations
amplitude is of the order of 1 for |wy — w,| < go.

Diffraction modifies this picture. To account for diffrac-
tion, one needs to treat the HBAR chip as a thick mul-
timode waveguide that supports bands of phonon modes.
The wave spectrum in it, a)ﬁ(k 1) = v,z(mr/b)2 + viki, is
characterized by the in-plane wave vector £, and the stand-
ing wave overtone number n. The subset of wave vectors
k, of phonons efficiently interacting with the qubit are
limited by diffraction to k; < 7/a. The respective mode
frequencies w, (k) form narrow intervals of width wg;g ~
v} 72 /(w,a?) adjacent to the standing wave frequencies
w, = mnvy/b. The strong-coupling regime requires gy >
wqifr, and is realized close to the resonance, |wy — w,| <
go. In the latter frequency range, we predict (see Ref. [22]
for details) the presence of damped Rabi oscillations. The
decay of the excited qubit happens in two stages. The first
stage corresponds to the decay of the Rabi oscillations; the
decay rate is yr ~ /g0 wdir- By the end of this stage, the
excited-state population decreases by a factor of 4 from its
initial value. Further relaxation of the qubit occurs slower
and without oscillations.

The size a ~ 100 pwm of the qubit determines the diffrac-
tion width of wyir/27r ~ 10 kHz. Using the value of the
piezoelectric constant extracted from the data in Sec. II A,
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FIG. 2. Dynamics of the qubit coupled to a flat acoustic resonator. (a) As opposed to the inset of Fig. 1, the backside of the acoustic
resonator is flat. (b) Time dependence of the excited-state population of the qubit P.(f) at different qubit frequencies wy (P.(f) is
shown with the color). (c) Line cuts of the plot in panel (b) at three different qubit frequencies. Data points in blue, green, and magenta
correspond to the frequencies indicated in panel (b) with circles of the respective colors. The time dependence of P, (?) is well described
by a single decaying exponent (solid lines). (d) Measured decay rate y (wg) of the qubit at each frequency. The gray dashed line is the
decay rate of the control sample y.ui. The peaks in y (wp) correspond to the resonances between the qubit and the standing acoustic

waves.

e33 = 0.52 C/m?, we estimate go/2m ~ 1 MHz and, there-
fore, yr/2m ~ 100 kHz. Accordingly, we expect strong
qubit-phonon coupling within the frequency range of width
of the order of 1 MHz around the resonances wy = w,, and
of the order of 10 resolved Rabi oscillations.

Having outlined the theoretical predictions, we now turn
to the data. The results for the dynamics of a qubit coupled
to a flat resonator are shown in Fig. 2. First, we observe
a periodic structure of prominent peaks in the qubit decay
rate. The free spectral range between the peaks, v;/(2b) =
55.5 MHz, corresponds to round-trip travel time of the
longitudinal wave across the acoustic resonator. The peak
widths of the order of 1 MHz are seen in Fig. 2(d). These
observed ~1 MHz peak widths agree with the prediction
of the strong-coupling regime of the qubit-phonon interac-
tion. In fact, the height of the peaks approximately equal
to 70 kHz is consistent with yz /2w ~ 100 kHz. However,
in contrast to the theory prediction, we observed no Rabi
oscillation at any qubit frequency; see Fig. 2(b). Instead of
the two-staged decay, the time dependence of the excited-
state population of the qubit is well described by a single
exponential; see Fig. 2(c).

The Rabi oscillations could be destroyed by deviations
of HBAR from flat geometry or possible additional sources
of the phonon decay. However, these mechanisms would
lead to peaks in y with weights much higher than those

observed. A possible resolution is that, in addition to the
deficiency of sample geometry, the sample’s piezoelectric
coupling constant es3 is unexpectedly an order of magni-
tude lower than the value we found in Sec. II A. However,
that value, e33 = 0.52 C/m?, allows us to quantitatively
explain the measurement data for the devices with the
shaped transducers (see Secs. II C and II D below). There-
fore, the discrepancy between the theory and the data for
the device of Fig. 2 still awaits explanation.

To conclude this section, we note that, in addition to the
primary series of peaks in the qubit decay rate, there is an
extra series of peaks of smaller magnitude, cf. Fig. 2(d).
These peaks repeat with the period vg,/(2b) = 31 MHz,
corresponding to the round trip of the shear wave (the
shear wave velocity is vy, = 6.1 km/s). The shear wave
peaks are split into two subpeaks that appear to be con-
sistent to the two shear polarizations. The splitting likely
originates from a slight misalignment between the z axis
of the device (along which the waves are launched) and
the ¢ axis of sapphire crystal. Were the two axes perfectly
aligned, the two shear waves would have had the same
propagation velocities in the z direction, and identical sets
of the standing wave frequencies. The misalignment of
these axes by A6 results in a relative difference of the shear
wave velocities and corresponding standing wave frequen-
cies, Awgplit/wo = Avgy /vy ¢ Af. We estimate (see Ref.
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FIG. 3. Dynamics of the qubit coupled to the acoustic modes

in the dome. (a) Decay rate of the qubit y as a function of the
qubit frequency. A series of peaks originates from the coupling of
the qubit to the (lossy) acoustic modes confined within the dome.
Vertical gray lines indicate the calculated mode frequencies; see
Ref. [22] for details. A dashed horizontal line shows the decay
rate of a control qubit y.y/2m = 2.6 kHz. (b) When the qubit
frequency is close to a resonance with one of the acoustic modes,
its excited-state population (depicted with color) undergoes Rabi
oscillations.

[22] for details) that the observed splitting can be explained
by a misalignment angle A6 = 0.15°; this estimate is close
to the alignment error £0.1° in the specifications of the
sample.

Lastly, away from the longitudinal and shear peaks, the
decay rate y /2 = 3.4 kHz is close to that of the control
qubit, yeui /27w = 2.6 kHz.

C. Topographic deformation

Finally, by changing the shape of the acoustic resonator,
we create a series of discrete phonon modes that produce
a distinctly different spectrum of spontaneous emission.
We fabricate two devices with different transducer shapes
depicted schematically in Figs. 3(a) and 4(a). In the first
device we pattern a dome, etch away the remaining piezo-
electric film, and stack it above the center conductor of the
qubit. The radius of the dome’s base is chosen such that
the transducer is slightly smaller than the qubit’s center
conductor; this reduces the sensitivity of the device per-
formance to the sharply varying fields at the edges of the
conductors. The radius of curvature of the dome is R =
7.8 mm. In the second device we pattern a cylinder-shaped
transducer with » = 125 pm. The measured dependence of
the qubit’s decay rate on its frequency is presented for both
devices in Figs. 3(a) and 4(a).
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FIG. 4. Dynamics of the qubit coupled to the acoustic modes
in the cylinder. (a) The frequency dependence of the qubit’s
decay rate y in the cylindrical geometry. We attribute the peaks in
y to the resonances between the qubit and the acoustic modes in
the cylinder. (b) The pattern of Rabi oscillations close to the res-
onance between the qubit and the phonon mode. The decay rate
of a control qubit y.yi/27 = 2.6 kHz is shown by a dashed line.
(c) A measurement of the dispersive shift of the qubit produced
by a driven acoustic mode at wp, /27 = 5.0175 GHz. The qubit
is detuned from the mode by A /27w = —10.5 MHz; its transi-
tion frequency (wy = @y + N x) and linewidth (y, = 2y» + N«)
depend on the number of excitations N in the displaced acous-
tic mode [25]. The linewidth of the [N = 1) peak is broader than
that of the |[N = 0) peak by «/27 = 21.8 kHz. The respective

acoustic lifetime is 77" = 7.3 ps.

A striking feature of Figs. 3(a) and 4(a) is the presence
of tightly packed peaks in the qubit’s decay rate whose
spacing §v ~ 1 MHz is much smaller than the fundamen-
tal frequency of the bulk standing wave v;/(2b) = 55.5
MHz. We attribute these peaks to the resonances between
the qubit and the long-lived acoustic “bound” states. Such
bound states (or leaky modes) are formed in the volume of
the chip above the transducer by the lateral confinement.
To verify the origin of the peaks, we solve the Christof-
fel wave equation for the two geometries at hand [22],
and compare the resulting spectra of bound state frequen-
cies with the positions of peaks in y (wg). For each bulk
wave overtone n, we find a series of bound states distin-
guished by the transverse wave number, with frequency
spacing v <« v;/(2b). The smallness of the spacing stems
from the respective smallness of the acoustic wavelength
rac K R, b,r. The computed bound state frequencies are
depicted in Figs. 3(a) and 4(a) by the vertical gray
lines.
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We can also estimate the number of resolvable bound
states for each overtone n. Because of the smallness
of Ay, their frequencies, w? (ki) = v} (nm/(b+ b,))* +
v} k7, are accurately estimated by making &, discrete. For
example, for the cylindrical transducer, &k, changes in steps
of width ~7 /7. The bound states are resolvable as long as
the respective frequencies, w, (k. ), are lower than the edge
of the corresponding overtone’s band at frequency, vnz /b.
This yields 19 resolved states. A similar calculation for the
dome gives 15 resolved states [22]. These numbers are in
reasonable agreement with observations.

The decay rate decreases upon detuning the qubit away
from the resonances, reaching a minimum background
value of 2.8 (x) and 6.6 kHz (A) for the dome and cylinder
geometries, respectively. Subtracting the control qubit’s
decay rate, y.n1/2m = 2.6 kHz, we find that the contri-
bution of acoustic spontaneous emission is Y;aq/27 = 0.2
kHz for the dome geometry and < 3.2 kHz for the cylin-
der. The elevated radiation from the cylinder stems from
the diffraction of acoustic waves in the bulk on the trans-
ducer’s sharp edge; the dome and its tapered edges, by
contrast, suppresses coupling to propagating waves in the
bulk. While dielectric losses in the transducer could also
contribute to differences from the control, we note that
dielectric participation in these two samples is similar,
while their y;.4 differs by at least an order of magnitude.
This verifies that acoustic radiation is more likely than
dielectric loss to limit coherence.

D. Acoustic bound state spectroscopy

The discrete nature of the acoustic bound states is con-
firmed by the presence of multiple vacuum Rabi oscilla-
tions in the time domain. Figures 3(b) and 4(b) show the
time evolution of the qubit’s excited-state population in the
dome and cylinder geometries, respectively. In both cases,
we observe a clear pattern of vacuum Rabi oscillations.
For the dome, the pattern has a standard chevron shape;
the oscillations occur at a vacuum Rabi rate, Qz/27 =
0.6 MHz, when the qubit frequency is tuned to a reso-
nance with the phonon mode, wy /27 = 4.8995 GHz. By
identifying Qp = 2g, we infer g/2w = 0.3 MHz for the
qubit-phonon coupling. This value is in good agreement
with our estimate, g /27w = 0.24 MHz, for the qubit inter-
acting with the principal transverse mode in the dome (in
the estimate we use e33 = 0.52 C /m2 for the piezoelectric
coefficient of AIN, as deduced in Sec. Il A; see Ref. [22]
for details).

For the cylinder, the observed Rabi frequency is
Qr/2m = 2.7 MHz for a phonon mode at wy/27w =
5.0175 GHz, corresponding to g/2x = 1.35 MHz for the
qubit-phonon coupling. Our analytical estimate for the
coupling, g/27 = 1 MHz, is in reasonable agreement with
this value (see Ref. [22] for details). We note that the
pattern of oscillations for the cylinder is distorted from its

usual chevron shape. This distortion is observed because
the high value of the coupling strength, g, is close to the
frequency spacing between the bound states, §v ~ 1 MHz,
resulting in the hybridization of the qubit with multiple
acoustic modes simultaneously.

Next, we find the acoustic bound state decay rate, «,
using the dispersive coupling to the qubit. Here, we focus
on a cylindrical geometry. First, by flux tuning the qubit,
we park its frequency, wy, sufficiently close to wyn. To
enter the dispersive coupling regime, we choose the detun-
ing, A/2m = (wo — wpn) /2w = —10.5 MHz, that exceeds
g/2m = 1.35 MHz. Then, we apply a Gaussian pulse res-
onantly with the bound state, which displaces it into a
coherent state—a superposition of Fock states with differ-
ent phonon numbers . Because of the dispersive coupling
between the qubit and the bound state, Hyisp = x0.N/2,
the spectral line in the qubit microwave response becomes
a sum of overlapping Gaussians shifted by x with respect
to each other, as seen in Fig. 4(c). The dispersive shift from
a single phonon can be evaluated as x = 2g?/A, yielding
x /27 = —0.4 MHz. The widths of Lorentzians depend on
the qubit dephasing rate ,, the acoustic bound state decay
rate «, and on the phonon number, y (N) = 2y, + kN [25].
The sensitivity of y (N) to phonon number, N, allows us
to extract ¥ by comparing the linewidths corresponding to
different N. We fit the shape of the qubit response by a sum
of Lorentzians centered at positions @y + N x with widths
¥y (N) (@ differs from wq due to the ac Stark shift induced
by the pulse). The only fitting parameters are y,, &g, and
k. We obtain « /27 = 21.8 kHz for the decay rate of the

bound state, or Tfh =73 ps.

Using this value of x, we estimate a single-phonon coop-
erativity C = 4g°/(ky2) = 8.4 x 10°. Its value, which is
limited in the present work by dephasing in the qubit
v, /2m = 39.8 kHz, represents an increase over the previ-
ous HBAR devices [8,9], and is the result of an increase
in the coupling strength g. Further increase of cooperativ-
ity may be achieved by using a transducer with rounded
edges (to mitigate the diffraction losses), an acoustic cavity
with reduced surface roughness, and a qubit with reduced
dephasing.

III. CONCLUSIONS AND OUTLOOK

The speed of sound is 10* times slower than that of light;
this leads to a high density of acoustic modes in crystalline
media as compared with that of electromagnetic modes in
a resonator of comparable size. The high density of acous-
tic modes is both a resource and a challenge for their use
in quantum information applications. On the one hand, we
may build quantum acoustic devices that are much more
compact than existing cQED ones. On the other hand, the
higher density of modes may easily lead to a fast decay
of a qubit due to the emission of phonons. In this work
we demonstrate the crossover between the regime of fast
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qubit decay and that of large single-phonon cooperativ-
ity; we achieve this by purposefully modifying the device
geometry. The relevant length scale for the modifications is
determined by the wavelength A,. of a phonon at the qubit
frequency. A surface roughness, of the scale A,., within the
acoustic cavity results in strong phonon diffraction, which
leads to a structureless ADOS mimicking acoustic free
space for phonons. In agreement with theory, we observe
fast decay of the qubit independent of its frequency, as seen
Fig. 1. A surface which is smooth on the scale A, limits
the spontaneous emission to the set of qubit frequencies
resonant with the standing waves in the chip, as seen in
Fig. 2. Furthermore, in a full analogy with plano-convex
resonators in laser physics [26], shaping of the trans-
ducer allows one to isolate discrete long-lived acoustic
modes strongly coupled to the qubit. The strong coupling
is exemplified by the observed Rabi oscillations, as seen in
Figs. 3 and 4.

Our design of the experiments and data analysis went
beyond the lumped element circuit models of acoustic
modes [27,28] and focused on the wave nature of the
coupling. This approach may be extended in several direc-
tions. Going forward, we may use it to investigate radiation
into Rayleigh waves at the surface. Additionally, we may
assess topographic modifications for use in the design of
high-density, multimode quantum random access memo-
ries based on bulk acoustic wave resonators [13]. Lastly,
the technique developed in this work may be used for
the precision measurements of the bulk phonon proper-
ties, which are hard to access otherwise. For example, we
envision the characterization of a weak piezoelectricity
caused by defects or the inversion symmetry breaking at
the surface [29] of nominally centrosymmetryic crystals.
The residual substrate piezoelectricity may contribute to
the dielectric loss in qubits.
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