
PHYSICAL REVIEW A 108, L010601 (2023)
Letter

Quantum acoustic Fano interference of surface phonons
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Quantum acoustic systems, which integrate surface or bulk phonons with superconducting qubits, offer a
unique opportunity to investigate phononic interference and scattering processes in the quantum regime. In
particular, the interaction between a superconducting qubit and a phononic oscillator allows the qubit to sense the
oscillator’s excitation spectrum and underlying interference effects. Here, we present measurements revealing
the Fano interference of a resonantly trapped piezoelectric surface acoustic wave (SAW) mode with a broad
continuum of surface phonons in a system consisting of a SAW resonator coupled to a superconducting qubit.
The experiments highlight the existence of additional weakly coupled mechanical modes and their influence
on the qubit-phonon interaction and underscore the importance of phononic interference in quantum acoustic
architectures that have been proposed for quantum information processing applications.
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Wave interference is a universal phenomenon manifesting
in a wide variety of both classical and quantum systems
ranging from ocean waves to quantum circuits. The spectral
response of these systems encodes the existence of the under-
lying interference processes, resonant modes, and their losses.
A hallmark example is the Fano resonance [1–3], which arises
from the interference between a resonantly scattered mode
and a continuum of background states, and leads to a charac-
teristically asymmetric spectral line shape. Fano interference
has been realized in various fundamentally different quantum
systems in which sharp resonant modes interact with con-
tinuum excitations, including atomic and molecular systems
[4,5], scattering in optical experiments [6,7], and transport
measurements in quantum dot-based condensed matter sys-
tems [8,9]. Regardless of the physical platform, this type of
interference manifests as a significant change in the spec-
tral response of the system, and is therefore an important
process to understand when interpreting spectroscopic or tem-
poral measurements or assessing device performance. Here,
we demonstrate the manifestation of Fano interference in a
quantum acoustics system. This interference arises from the
interaction between resonantly trapped surface acoustic wave
(SAW) phonons with a background of continuous phonon
modes in an acoustic Fabry-Pérot resonator that is cooled to
near its quantum mechanical ground state. We infer the SAW
phonon interference by measuring the absorption spectrum of
a superconducting transmon qubit capacitively coupled to the
SAW device.

Hybrid quantum systems utilizing the toolkit of circuit
quantum electrodynamics (cQED) [10,11] are an established
and powerful platform for controlling the quantum mechan-
ical properties of microwave photons. These systems have
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been used to reveal individual photon number states in an mi-
crowave field [12,13], to create superpositions of microwave
coherent states for generating logical qubits [14–16], and for
creating highly interacting photonic bound states [17]. As a
complementary technology, circuit quantum acoustodynam-
ics (cQAD) [18], in which the photonic degree of freedom
is replaced with a phononic one, enabling investigation and
control of the quantum properties of vibrational excitations in
solid state systems. Experiments using the cQAD framework
have been used to investigate the single phonon splitting of the
absorption spectrum of a superconducting qubit [19–21], the
joint entanglement of high-frequency mechanical oscillators
[22], sensing of mechanical dissipation and dephasing [23],
as well as phononic open quantum systems [24]. While a va-
riety of quantum acoustic systems are available, architectures
based on confined or itinerant piezoelectric surface acoustic
waves (SAWs) show particular promise for linear mechanical
quantum computing [25], phononic quantum communica-
tion [26,27], and proposed platforms for quantum random
access memories [28]. In each of these potential quantum
information processing applications the presence of phononic
interference can lead to a modified interaction between the
qubit and mechanical modes of interest, potentially degrad-
ing device performance. Our experiments revealing quantum
acoustic Fano interference of SAW phonons highlight the
importance of understanding the interaction between distinct
phonon modes in quantum acoustic systems.

Figure 1(a) depicts a schematic of our experiment, which
consists of a flux-tunable superconducting transmon qubit that
is capacitively coupled with a SAW device hosting a resonant
mode at ωm/(2π ) = 4.4588 GHz. The spectral response of
the SAW device was precisely designed using the coupling-
of-modes theory to define the electromechanical scattering
properties of the device [29,30], as shown in Fig. 1(b). The
effective electrical conductance of the SAW device was de-
signed such that the resonantly confined acoustic mode is in
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FIG. 1. (a) Left: Image of the hybrid system housed in the 3D
microwave cavity used for control and readout. Center: Optical
micrograph of the SAW resonator. The large antenna mediate the
coupling between the qubit and SAW resonator. Right: The acoustic
transducer (green) is electrically connected to the antenna pads and
phonons are confined within the acoustic cavity by the Bragg mirrors
(red). (b) Schematic of the experiment. Phononic Bragg mirrors form
a spatially distributed Fabry-Pérot cavity that allows for a coherent
exchange of energy between the qubit and a resonantly confined
SAW mode. (c) Top panel: Measurement of two-tone qubit spec-
troscopy as the qubit is tuned through the main acoustic resonance
and nearby SAW continuum. Strong coupling is seen between the
confined acoustic mode while weaker coupling is seen between the
qubit and the background of acoustic states. Bottom panel: Simulated
mode structure for the SAW device, in which the confined acoustic
mode is housed within a continuum of SAW states.

close spectral proximity to a continuum of acoustic states [see
Fig. 1(b) and the Appendix]. The qubit and SAW device are
fabricated on separate substrates, with the SAW device on
YZ-cut LiNbO3 and the qubit on high-resistivity silicon with
maximum Josephson tunneling energy EJ,max/h = 19.7 GHz
and capacitive charging energy EC/h = 328 MHz. Both de-
vices are galvanically connected to large antenna pads having
an area 250 µm × 250 µm that form a pair of parallel plate
capacitors between the two devices when they are assembled
in a flip-chip configuration [31]. The capacitive coupling in
this hybrid system ensures that strain in the piezoelectric SAW
substrate induces a voltage across the qubit antennas, allow-
ing for the exchange of energy between the qubit and SAW
phonons [see Fig. 1(a)]. The composite qubit-SAW system
is housed in a three-dimensional (3D) electromagnetic cavity
with fundamental frequency ωc/(2π ) = 4.788 GHz, which is
used for qubit control and readout as well as for applying inde-
pendent excitation tones to populate the SAW device, and the
interaction strength between the qubit and microwave cavity

is measured to be g/(2π ) = 75 MHz. A superconducting coil
wound around the cavity provides magnetic flux tunability
of the resonant frequency of the qubit. The qubit absorption
spectrum is measured via two-tone spectroscopy, using the
dispersive interaction between the qubit and cavity to deter-
mine the qubit state. As the resonant frequency of the qubit
is tuned through the confined acoustic mode, we observe an
avoided crossing of magnitude gm/(2π ) = 9.76 ± 0.60 MHz
[see Fig. 1(b)]. Additional interactions between the qubit and
phonon modes are also observed. In particular, these features
correspond to interactions between the qubit and phonons that
are not strongly confined to the SAW resonator and therefore
couple much more weakly to the qubit, manifesting as a series
of dark states in the qubit spectra.

To utilize the qubit to measure surface phonon excitations,
we first calibrate the qubit response to SAW excitations in
the acoustic dispersive limit using the primary confined SAW
resonance. In this regime the qubit frequency and spectral
shape depend in an established and systematic fashion on
the excitation number of SAW bosons. This ac Stark shift
has been observed in superconducting qubit systems cou-
pled to both microwave resonators in the cQED framework
[13,32] as well as mechanical oscillators of multiple cQAD
architectures [18–21]. In this dispersive limit, the detuning
between the qubit frequency (ωq) and the resonant SAW
mode (ωm) is large compared to gm (gm � |�|, � = ωq −

ωm). In particular, we tune the qubit frequency such that
�/(2π ) = −138.6 MHz and EJ/h = 8.5 GHz. In this regime,
we can approximate the Hamiltonian describing the hybrid
system as (h̄ = 1) [10]

Ĥ � ωm(â†â + 1/2) +
1

2

(

ωq + 2χmâ†â +
g2

m

�

)

σ̂z. (1)

In Eq. (1) the SAW degrees of freedom are described by
bosonic operators â and â†, and the qubit is described by
the spin-1/2 operator σ̂z. By considering the transmon as
a multilevel artificial atom, the total frequency shift of the
qubit frequency per piezophonon, 2χm must take into account
multiple partial dispersive shifts and is therefore given by [33]

2χm = −
2g2

m

�

α

� − α
, (2)

where α/h = 328 MHz is the anharmonicity of the trans-
mon. Based on the experimental parameters of our system
the qubit frequency shift per phonon at this detuning is
2χm/2π = −0.97 MHz.

By applying a tone that is resonant with the confined acous-
tic mode we generate a coherent SAW state and subsequent
measurement of the resulting qubit spectra allows us to de-
termine the mean SAW resonator occupancy number. We fit
the qubit spectra [see Fig. 2(a)] to a model [12] consisting of
a two-level system coupled to a harmonic oscillator coherent
state and extract the average phonon occupation number n.
The asymmetry of the qubit spectra at large excitation num-
bers [see Fig. 2(a)] arises from the statistics of the distribution
of phonon numbers in the resulting SAW coherent state. As
shown in Fig. 2(b) we find a linear relationship between the
drive power populating the SAW resonator and the extracted
mean phonon number. We note that the power reported in our
measurements is that applied at room temperature, which is
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FIG. 2. (a) Representative qubit spectra at two different applied
powers near resonance with the confined SAW mode. With increas-
ing power the qubit spectrum both shifts in frequency and inherits
a spectral line shape expected from the statistics of the acoustic co-
herent state. (b) Measurement of mean phonon number as a function
of drive power. The extracted phonon number follows the expected
linear trend (black). (c) Qubit frequency shift vs extracted mean
phonon number. Exact diagonalization considers the qubit as a five-
level atom, which agrees with the experiment.

further attenuated by 60 dB in the cryostat before entering
the microwave cavity. Exact diagonalization of a multilevel
Jaynes-Cummings Hamiltonian describing this coupled sys-
tem allows us to extract the expected qubit frequency shift
as a function of phonon number in the dispersive limit [34]
and we find excellent agreement between this prediction and
the measured phonon number as shown in Fig. 2(c). In this
analysis the coupling strength gm is a fit parameter to the
data and we extract gm/(2π ) = 10.15 ± 0.05 MHz, which
is in reasonable agreement with the measured value deter-
mined from fitting the avoided crossing between the qubit
and SAW modes. Having calibrated the frequency response
of the qubit to phonons in the confined SAW resonance, we
extend these Stark shift measurements to probe the acoustic
environment outside of the stop band of the SAW mirrors.
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FIG. 3. (a) Mean phonon number as a function of SAW drive
frequency at a fixed power of Pdrive = 25 µW. The SAW resonance
is asymmetric in frequency and is well described by a Fano absorp-
tion function. The asymmetry arises from phonons in the confined
acoustic mode interacting with phonons in the SAW continuum.
(b) Measurement of the qubit decay rate over a broad range of fre-
quencies far from the confined acoustic resonance. The fit (red) is to
the analytical expression of the SAW-induced loss due to the central
SAW transducer. The decay rate of the transducer is γIDT/(2π ) =

249.7 MHz. (c) Fano asymmetry parameter q as a function of drive
power. The horizontal error bars correspond to the uncertainty in the
fit parameter nmax in Eq. (3). The black dashed line indicates q based
on the analysis of two coupled harmonic oscillators as described in
the text.

We measure the acoustic Stark shift δωq as a function of
drive frequency ωd , and extract the mean phonon occupation
n = δωq/2χm over a range of drive frequencies. As shown
in Fig. 3(a), the measured phonon number has a maximum
at the resonant frequency of the confined acoustic mode
ωm/(2π ) = 4.4588 GHz, and is strikingly asymmetric about
this peak. The acoustic excitation spectrum hosts a rich struc-
ture near this confined resonance, making it possible for
phonons across a range of frequencies to interfere with each
other. Because the reflectivity of the mirrors that define the
SAW cavity is relatively low (∼0.5% per mirror structure),
the reflection process for surface phonons is distributed over
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the length of the cavity. This creates a situation in which
phononic excitations that reflect at different spatial positions
within the cavity interfere with each other either construc-
tively or destructively depending upon their relative wave
vectors and propagation paths. These interference processes
produce a Fano line shape, as phonons in the confined acoustic
mode are subject to differing interference with continuum
surface phonons existing outside of the mirror stop band. We
model the resulting frequency-dependent phonon number as a
Fano resonance [2,3] with an absorption spectrum n(ω):

n(ω) = nmax

(

1 + q2 −
(q
/2 + ω − ωm)2

(
/2)2 + (ω − ωm)2

)

+ noff. (3)

Equation (3) depends on the linewidth 
, of the resonantly
confined mode, the average background population of the
continuum phonon modes noff, as well as the Fano parame-
ter q, which describes the level of interference between the
confined and lossy surface phonons. The fit parameter nmax

quantifies the maximum phonon number for a given measure-
ment, which is set by the drive power. The first two terms in
Eq. (3) do not depend on frequency and impose the physical
constraint that the minimum SAW phonon number is non-
negative. We note that the limit q −→ 0 corresponds to the
absence of phonon interference, and in this limit a Lorentzian
response is recovered.

To determine the characteristic level of phonon interfer-
ence in our device, we use the qubit to measure the phonon
occupation near the confined acoustic mode as a function of
the power used to populate the SAW device with phonons. By
fitting each resulting phonon spectra using Eq. (3) we deter-
mine the Fano parameter as a function of the maximum mean
phonon number. These results provide a relative measure of
the acoustic interference in the device and are displayed in
Fig. 3(c). In particular, we find that the phonon interactions
are well described by Eq. (3), with a negative Fano parameter,
down to the lowest phonon levels we are able to measure.
Additionally, we find that the phonon interference is roughly
constant with q � −0.25.

To understand the interference we observe in our measure-
ments, we compare the SAW phononic system to a minimal
classical model of Fano interference arising in two coupled
oscillators in which one oscillator has a significantly larger
loss rate than the other [35]. In this model, the lossy oscil-
lator approximates a continuum over the frequency scale of
the confined mode (see the Appendix) and the interaction
between the two oscillators leads to Fano interference. The
loss rate of the confined acoustic mode, which corresponds
to the low loss oscillator, is extracted from the linewidth of
the fit to the resonantly trapped SAW mode in Fig. 3(a).
This linewidth indicates that the loss of the confined mode is
γSAW/(2π ) = 630 kHz, corresponding to a SAW quality fac-
tor QSAW � 7000. To estimate the loss rate of the significantly
broader interdigitated transducer (IDT) response, which acts
as an effective continuum over the scale of γSAW, we mea-
sure the qubit decay rate, 
1 = 1/T1, as a function of qubit
frequency far from the confined acoustic resonance. In this
regime, the qubit loss is proportional to the electrical con-
ductance [24,36] of the SAW device, which is well described
by only the IDT response far from the confined mode, where
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FIG. 4. (a) Spectra of the SAW resonator inferred from the
phonon-induced qubit Stark shift as a function of power. As the
drive power is increased, two additional spectral features surrounding
the strongly confined mode are visible, which we attribute to SAW
modes that are weakly confined by the Bragg mirrors. (b) Horizontal
line cut of (a) taken at a drive power of Pdrive = 160 µW.

the mirror reflectivity is much less than one. In particular, we
fit 
1 to a phenomenological form taking into account loss
resulting in the transduction of qubit excitations into phonons
that exit the SAW mirrors,


1(ωq) =
ωq

Qi

+ 
0 sinc2

(

πNp

ωq − ωIDT

ωIDT

)

, (4)

where Qi = 1.05 × 104 is the qubit internal quality factor
[37], 
0 = 0.252 ns−1 is the maximum conversion rate of the
qubit excitation into SAW phonons, Np = 16 is the number
of finger pairs in the IDT structure of the SAW resonator,
and ωIDT/(2π ) = 4.504 GHz is the central transducer fre-
quency, which is within 1% of the value predicted from the
device fabrication parameters. By fitting the qubit loss to
the response given by Eq. (4) [see Fig. 3(b)], we are able
to extract the overall loss associated with the central trans-
ducer, which we approximate as a Lorentzian with a width of
γIDT/(2π ) = 249.7 MHz. In the limit where the response
of the transducers is broad in frequency compared to that
of the confined mode, as is the case in our experiments
(γSAW/γIDT ≈ 0.3%), the Fano parameter can be calculated
as [35]

q =
1

γIDT ωSAW

(

ω2
SAW − ω2

IDT

)

. (5)

Based on the experimental parameters this model predicts
q = −0.36, which is indicated by the black dashed line
in Fig. 3(b). The systematic deviation between the experi-
mentally determined and predicted values of q could arise
from the presence of additional mechanical modes near the
confined SAW resonance. In fact, in our higher-power mea-
surements shown in Figs. 4(a) and 4(b) we observe evidence
for the existence of such modes on either side of the strongly
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confined SAW resonance. These modes also exhibit asym-
metry, indicating that they are also interfering with the
continuous phonon background. Since the calculated free
spectral range of the SAW resonator is comparable to the
width of the mirror stop band, it is likely that these additional
modes correspond to surface acoustic waves weakly confined
within the SAW cavity (see the Appendix).

In conclusion, we have demonstrated the Fano interfer-
ence of surface acoustic wave phonons in a hybrid quantum
acoustic device containing a resonantly confined SAW mode
embedded in a continuum of surface phonons. This phononic
interference is inferred from qubit-assisted spectroscopy of
the SAW device and we find that it persists down to ex-
tremely low excitation numbers. The experimental results are
in excellent agreement with the functional form of a Fano
resonance and highlight the importance of phononic interfer-
ence in quantum acoustic devices proposed for applications in
quantum information processing.
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APPENDIX: SAW RESONATOR DESIGN

The spectral response of the SAW resonator was cal-
culated using coupling of modes (COM) [30]. A com-
plete list of the SAW device parameters is presented in
Table I. Since the reflectivity of the mirrors is relatively
low per mirror grating, on average acoustic waves pene-
trate a distance LP � λmirror/2|rm| into the mirrors before
being reflected. Based on the parameters in Table I, we
calculate LP = 81.6 µm and the total effective length of the
phonon cavity is Leff = LIDT + 2LP = 175.2 µm. The free
spectral range of the SAW resonator can then be estimated as
� fFSR = vs/2Leff = 10.4 MHz. The width of the mirror stop
band is given by � fmirror =

2|rm| f

π
= 14.2 MHz [29,30]. Since

the width of the mirror stop band is comparable to the mode

TABLE I. Summary of SAW device parameters.

Parameter Physical quantity Value

λIDT Transducer periodicity 800 nm
λmirror Mirror periodicity 816 nm
NP Number of finger pairs 16
W Finger pair overlap 35 µm
Lmirror Bragg mirror length 240.72 µm
LIDT Transducer length 12 µm
vs Speed of sound 3638 m/s
η SAW propagation loss 500 Np/m
ri Transducer reflectivity −0.005i

rm Mirror reflectivity −0.005i

spacing, we expect the resonator to host a single strongly
confined acoustic mode as well as other more weakly reflected
SAW modes as seen in Figs. 4 and 5. In Fig. 5 we plot
the simulated conductance of the composite resonator along
with the conductance of the IDT structure. On the frequency
scale of the confined mode (∼1 MHz) the IDT response is
approximately constant creating a continuum of background
SAW phonons.

FIG. 5. Solid green curve: Simulated conductance of the
phononic resonator consisting of a central acoustic transducer en-
closed in Bragg mirrors. Dashed red curve: Simulated conductance of
the acoustic transducer alone. The linewidth of the central resonance
is much smaller than the width of the transducer response, which can
be approximated as a continuous background.
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