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ABSTRACT

In this work, we present a device consisting of two coupled transmon qubits, each of which are coupled to an independent high-overtone
bulk acoustic wave resonator (HBAR). Both HBAR resonators support a plethora of acoustic modes, which can couple to the qubit near reso-
nantly. We first show qubit–qubit interaction in the multimode system and, finally, quantum state transfer where an excitation is swapped
from an HBAR mode of one qubit to an HBAR mode of the other qubit.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0166924

Hybrid quantum systems seek to combine strengths and offset
weaknesses of different quantum technologies in order to improve
capability beyond that of any one technology. Superconducting cir-
cuits are one of the more mature quantum technologies at this stage
and have been integrated with many other systems due to the relative
ease in design and fabrication as well as good coherence times.1

Many different acoustic systems have been integrated with super-
conducting circuits such as nanomechanical oscillators,2–6 phononic
crystals,7 bulk acoustic wave systems,8,9 and surface acoustic wave sys-
tems.10–15 Acoustic resonators can offer great coherence properties16

as well as smaller mode volumes due to the relation between wave
velocity and wavelength, with the difficulty coming in coupling these
resonators strongly with electromagnetic systems.

The strong coupling of acoustic modes with superconducting
qubits has resulted in many experiments exploring the quantum
nature of mechanical oscillations, with experiments demonstrating
number splitting,7 the creation of non-classical states in the acoustic
mode,17 Landau–Zener–St€uckelberg interference,18,19 and entangle-
ment.20 The ability to prepare acoustic resonators in arbitrary quan-
tum states opens up the possibility of using them in applications such
as quantum memories due to their coherence properties and insensi-
tivity to electromagnetic noise.

High-overtone bulk acoustic wave resonators (HBAR) offer access
to mechanical modes in the GHz regime, making them attractive for
integration with superconducting qubits. The piezoelectric interaction
enables coupling in the strong regime and their state to be controlled
and readout using the qubit. The system has been implemented using
3D8 and 2D9 transmon architectures with part or all of the qubit capaci-
tor directly patterned on the piezo layer of the HBAR. This was later

improved in both cases by using a flip-chip design,17,21 which leads to
the current state of the art.22 Experiments on these system have demon-
strated the creation of non-classical multiphonon states,17 demonstra-
tion of dispersive readout for a parity measurement of the mechanical
mode,22 and sideband control of the mechanical modes.21,23

Work, thus, far has focused on coupling of a qubit and a single
HBAR device, supporting a set of acoustic modes. In this work, we
couple two complete qubit-HBAR systems together via qubit–qubit
interaction and transfer excitations within the system,24 including
between the HBAR modes. This demonstrates the possibility of inte-
grating multiple HBAR devices into quantum circuits, enabling the
exploration of much larger and complex systems.

In the system, there are two qubits, which are coupled together as
well as being individually coupled to a set of HBAR modes. The qubit-
mode couplings can be described by the Jaynes–Cummings model,
and the qubit–qubit coupling will be capacitive and therefore expected
to take the iSWAP form.25 The system as a whole can then be
described by the Hamiltonian

H=�h ¼ x1

2
rz;1 þ

x2

2
rz;2 þ J rþ;1r�;2 þ r�;1rþ;2ð Þ

þ
X
m

xm;1 a†m;1am;1 þ
1
2

� �
þ gm;1 a†m;1r�;1 þ am;1rþ;1

� �� �

þ
X
n

xn;2 a†n;2an;2 þ
1
2

� �
þ gn;2 a†n;2r�;2 þ an;2rþ;2

� �� �
;

(1)

where x1 and x2 are the qubit frequencies, J is the qubit–qubit cou-
pling, xm;1 and xn;2 are the HBAR mode frequencies corresponding
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to their respective qubits, and gm;1 and gn;2 are the couplings to the
HBAR modes. The ri;j are the pauli operators, and am and a†m are the
annihilation and creation operators, respectively.

In order to theoretically analyze the experiments described later,
we determine the time evolution of the system using the Lindblad
master equation. We include the qubits’ decay and dephasing as well
as mechanical mode decay.

Figure 1(a) shows an optical image of the device used for the
experiments. The device consists of a superconducting circuit with two
qubits, each with their own readout, flux bias control, and excitation
lines. The qubits have a capacitive coupling to each other as well as to
the HBAR flip chip that covers both. The qubits have a round pad on
the bottom arm of around 80lm in diameter, which defines the

capacitive coupling to the HBAR chip through the capacitances C1 and
C2 indicated in Fig. 1(b). The circuit was patterned using electron beam
lithography and metalized with evaporated aluminum. Double angle
evaporation was used to create the Josephson junctions for the qubits.

The HBAR flip chip [Fig. 1(b)] consists of a 900nm AlN piezo
layer, a 250lm sapphire layer, and a 60nm Mo layer in-between to
act as a ground plane to enhance the coupling to the mechanical
modes.21 The vacuum gap on the order 4lm for both qubits is esti-
mated26 based on the measured qubit-HBAR couplings mentioned
later. The HBAR was placed by hand onto the circuit chip and glued
with standard epoxy.

It is important to determine whether or not the qubits couple to
the same set of acoustic modes. On the one hand, the qubits are in
close proximity to each other and share the same HBAR chip, which
would point to delocalized acoustic modes. On the other hand, the
electric field of either qubit should confine the HBAR mode only
below its own electrode. A finite-element simulation of a complete flip
chip is beyond reach primarily due to the large overtone numbers.
However, a simplified 3-dimensional geometry, where we used only
10lm thick HBAR substrate, thus restricting the overtone number,
and where also the qubit electrodes are positioned directly on the piezo
surface, is computationally tractable. The simulation result shown in
Fig. 1(c) indicates that the HBAR modes are strongly localized below
either qubit’s electrode, and, thus, we expect that each qubit will only
couple to its own HBAR modes.

The qubit frequencies can be tuned in the range 3.7–4.5GHz and
have readout resonator frequencies of 6.230 and 6.013GHz. The oper-
ating points of the qubits were chosen to maximize their coherence
properties, and, hence, they are operating at or close to their minimum
frequencies. Figure 2 shows two-tone measurements sweeping the
qubit frequencies in the neighborhood of their operating frequencies
chosen for later experiments. The operating frequency of qubit 1 was
set near its minimum at x1;OP=2p ¼ 3:7778 GHz and qubit 2 at its

FIG. 1. Sample overview. (a) Optical image of the sample used in the experiment.
It consists of two capacitively coupled qubits (blue) and an HBAR flip chip over the
two qubits. Each qubit has separate control lines for flux (yellow), excitation (red),
and a readout resonator (green). (b) Sideview schematics of the flip chip. The
HBAR chip is on top. (c) Simplified finite-element simulation of HBAR modes at the
qubit electrodes. A mode associated with qubit 1 is shown on the left, and similarly
for qubit 2 on the right.

FIG. 2. Two-tone spectroscopy. (a) Qubit 1 around its operating point. (b) Qubit 2
around its operating point. In (a-b), the eigenvalues of Eq. (1) are plotted on top as
dashed lines, and the operation points of the qubits in the transfer experiments are
labeled.
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minimum at x2;OP=2p ¼ 3:6673 GHz. The many small anticrossings
occur when a qubit is sweeping past an HBAR mode, while the larger
anticrossing at 3.778GHz seen in the data for qubit 2 corresponds to
the qubit–qubit coupling. The spacing between HBAR modes (free
spectral range, FSR) is around 22MHz, which corresponds well with
the thickness of the HBAR sapphire layer. The dashed lines in Fig. 2
show the eigenvalues according to Eq. (1).

At the qubits respective operating points, they had T1 values of
2.2 and 2.41 ls as well as T2 values of 4.41 and 1.02 ls. Their respec-
tive 2g couplings to their HBAR modes were 2.55 and 2.85MHz, with
the mechanical T1 values being 380 and 320ns. The system had a
qubit–qubit 2g coupling of 16.7MHz.

Figure 3 shows a vacuum Rabi oscillation experiment where an
excitation is swapping between an initially excited qubit and its cou-
pled mechanical modes. In panels (a) and (b), qubit 2 is being con-
trolled and measured. At zero flux pulse amplitude, the qubit 2
frequency equals the operating frequency x2;OP indicated in Fig. 2(b),
while qubit 1 is parked at x1;OP. We see vacuum Rabi oscillations with
the mechanical modes (red arrows) and also with the other qubit (blue
arrows), corresponding with the anticrossings seen in Fig. 2(b). In
Figs. 3(c) and 3(d), qubit 1 is controlled, with the flux pulse amplitude
now indicating the frequency excursion from x1;OP, and qubit 2 is
parked at x2;OP. Qubit 1 experiences vacuum Rabi oscillations with its
coupled mechanical modes following the anticrossings seen in Fig.
2(a). Since the flux is tuned in the positive direction, it first sweeps on
resonance with the lower mode at 3.767GHz and then with the upper
mode (3.788GHz) seen in Fig. 2(a).

If one looks closely, the vacuum Rabi oscillation fringes can be
seen to be asymmetric, especially in Fig. 3(a), and this results in devia-
tions from the master equation simulation for later times. A part of
the asymmetry can be explained being due to off-resonant interaction
between the qubit and the nearest mode, which occurs before the flux
pulse because of the finite length of the p pulse (50 ns). This would
only account for some of the asymmetry for modes near the qubit, as
this drops off as the detuning increases. We, thus, attribute most of the
asymmetry to distortion of the rectangular flux pulse due to nonlinear
dependence of the qubit frequency on flux voltage.27 This is expected
to be the most relevant around the sweet spot, primarily affecting qubit
2, which is consistent with the data.

The line cuts in Fig. 3(b) show a double oscillation feature that
occurs when qubit 2 is near the qubit 1 frequency. This is because the
excitation is experiencing Rabi oscillations with both the other qubit
and the nearby acoustic modes at the same time but on different time
scales, hence the multiple oscillating feature.

We now discuss the localization of the acoustic modes, namely, if
they couple only to either qubit. Experimentally, the issue cannot
immediately be resolved in spectroscopy, since the HBAR spectral
lines seen in Fig. 2 are equal within measurement uncertainties, which,
however, is expected based on the geometry. A time-domain experi-
ment was done to confirm that the qubits couple to their individual
sets of acoustic modes. This was done by swapping an excitation from
qubit 1 to its acoustic mode at 3.788GHz and then tuning it away
while tuning the qubit 2 on resonance with this mode. The experiment
found no response and so concluded that the qubits, indeed, couple to
separate modes with any stray coupling being too weak to observe.

Finally, we demonstrate the swapping of an excitation through
the degrees of freedom of the system. Figure 4 shows the pulse

sequence and measured data. The excitation swaps from the
3.7885GHz HBAR mode coupled to qubit 1 all the way to various
HBAR modes coupled to qubit 2. The resulting measurement data are
similar to Fig. 3(a) as the last part of the pulse sequence is similar to
that experiment; however, this excitation has traveled from an acoustic

FIG. 3. Vacuum Rabi oscillations. (a) Qubit 2 is first excited, and then a square
pulse of variable length and amplitude is applied to its flux control. Vacuum Rabi
oscillations are seen between the right qubit and its coupled HBAR modes (red
arrows) as well as with qubit 1 (blue arrows). (b) Line cuts along the dashed lines
in (a), together with calculations using the Lindblad master equation and Eq. (1)
(black lines). (c) The same experiment as before but using qubit 1. Now, we see
vacuum Rabi oscillations between the qubit 1 and its coupled HBAR modes. (d)
Line cuts along the dashed lines in (c), together with calculations using the
Lindblad master equation and Eq. (1) (black lines).
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mode coupled to the opposite qubit, which is why the initial excited
state population is reduced due to decoherence.

Now that we have shown the ability to transfer excitations
around the system, and we would, in principle, be able to create an
entangled state between arbitrary acoustic modes. However, due to the
limited coherence of the system, we were not able to measure this in
practice. One needs to measure the entangled modes simultaneously
under a series of tomography pulses in order to produce the density
matrix of the system (for example, see Ref. 20). This was not straight-
forward to do in our system as the acoustic modes are coupled to

different qubits, meaning we need to readout the acoustic mode in
single-shot to be able to correlate the results. We are limited both by
our single-shot readout fidelity <60% and by not being in the strong
dispersive regime, which requires acoustic T1 times of 8 ls at our cou-
pling magnitudes.

A possible simplification to make is to only measure an entangled
state, which does not occupy number states higher than j1i, so that in
this case, one can swap the state back to the qubits and measure them.
Due to the low readout fidelity, we have to use an ensemble measure-
ment. There is a tomography pulse scheme to measure the two qubit
density matrix using an ensemble measurement.28 This requires an
appropriate two-qubit gate as a part of the tomography pulse scheme,
and in our case, this would be an iSWAP pulse.

The calibration of this iSWAP pulse was problematic on two
fronts. The first was that during the swap, around 45% of the excita-
tion was lost, and the second was asymmetry, where in one direction,
there was some residual excitation left in the initial qubit, while swap-
ping in the other left no residual excitation. Part of the fidelity loss is
caused by the qubit sweeping through many acoustic modes during
the edges of the flux pulse. We carried out a simulation on this effect
by a two-state restriction of the acoustic modes, obtaining a predicted
8% reduction of fidelity. Likely, some of the infidelity of the iSWAP is
due to the qubit decoherence.

In order to improve the fidelity of single and two-qubit gates in
the system, one would like the FSR to be larger than the coupling by a
factor of at least 20. This is so that if the qubit is in between two
modes, it will only interact dispersively. Also the FSR should be larger
than inverse pulse widths, so that these are not exciting nearby
mechanical modes as well. Longer coherence times for both the qubits
and the acoustics are important toward this end. The ideal solution
would be the development of a tunable coupler, to be able to selectively
couple to modes of interest, which is important for using HBARs in
quantum information processing.

In conclusion, we have fabricated and measured a sample con-
sisting of two qubits each coupled to an individual set of high-
overtone bulk acoustic (HBAR) modes as well as to each other. An
excitation was swapped from an HBAR mode coupled with one qubit,
to an HBAR mode coupled to the other qubit. This demonstrates the
possibility to integrate multiple HBAR devices into a superconducting
circuit, where complex quantum states could be stored across these
devices.
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FIG. 4. Swapping an excitation throughout the system. (a) The pulse sequence for
an experiment where an excitation is swapped between the degrees of freedom of
the system. First, qubit 1 is excited with a p pulse; second, the excitation is
swapped to a mechanical mode coupled to qubit 1 and back; third, the excitation is
swapped to qubit 2; fourth, finally, a square pulse of variable amplitude and duration
is applied to the qubit 2 flux bias, so we can see the excitation swapping to the
mechanical modes coupled to qubit 2 as well as with qubit 1 again. (b)
Experimental data using the pulse sequence shown at the top, where qubit 2 is
measured after the pulse sequence. The data show Vacuum Rabi oscillations using
an excitation that has traversed the system. (c) Line cuts as indicated by the
dashed lines in (b) are plotted against the master equation solution.
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