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Mechanical resonators are a promising way for interfacing qubits in order to realize hybrid quantum systems
that offer great possibilities for applications. Mechanical systems can have very long energy lifetimes, and they
can be further interfaced to other systems. Moreover, integration of a mechanical oscillator with qubits creates a
potential platform for the exploration of quantum physics in macroscopic mechanical degrees of freedom. The
utilization of high overtone bulk acoustic resonators coupled to superconducting qubits is an intriguing platform
towards these goals. These resonators exhibit a combination of high-frequency and high-quality factors. They
can reach their quantum ground state at dilution refrigeration temperatures and they can be strongly coupled
to superconducting qubits via their piezoelectric effect. In this paper, we demonstrate our system where bulk
acoustic phonons of a high overtone resonator are coupled to a transmon qubit in a planar circuit architecture. We
show that the bulk acoustic phonons are interacting with the qubit in a simple design architecture at the quantum
level, representing further progress towards the quantum control of mechanical motion.
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L. INTRODUCTION

Superconducting circuits are at the forefront of the field
of quantum information processing and they are among the
leading platforms for realizing quantum computing. Super-
conducting qubits are well suited for their specific tasks
with a wide range of applications [1]. However, it will be
beneficial to extend their properties by using hybrid systems
involving disparate degrees of freedom, so that it is possible
to take advantage of the complementary functionalities of
different quantum systems. Superconducting qubits have been
experimentally integrated with, for instance, spin ensembles
[2,3] and magnons [4].

Another potential hybrid platform for superconducting or
other qubits is micromechanical systems. Due to their poten-
tially simple physical structure, somewhat macroscopic me-
chanical oscillators can exhibit ultrasmall internal losses that
are beneficial for applications as quantum processing elements
or memories. Indeed, high mechanical quality (Q) factors have
been demonstrated at MHz range frequencies [5—7] in different
kinds of devices, with the Q values sometimes exceeding
~10°. Moreover, mechanical oscillators can be rather strai ght-
forwardly coupled to electromagnetic fields of nearly any
reasonable frequency. In particular, they are routinely coupled
to propagating fields in optics. The latter coupling takes place
via a cavity optomechanical interaction, which has been used to
study various types of mechanical systems in the quantum limit
of motion, for example, using membrane or beam oscillators
[8-10] coupled to microwave cavities, or coupling optical
frequencies to phononic crystal oscillators [9]. One motivation
to study optomechanical systems and their hybrids with other
quantum devices is the potential of frequency conversion near
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the quantum limit between microwaves and optics, where
promising steps have already been taken [11-14].

The types of oscillators mentioned above can in principle
be coupled to superconducting qubits, and the coupling has
been experimentally demonstrated for beams and membranes
[15-19]. There is also an extensive theoretical literature dis-
cussing what happens when qubits and mechanics are put
together (see, e.g., Refs. [20-28]). A promising approach
to realize the interaction is to use piezoelectric materials
that strongly enhance electromechanical coupling. One can
therefore use GHz frequency mechanical modes that otherwise
would have too small an interaction energy in order to realize
resonant interactions with the qubit. A thin-film bulk acoustic
wave resonator (FBAR) was strongly coupled to the qubit [29],
although with a diminished Q value. Recently, several experi-
ments have successfully integrated qubits with surface acoustic
wave resonances in piezoelectric substrates [30-34], showing
much higher Q values. An alternative option, discussed in
the current paper, is offered by high overtone bulk acoustic
wave resonators (HBARs) where the mechanical energy is
diluted in a low-loss substrate [35—40]. These systems have
been investigated because they show promise as a clock source
due to their high Q values up to ~10° at GHz frequencies at
ambient conditions. An HBAR resonator was recently suc-
cessfully demonstrated in a three-dimensional (3D) transmon
architecture [41]. The high-quality factor ensures that the
acoustic energy stays long in the system, giving access to
long-living phonon states, whereas piezoelectricity provides a
mechanism to transduce displacement into an electrical signal,
thus providing an interface between the mechanical modes and
the quantum state of a superconducting qubit. In our paper we
take an alternative approach to realize an HBAR resonator in a
basic on-chip design where both the qubit and the measurement
cavity are fabricated on-chip. The maximal mode overlap in
our design allows for a qubit-mechanics coupling of ~5 MHz,
an order of magnitude higher than in Ref. [41].

©2018 American Physical Society
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GaN (piezoelectric)

FIG. 1. Device schematics. Left (not to scale): View of the transmon qubit fabricated on top of the patterned GaN piezoelectric layer.
The cutout shows the displacement profile for one high overtone bulk acoustic resonance (HBAR) mode underneath the electrode (in the
measurement, the device is operated around a much higher mode with the number of nodes 2>300). Right: Corresponding optical micrograph
of the measured device. The meandering readout cavity is coupled to the qubit with a coupling energy ~35 MHz. The Josephson energy of the

qubit can be controlled by the on-chip flux bias line.

II. DEVICE DESIGN

The HBAR resonator, as shown in Fig. 1, consists of a piezo-
electric thin film grown on an acoustically low-loss substrate.
Electrodes define acoustic modes that couple to electric fields
via the piezoelectric effect. Excitation of the thin piezoelectric
film on top of a low-loss substrate creates acoustic longitudinal
waves, or thickness modes, that propagate through the body
of the whole material stack. The two air-solid interfaces of
the substrate surfaces form parallel and reflecting surfaces
for energy trapping. The HBAR resonates in the thickness
mode, expanding and contracting in a vertical direction and
generating standing wave resonances confining the energy of
the resonance into a structure similar to an optical Fabry-
Pérot cavity. Since the mode volume extends throughout the
substrate, the system exhibits a dense spectrum of resonances
that can be accessed via the electrodes. The piezoelectric layer
modulates the amplitudes throughout the frequency spectrum
so that the most strongly excited resonances occur when the
half wavelength of the acoustic wave is equal to the thickness
of the piezoelectric film 7, according to fy = v,/2t,, where
v, is the acoustic velocity in the piezoelectric material. Thus,
the center frequency of the modes is determined by the
thickness of the piezoelectric film whereas the spacing between
two consecutive resonances is inversely proportional to the
thickness of the substrate. The mode spacing or the free spectral
range (FSR) of the resonator is given by frsg = v,/2¢, where
vy is the acoustic velocity in the substrate and ¢ is the substrate
thickness. The typical substrate thickness is a few hundreds
of micrometers so that the frequency spacing is a few tens
of megahertz. Since the thickness of the piezoelectric layer is
on the order of a micrometer, HBARs naturally operate in the
gigahertz regime that is typical for superconducting qubits or
other quantum devices.

In our device, the piezoelectric thin-film material is gallium
nitride (GaN). It is a wide-band-gap semiconductor material
that has become more and more popular over the years.
The unique properties of GaN make it an important material
in optoelectronics, and high-power, high-speed electronics.
However, GaN-based microelectromechanical systems are still
largely unexplored [42—45]. GaN has high acoustic velocities,

low elastic losses, and a relatively strong piezoelectric effect.
In terms of the magnitude of the relevant piezoelectric stress
coefficient es3, GaN (e33 ~ 0.7 C/m?) [45] is in between the
common materials AIN (~1.5 C/m?) and quartz (~0.1 C/m?).
Thin films of GaN can be grown epitaxially, and hence one can
expect they would have small elastic losses due to a minimal
amount of atomic two-level systems abundant in amorphous
materials.

The sample that is used in this work has been fabricated
from double-side polished 2-in. GaN/Si wafers that have been
obtained from Kyma Technologies. The wafers have a layer
structure of 500-nm GaN grown epitaxially by hydride vapor
phase epitaxy (HVPE), and a small buffer layer of AIN on
high-resistivity float-zone (fz)-Si with (111) orientation. The
fabrication process begins by masking the area for the GaN
transducer with a SU-8 5 resist mask in preparation for the
argon-ion etching of GaN. The Ar-ion bombardment is used to
physically etch away the GaN. The etching is continued until
the silicon substrate is reached. The SU-8 is removed with
a combination of plasma etch and piranha solution. The top
circuit is defined using e-beam lithography on a bilayer resist.
The electrical circuit is formed in a single metallization step
using double-angle evaporation.

A photograph and a schematic of the device is displayed in
Fig. 1. The system consists of a patterned GaN piezoelectric
transducer, a split Josephson junction transmon qubit, and a
microwave coplanar waveguide (CPW) cavity. The transmon
qubit is fabricated directly on top of the GaN film. Two large
pads of the transmon form the parallel capacitance of the qubit
and serve as the electrodes to excite the mechanical resonator.
The two electrodes form separate resonating modes under
each electrode. However, due to their close proximity, the two
resonators are acoustically interacting with each other, creating
a laterally coupled resonator, so that the resonating system is
essentially behaving as a single resonator.

The transmon is read out with a quarter-wave coplanar
waveguide (CPW) cavity. The CPW cavity has a resonant
frequency of w./2m = 6.113 GHz, and an external linewidth
of y. =2 MHz. The transmon’s transition energy can be
tuned with an on-chip flux line. The sample is measured in
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FIG. 2. Spectroscopy of the qubit-mechanics interaction. (a) Cav-
ity phase shift in two-tone spectroscopy depicting the qubit population
as a function of the qubit excitation frequency and flux bias. The bare
qubit frequency scans the panel diagonally from the lower left to the
upper right. The dashed lines indicate overtone HBAR mechanical
modes that each couple to the qubit. The expected energy levels for
coupling of the qubit to one of the modes (m = 336) are drawn on top
of the data. (b) Cross section at the flux bias V >~ —0.206 V showing
qubit vacuum Rabi splitting at the onset of strong coupling g,, ~ k.
The solid curve is a theoretical fit.

a sample holder that allows free movement of the top and
bottom surfaces of the device. The sample holder is enclosed
in a Cryoperm magnetic shield and attached to the base of a
dilution refrigerator with a base temperature of 20 mK.

III. RESULTS

Qubit-phonon coupling was investigated in a standard
two-tone spectroscopy measurement, where a drive signal of
variable frequency wey, is applied to the flux line. The qubit’s
transition frequency can be determined from the dispersive
shift of the measurement tone. As shown in Fig. 2(a), as the
qubit frequency is tuned via an external magnetic flux, the
qubit experiences evenly spaced anticrossing features every
17 MHz. Each anticrossing is due to a resonance of an overtone
mechanical mode. The spacing corresponds to a longitudinal
sound velocity of vy = 9200 m/s for a measured substrate

thickness of 270 pm. This agrees for the longitudinal velocity
in silicon.

In Fig. 2(b), we show a cross section through one of the
resonances around 5.73 GHz, which is equal to a longitudinal
mode number of 336 and roughly corresponds to the maximum
qubit-mechanics coupling where half a wavelength fits in
the piezolayer thickness. A fit using our theoretical model
(see below) involving coupling of the qubit to one acoustic
model provides a good agreement to acoustic vacuum Rabi
splitting. Based on the fit, the coupling strength between the
qubit and an individual acoustic mode can be determined
to be g, ~5 MHz, which is comparable to the linewidth
k >~ 8 MHz of the qubit. This puts the device close to the
strong-coupling regime, where quantum control of the cou-
pled system becomes possible. The calculated cooperativity
of the system C = g2 /(k,k) =~ 50, where ,, ~ 60 kHz is
the mechanical linewidth in our system. The limiting factor
for entering more deeply into the strong-coupling regime
is the enhanced decoherence of the qubit fabricated on the
piezoelectric platform. From the theoretical model, we obtain
the qubit energy decay and dephasing times 77 ~ 20 ns and
T, >~ 400 ns, respectively.

Adjacent to each acoustic mode in Fig. 2(a) is a number of
faint, overlapping peaks spaced by an order of 1 MHz. These
are the acoustic spurious modes that arise due to the geometry
of the electrodes, and they appear on the higher-frequency side
of the main acoustic mode, repeating for each overtone mode.
The spurious modes have complicated mode profiles, and they
each couple only weakly to the qubit. However, a large number
of spurious modes act to broaden the linewidth of the qubit
on the higher-frequency side of each anticrossing. We take
the spurious modes phenomenologically into account in the
simulation shown in Fig. 2(b) by setting the qubit decay rate to
be enhanced by 20% to the right of the resonance, a value used
as an adjustable parameter in the analysis.

Next, we investigated the electromechanical system in
the time-domain measurements, allowing one to verify the
possibility for a coherent control. The long lifetime of the main
acoustic modes shows promise for time-domain quantum op-
erations. However, since the qubit total decoherence is strongly
enhanced due to the coupling of a multitude of spurious
acoustic modes, we explore the qubit-mechanics interaction
in an uncommon parameter regime that allows for long-lasting
coherent oscillations in spite of the fast qubit decay. Namely,
we introduce a significant detuning A = w,ye — w,, between
the qubit (frequency wge) and an acoustic mode in question
(frequency w,,), by the amount of several g,,’s [see Fig. 3(a)].
In this limit, the Jaynes-Cummings energy eigenstates,

|[+.,n) = cos(®,/2)|e,n) + sin(®,/2)|g,n + 1),

1
|—,n) = —sin(®, /2)|e,n) + cos(®,/2)|g,n + 1), )

represent only marginally mixed qubit and oscillator states.
Here, tan ®, = 2g,,+/n + 1/A, and g and e are the qubit
ground and excited states, and n denotes the oscillator phonon
number.

In the detuned limit, the oscillator-type transitions occur
between the states of approximate form |—,n) ~ |g,n + 1),

and the energies E_, = w,(n+ 1) — 3/4g2(n + 1) + A2

The qubit relaxation matrix element is suppressed down to
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FIG. 3. Rabi oscillations. (a) Energy levels in the near-resonant
tail of the Jaynes-Cummings spectrum used for demonstrating coher-
ent oscillations in the electromechanical system. The inset shows a
zoom-in of the nearly harmonic transitions that have only a small qubit
component. (b) Measured Rabi oscillations of the qubit population as
a function of excitation frequency. The drive amplitude is /27 ~
6 MHz. The dashed vertical lines indicate positions of the line cuts
plotted in Fig. 4. (c) Corresponding numerical simulation.

(n+ 1)(gm/ A)?. Even in this detuned state, some anharmonic-
ity is preserved, allowing for driving coherent oscillations that
flop energy between the driven qubit and several acoustic Fock
states of the oscillator. The oscillator state, however, resembles
a driven linear oscillator, and individual access to the Fock
states is limited.

As illustrated in Fig. 3(a), we perform a Rabi oscillation
measurement by applying microwave excitation to the flux
line near resonant to the oscillatorlike transitions. The system
is first excited with a drive pulse and the probability of the
excited state is monitored as a function of the Rabi pulse width
Travi- The results of the excited state population in the Rabi
measurement are shown in Fig. 3(b). Two distinct peaks in the
center in the figure can be identified as the modes under each
electrode. Nanometer size differences in the piezoelectric layer
or electrode height can result in such a lifting of the degeneracy.

(a)
1.1
5
g 1
B
09t
0 2 4 6 8 10
TRavi (1)
(b) 1
—10)
£0.5 —|DH
2)
—3)f
0 2 4 6 8 10
TRabi (18)

FIG. 4. Coherent oscillations. (a) Qubit excited state population
at drive frequencies Ay /27 =~ 27.7 MHz (lower) and Ay /27 >~
27.5 MHz (upper). The upper curve is vertically offset by 0.1 units
for clarity. The black solid curves are from the theoretical model.
(b) Theoretically predicted phonon Fock state occupations corre-
sponding to (a).

The results are analyzed by simulating a qubit-oscillator
interaction by numerically solving the Liouvillean master
equation for a qubit coupled to one of the acoustic harmonic
modes (index m). We operate in the rotating frame defined by
the qubit excitation frequency. The Hamiltonian is

1 Q
H = _EAeXtoz + wmajnam + gm(ama+ + afna_) + Eax’

@

where a,T,, and a,, are the creation and annihilation operators
for the phonons, whereas o,, o, and o_ represent the qubit
operators. Aey = Wge — Wex; 18 the drive detuning, and €2 is the
Rabi frequency of the drive. The oscillator is initially thought to
be well in its ground state since k, T/ iw,, < 1. We incorporate
standard Lindblad operators for the qubit including decay and
dephasing, and for the oscillator with a decay rate ~60 kHz.
Since the model includes only one harmonic oscillator
mode, the spurious peaks seen in Fig. 3(b), or the influence
of the spurious modes on the coherent oscillations, cannot be
reproduced by the simulation. Otherwise, as shown in Figs. 3(c)
and 4(a), the simulation presents a reasonable agreement to the
measurement. We attribute the small discrepancies visible in
Fig. 4(a) to the other oscillator modes. The simulation allows
for an accurate determination of both the 7 and 7, times
of the qubit. We find that the measured Rabi pattern, and
the frequency-domain data [Fig. 2(b)], can be simultaneously
reproduced in the simulation only by a particular combination
of decoherence times that are set to within ~20%. In Fig. 4(b),
we display the expected Fock state occupations corresponding
to Fig. 4(a). We observe the Fock states oscillate in pace
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with the qubit population, however, the given states cannot
be constructed by state transfer from the qubit at high fidelity.

IV. CONCLUSIONS AND FUTURE DIRECTIONS

We have demonstrated here a potential platform for reso-
nantly coupling superconducting qubits to harmonic mechan-
ical modes. The high overtone bulk acoustic wave mechanical
resonator is ideal for interfacing to superconducting quantum
devices due to its simple fabrication process and high-quality
factor even at GHz frequencies. The device that has been
studied in this paper is affected by decoherence due to an
enhanced energy decay. Since monocrystalline GaN should
have a minimal amount of atomic two-level systems, the
dissipation can be likely attributed to the spurious acoustic
modes that provide additional loss channels, thus increasing
the dissipations in the qubit. A common technique for atten-
uating the spurious modes is to have no parallel edges on
the piezoelectric transducer, a technique called apodization.
Having no parallel edges on the transducer can lead to an
improvement in the resonator’s performance by suppressing
the strength of the lateral modes. With nonparallel sides, a
laterally traveling acoustic wave leaving from one point on
an edge will not get reflected back onto the same spot by

the opposite side. Thus the resonant path becomes greater
and the lateral standing waves become more attenuated. By
improving the device the system can be brought deeply into
the strong-coupling regime. With stronger coupling, mapping
the qubit states into a dense memory formed by the various
mechanical overtone modes becomes possible, as well as
interfacing to other systems via the mechanical modes. One can
also consider the mechanical modes as macroscopic quantum
systems, and hence one can use advanced quantum protocols
to synthesize arbitrary quantum states [46] in the mechanical
resonator.
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