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A phononic crystal coupled to a transmission line
via an artificial atom
Aleksey N. Bolgar 1✉, Daniil D. Kirichenko1, Rais. S. Shaikhaidarov1,2, Shtefan V. Sanduleanu1,3,

Alexander V. Semenov1,4, Aleksey Yu. Dmitriev1 & Oleg V. Astafiev1,2,5,6✉

The interaction of superconducting qubits with surface acoustic wave resonators in quantum

regime has been achieved recently. It opens a new field of research – quantum acoustody-

namics – and allows developing new types of quantum devices. The main challenge in this

direction is to manufacture acoustic resonators in the gigahertz range. Here, we demonstrate

that the structure of a hybrid acoustodynamic device can be significantly simplified, if we

replace an acoustic resonator with a phononic crystal. Our crystal consists of narrow

metallic stripes on a quartz surface. The artificial atom in turn interacts with a microwave

transmission line. Therefore, two degrees of freedom of different nature, acoustic and

electromagnetic, are coupled with a single quantum object. A scattering spectrum of pro-

pagating electromagnetic waves on the artificial atom visualizes acoustic modes of the

phononic crystal. Our geometry allows realizing effects of quantum acoustics on a simple and

compact system.
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Superconducting1 quantum systems are promising for pro-
spective quantum technologies, particularly for quantum
informatics. Such systems are also very interesting for

fundamental physics, especially for quantum optics with artificial
atoms1–4 and for implementing them in new research directions.
One of the most important properties of such systems is that they
can easily achieve the strong coupling regime even to several
macroscopic circuit elements5. Recently, several groups have
demonstrated Quantum Acoustodynamics (QAD) with the arti-
ficial atoms, where electromagnetic waves are replaced by acoustic
ones and photons by phonons6–8.

One of the key elements in the QAD experiments is a
mechanical resonator, which can be a bulk resonator or a surface
acoustic wave (SAW) resonator, playing a similar role as a cavity
in Quantum Electrodynamics (QED). Since the wavelength of
acoustic waves is typically five orders of magnitude shorter than
that of electromagnetic waves, acoustic elements can be made
much more compact. Pioneering experiments in the area were
made with bulk acoustic resonators coupled to superconducting
qubits9,10. However, integration of such bulk resonators with
electronics is not straightforward.

On the other hand, SAW resonators can be directly combined
with superconducting quantum circuits because they are shaped
as planar metallic structures on the surface of piezoelectric.
However, it is a technologically challenging problem to reach the
quantum regime for the SAW resonators, since it requires state-
of-the-art nano-fabrication methods. A series of experiments
have already demonstrated superconducting qubits interacting
with SAW. The experiment in ref. 11 demonstrated interaction of
SAW with a qubit of the transmon type. Later, SAW resonators
working in the gigahertz range (required for the quantum regime)
were shown. They have quality factors sufficiently high for use in
qubit readout schemes12. Recently, our group has demonstrated
the quantum regime of a SAW resonator13. In that work, we
observed a Rabi-splitting caused by an artificial atom coupled to
resonator modes. Similar methods with electromagnetic resona-
tors are well known from quantum electrodynamics (QED)
experiments2,14.

In this work, we study a hybrid circuit, in which an artificial
presented by a superconducting qubit and strongly coupled
simultaneously to two systems of different nature (acoustic and
electromagnetic) a phononic crystal and a 1D transmission line
of electromagnetic waves. Thus, the qubit plays the role of
intermediate system as shown in Fig. 1a, b. In contrast to the
previous experiments, we use a single long phononic crystal
instead of SAW resonator, as an acoustic part of the device.
Firstly, it has a significant technological advantage, since it
scales down the device area at least an order due to the absence
of Bragg mirrors. Secondly, we study the phononic crystal,
which is an open system and thus it is physically different from
systems with resonators studied, for example, in ref. 13. Dif-
ferently from an ideal resonator, in an open phononic crystal
there are no standing waves, which can be described as normal
modes. Instead, the radiation is freely leaking away from the
boundaries and, thus, the acoustic field should be described in
terms of quasinormal modes.

We study a spectrum of the hybrid system by measuring
scattered electromagnetic waves. In the spectrum, we found
coherent resonant interactions of the atom with several quasi-
normal modes near the edge of the first Brillouin zone phononic
crystal, which had the strongest coupling to the atom. The modes
frequencies are on the branches of the dispersion curves of the
crystal near the edge of the first Brillouin zone. A similar system
has been analyzed theoretically before15.

Results
The device layout. Our device and its operation principals are
shown in Fig. 1a–c. It is fabricated on a piezoelectric substrate of
stable versus temperature (ST)-x cut of quartz. The device con-
sists of a transmon-type qubit2 capacitively coupled to a micro-
wave transmission line. The transmon shunting capacitance has a
form of an interdigital transducer (IDT) with 30 nm thick and
about 250 nm wide equally spaced electrodes in the form of
metallic stripes of W = 12 μm length. The IDT capacitance
(Cq ≈ 83 fF) is proportional to the number of the electrode pairs
Np = 140. With the IDT period a ≈ 0.95 μm, the generation of
SAWs is the most efficient at frequencies close to fac = v/a ≈ 3.3
GHz, where v = 3.16 km/s is the speed of SAW for quartz and the
total length of the structure is L = Npa = 133 μm. The capaci-
tance electrodes are connected to a SQUID loop to tune the qubit
energies by an external magnetic field. The sizes of the SQUID
Josephson junctions are 100 × 100 nm2 and its maximal
Josephson energy EJ/h = 9.6 GHz. The transmon is additionally
coupled to a transmission line with the capacitance Cg≈ 14 fF.
The total Cooper-pair charging energy (EC = (2e)2/2Ctot) is
EC/h = 0.78 GHz.

The periodic structure of the metallic stripes, forms a phononic
crystal, in which each stripe acts as an additional mass on the
quartz surface. Thus, the SAW propagation velocity under the
electrodes is, according to our estimates, about 2% less than on a
free surface between them16. It provides the modulation of an
effective refractive index n between 1 and 1.02, forming a crystal

Fig. 1 The device. a Schematics of the device. The artificial atom is
simultaneously coupled to electromagnetic and acoustic systems.
Microwave photons excite an artificial atom (qubit). The atom in turn
generates phonons into the phononic crystal. b Schematic representation of
the sample. Electromagnetic waves propagate through a coplanar
transmission line and interact with an artificial atom shaped as a transmon.
The qubit shunting capacitance consists of Np = 140 identical electrode
pairs (metallic stripes). The corresponding mechanical substrate surface
oscillations are shown by color gradients. c Micrograph of the sample. Thin
structures of the phononic crystal and the SQUID are shown in the insets.
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lattice. The allowed modes in the crystal are plane Bloch waves,
with a dispersion law strongly modified for the wavelengths close
to the doubled crystal lattice period P = a/2 (half of the electric
IDT period), corresponding to the edge of the first Brillouin zone.
The wave group velocity is much smaller than the sound velocity
and therefore the waves are effectively confined within the lattice.
Hence, the phononic crystal with a number of periods N = 2Np

acts similar to a resonator for the oscillations at the correspond-
ing quantized frequencies. Acoustic waves from the transmission
line are very weak and propagate mainly into the bulk of the
substrate.

Two-level system coupled to quasinormal modes. The IDT
generates SAWs propagating in the longitudinal direction char-
acterized by a wavevector kx, and the transverse component
characterized by a wavevector ky as shown in Fig. 1b. Differently
from the resonators, the waves are not reflected at the boundaries
in the longitudinal direction but freely leaks out. The allowed
modes therefore are quasinormal (QNM), rather than normal
ones in resonators, characterized by ith and jth spacial modes in
the x and y directions.

The Hamiltonian of our hybrid system can be written as

H ¼ � _ωa

2
σz þ

X

ij

_ωijb
y
ijbij þ

X

ij

_gijðσ�byij þ σþbijÞ; ð1Þ

where ℏωa is the energy splitting of the two-level system, gij is the
coupling to ijth mode of the phononic crystal with frequency ωij

and bij(b
y
ij) is the annihilation (creation) operator of the phonons

in the quasinormal mode of the phononic crystal. We are
interested in high-quality modes. In such a case, the operators can
be approximated by creation/annihilation operators of a phonon
in a quantized system and Eq. (1) becomes identical to a
Hamiltonian of a two-level system coupled to several quantized
modes of harmonic oscillators.

The artificial atom coupled to a phononic crystal interacts with
the electromagnetic wave in the transmission line. The coupling
capacitance Cg between the atom and the line determines
the interaction strength with the electromagnetic waves and
noise in the line. For example, the relaxation rate Γ1 of the system
with the photon emission to the line is determined by coupling
capacitance17,18. When an electromagnetic wave at frequency ω
propagates through the line it drives the system with the driving
amplitude Ω. The interaction Hamiltonian is Hint ¼ _Ωσx cosωt.
We measure the transmission coefficient of electromagnetic
waves through the line t = 1 − r (ratio of the transmitted to the
applied wave amplitudes), where the reflection coefficient r due to
the scattered waves is

r ¼ i
Γ1
Ω
hσ�i: ð2Þ

Eq. (2) describes the dynamics of the scattered waves on the
artificial atom, which are measured in the transmission spectro-
scopy. It contains information about the interaction of the atom
with the phononic modes.

Experimental results. Our experiment is performed at a base
temperature T ≈ 15 mK of a dilution refrigerator so that the
thermal fluctuations are well below the energy of surface acoustic
phonons, which are in the gigahertz range of frequencies. We
implement the measurement setup used for quantum optics
experiments with superconducting artificial atoms, described in
refs. 1,2. The electromagnetic waves are transmitted from a vector
network analyzer (VNA) through coaxial cables and a set of
attenuators at different cooling stages, for suppressing room
temperature blackbody radiation. Atom–wave interaction results

in the scattering of the propagated through transmission line
waves, detected as a change in phase and amplitude of the
transmitted signal close to the qubit resonance frequency. The
method of measuring a spectrum of the artificial atom strongly
coupled to a transmission line by scattering of propagated elec-
tromagnetic waves is described in ref. 17. The transmitted signal is
then amplified by cryogenic and room-temperature amplifiers
and measured by the VNA.

The plots of measured and simulated transmission are shown
in Fig. 2a–d. A typical measurement of the transmission
amplitude curve in the vicinity of the qubit resonance is shown
in Fig. 2a. It has a dip because the atom scatters radiation back at
resonant frequencies. The dip of more than 50% indicates the
strong coupling regime of our atom to the open transmission line.
Fitting the linewidth by Lorentzian curve, we extract the
relaxation and dephasing rates: Γ1/2π = 8MHz and Γ2/2π =
11MHz17. By collecting such curves for various values of
magnetic fields, controlled by the current through the coil, we
find the energy splitting of the qubit. The spectral pattern is
periodic in current with the period equal to one quantum of
magnetic flux through the SQUID loop. The spectrum as a
function of magnetic field around the maximal point is shown in
Fig. 2b.

At frequency region close to fac ≈ 3.3 GHz, we find a set of four
anticrossings as one can see in Fig. 2b. Some anticrossings
demonstrate the strong coupling regime to the quasinormal
modes of the phononic crystal and one of them is much stronger
than others. These anticrossings are more clearly visible on a
phase color plot shown in Fig. 2c. The mode frequencies are
3.244, 3.264, 3.283, and 3.313 GHz with splittings corresponding
to the coupling strength g/2π of 8, 39, 9 MHz. The highest mode
was in the weak coupling regime and, therefore, the coupling is
found with low accuracy.

To confirm that the feature comes from the lattice we have also
fabricated and measured an additional control sample with four
artificial atoms. The geometry of each atom is similar to the one
shown in Fig. 1c. All the atoms are coupled to the transmission
line and their scattering spectra are revealed on the same 2D plot
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Fig. 2 Scattering spectroscopy. a An experimental curve (blue) of the
transmission amplitude with a dip centered on the qubit transition
frequency. It is fitted by a Lorentzian (red curve). b The qubit energy
spectrum. The green vertical line shows the section where data for a plot
(a) was measured. The green dashed rectangle represents a region of
spectral line splittings shown in more detail on a subplot (c). c Spectral
line splittings demonstrating interaction between the qubit and four
quasinormal modes (QNMs) of the phononic crystal at four frequencies.
d The simulated transmission phase color plot obtained from simulations of
the system. It reproduces the experimental anticrossings shown on (c).
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as it is seen in Fig. 3. Each atom is connected to its own phononic
crystal with different periods: a1 = 1.1 μm, a2 = 1.0 μm, a3 = a4
= 0.95 μm. Therefore, we expect to observe up to four qubits with
the strongest splittings at QNM corresponding to the frequencies
fi ≈ v/ai. Three qubits demonstrate a set of splittings on their
spectra with major frequencies corresponding to calculated
QNMs. One of the control qubits did not have anticrossing,
since it is turned out that the qubit maximum frequency is lower
than its acoustic mode of 3.26 GHz.

Discussion
The first conclusion we can draw from the experimental data is
that the wave is confined in the y-direction, otherwise it will leak
out within a short time. Taking into account the dimensions of
our device, we can find the diffraction angle to be about
λ/W ≈ 0.1, which will result in leaking out energy within less than
100 periods (<100μm) of our structure and the quality factor less
than 100. The high-quality factors (~1000) in our experiment
indicate that the diverging waves are confined in the y-direction.
In our geometry the lattice effective filling factor of metallic
stripes (each much narrower than the wavelength) of about
60% results in the effective refractive index neff ≈ 1.012 and
the total reflection angle at the boundary of the lattice is
αc � arcsinð1=neff Þ ¼ 81�. We denote each quasinormal mode of
our structure by two indexes i, j meaning the mode orders in x
and y component, respectively. The allowed ky wavevectors are
ky = πj/W. With the condition α > αc for the incident angle
α ¼ arctanðkx=kyÞ, where kx ≈ π/P = 2π/a we find that j ≤ 3.

Among all quasinormal modes of the phononic crystal, the
strongest coupling should be to the modes with frequencies close
to fac since the qubit is coupled to the acoustic modes through the
stripes with period a. The atom-phononic field coupling strength
for each ijth can be calculated using the expression

_gij ¼ ξ0CIDTVij; ð3Þ
where ξ0 = 〈0∣∂H/∂q∣1〉 is the qubit transition matrix element and
Vij is the potential amplitude in ijth mode induced in the IDT due
to the mechanical zero-point fluctuations. For a transmon, ξ0 can
be found in the analytical form ξ0 ¼ ð2EcÞ3=4E1=4

J =e. Importantly,
Vij depends on the distribution of displacement amplitudes
within the lattice, which for ijth mode we represent as
zij(x, y) = z0Aij(x, y), where z0 is the mean zero-point fluctuation
displacement found as z20 ¼ _=ð2ρWLvÞ19 with mass density of
quartz ρ.

With our rectangular IDT, the field distribution can be
simplified to the form Aij(x, y) = Ai(x)Aj(y) with the follo-
wing normalization conditions L�1

R L
0 jAiðxÞj2dx ¼ 1 and

W�1
RW
0 jAjðyÞj2dy ¼ 1. For the y-direction, the distribution can

be easily found as AjðyÞ ¼
ffiffiffi
2

p
sin(jπy/W) due to the boundary

conditions Aj(0) = 0 and Aj(W) = 0. Now, we can find the
potential induced on the IDT electrodes caused by the field in the
x-direction, which is an integral over the area of corresponding
metallic stripes. We introduce a function pe(x, y), describing the
IDT electrode geometry16. It is approximated by a simple elec-
trode step function defined as Π(x, y) = 1 for all x, corresponding
to one electrode polarity and Π(x, y) = − 1 for another polarity.
Π(x, y) = 0 for all gaps between the electrodes. Taking into
account that the function is independent of y within 0 < y < W,
periodic in the x-direction with the period a and that the areas of
different polarity electrodes are equal, we can write

Vij ¼
epz
ε
z0

R L
0

RW
0 Aijðx; yÞpeðx; yÞdydx

���
���

1
2

R L
0

RW
0 peðx; yÞ
�� ��dydx

; ð4Þ

where epz/ε ≈ 1.6 V/nm is the piezoelectric constant of quartz16.
After integration of Eq. (4) over the y-direction we find that a
simplified expression for the potential

Vij ¼
epz
ε

z02
ffiffiffi
2

p

jπ

R L
0 AiðxÞpeðxÞdx

���
���

1
2

R L
0 peðxÞ
�� ��dx

; ð5Þ

where only odd j are non-zero and can take only values j = 1 and
j = 3.

To calculate the spatial distribution of the field, frequencies fi,j,
and quality factors Qi,j for each mode we use an approach of
quasinormal modes described in refs. 20,21. Our calculations are
based on the parameters of our device discussed above. We also
take the structure metallization ratio of 0.65 from the device
geometry. The approach is very much different from usual nor-
mal mode calculations without the phononic crystal with the zero
or maximal field boundary conditions at the ends of the structure.
The quasinormal modes are characterized by waves freely leaking
out at the boundaries. The amplitudes of the leaking waves define
the quality factors of the quasinormal modes. That is the total
stored energy within the lattice over the leaking out power per
period of oscillations in that particular mode gives us the quality
factor.

The results of calculations are shown in Fig. 4a–c. Figure 4a
shows acoustic (lower) and optical (upper) branches of the dis-
persion curves of the phononic crystal near the edge of the first
Brillouin zone calculated within the Kronig–Penney model. Due
to the finite size of our phononic crystal it has a discrete set of
modes, depicted by separate blue dots on the continuous dis-
persion curves. Figure 4b shows frequencies and quality factors of
several modes close to fac. Blue dots correspond to a set of qua-
sinormal modes fi,1. Orange dots correspond to f0,3 mode. Three
modes f0,1, f1,1, and f0,3, which are closest to the band gap, have
the highest quality factors of about 1500. For modes far from the
gap, the quality factors rapidly decrease, which is in good
agreement with the width of experimentally observed resonance
dips (black curve in the inset) of the signal reflected from the
crystal.

Figure 4c shows the calculated values of the coupling constants
g for modes near the band gap. There is a significant relative
difference in these constants. It is a direct consequence of the
differences of the modes field distribution functions Aij(x), which
affect the value of integral in Eqs. (4), (5). In particular, for the
mode f0,1 the coupling is large, while for an adjacent odd mode
f1,1 it is zero. The field distribution for these two modes is shown
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Fig. 3 The spectrum of the control sample. Four qubits are designed with
three different phononic crystal periods: a1 ≈ 1.1 μm, a2 ≈ 1.0 μm,
a3 = a4 ≈ 0.95 μm. Three of these qubits demonstrate their interaction with
quasinormal modes (QNMs) at their predicted frequencies around 2.8 GHz
(AC 1), 3.1 GHz (AC 2), and 3.3 GHz (AC 3). The fourth qubit spectrum is
below its mechanical mode frequency, and, therefore, it does not have an
anticrossing.
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in Fig. 5a. In both cases it is symmetric and has maximum in the
center. The fundamental difference is that the field for the f0,1
mode has antinodes on the electrodes, while the field for the f1,1
mode has its nodes on the electrodes. Odd modes are decoupled
from the atom. Frequencies f0,1, f2,1, f−2,1, and f0,3 perfectly match
to the calculated ones in Fig. 4a and marked by magenta arrows.

Figure 5b shows the spatial distribution of potentials
induced by mechanical waves under the IDT stripes for
several modes near the Brillouin zone, namely real and imaginary
parts of potential differences at each pair of IDT electrodes
V ¼ epz

ε ½Aijðx2n; yÞ � Aijðx2nþ1; yÞ�, where xn = nP = na/2 with
integer n ≥ 0. The imaginary part of the field is related to the
decay of the waves. The plots on the right-hand side show energy
distribution in the acoustic field. The field spatial distribution in
x-direction depends on kx and take values kP + ikL for i > 0 and
kP + (i − 1)kL for i ≤ 0, where kP = π/P and kL = π/L. Note that
the mode kx = kP does not exist. The coupling depends on the
symmetry of the modes in their space distribution. From the
induced potential distribution of Fig. 5b, it is obvious that anti-
symmetric field distributions (odd modes) result in averaged zero
field and are not coupled to the atom. Oppositely, even modes
give non-zero coupling but the coupling strength is rapidly
decreasing with the mode number. Modes (1, 1) and (0, 1),
exemplified in Fig. 5a have the same energy distribution (acoustic
wave amplitude-square) but excite different potentials under the
stripes and therefore lead to different coupling strengths.

Quality factors of different size structures have been studied on
several samples. As expected, quality factor increases with

increasing the number of stripes because it takes a longer time for
the wave to reach the boundaries of the structures. This is also
supported by simulations. However, increasing the number of
stripes weakly affects the coupling strengths as the field ampli-
tudes scale inversely proportionally to square-root of the system
length.

Finally, we find the correspondence between the experimen-
tally measured (Fig. 2c) and simulated modes having frequencies
f−2,1 = 3.244 GHz, f0,1 = 3.262 GHz, f0,3 = 3.287 GHz, f+2,1 =
3.313 GHz. With Eq. (3) to calculate coupling strengths and get
g−2,1/2π ≈ 17MHz, g0,1/2π ≈ 53MHz, g0,3/2π ≈ 18MHz and g2,1/
2π ≈ 6 MHz. Calculated gi,j are in good agreement with the
experiment. Thus, the approach of quasinormal modes predicts
correctly the field distributions Ai,j(x). On the other hand, all the
couplings are slightly higher, than the experimental ones. We
suppose that this is a consequence made on the approximations
of the geometry factor pe(x, y). Due to the field distribution,
coupling to the mode (0, 1) is several times stronger comparing to
others. This can be helpful for the realization of effects of
quantum optics and quantum acoustics, in which the artificial
atom is mainly coupled to a single mode.

In order to simulate the signal shown in Fig. 2d we solve the
Master Equation and find an expectation value of the atomic state
annihilation operator 〈σ−〉, since it defines the amplitude of the
electromagnetic wave scattered from the atom according to

Fig. 4 The calculated parameters of quasinormal modes. a The behavior
of phonon dispersion curve (red) close to the first Brillouin edge.
Quasinormal modes (QNMs) fi,1 are depicted by blue points. The magenta
arrows show the experimentally observed frequencies. b, c The quality
factors (b) and coupling strength constant (c) for a set of QNMs close to a
band gap (white rectangle). Quasinormal modes fi,1 are depicted by blue
points. An orange point corresponds to f0,3 mode. The experimental
amplitude of a signal, reflected from the same geometry phononic crystal
measured in a separate experiment is shown in the inset. Three dips
correspond to the excitation of modes f−2,1 = 3.248 GHz, f0,1 = 3.264 GHz
and f0,3 = 3.283 GHz, which have the highest coupling strength. The
experimental Q-factors extracted from the widths of these dips are Q−2,1 =
380, Q0,1 = 1050, Q0,3 = 950, which are in good agreement with calculated
ones, shown on (b).

Fig. 5 The field distribution of quasinormal modes. a The spatial
dependence of the field Re(Ai(x)) of the quasinormal mode f0,1 (blue) and
f1,1 (green). The insets show field details with respect to the electrodes of
the interdigital transducer (IDT). Blue and green colors indicate electrodes
of opposite electric polarity. b The colormaps for real (5 column) and
imaginary (6 column) part of the complex potential amplitudes, calculated
as a field difference on pairs of electrodes for several different modes. The
plots of 7 column show energy distribution in acoustic waves.
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Eq. (2). The Hamiltonian and decay operators are built using
calculated above QNMs coupling strengths gi,j, frequencies fi,j, and
quality factors Qi,j (see Fig. 4b). Figure 2d shows the phase for the
simulated transmission, which is in good agreement with the
experimental data.

In conclusion, we experimentally demonstrate the interaction
between a qubit and a SAW phononic crystal formed by a peri-
odic metallic structure on a surface of quartz. In our circuit, the
modes of the phononic crystal are found by characterizing the
scattering of electromagnetic waves on a two-level artificial atom
strongly coupled to the crystal. We have found interaction of the
atom with four quasinormal modes of the crystal. The quasi-
normal modes and their properties are compared from inde-
pendent calculations. Our geometry is simple and robust in
fabrication. It is more compact than setups involving mirrors and
other elements. Our results contribute to fundamental quantum
acoustics and can be useful for developing devices of quantum
acoustics.

Methods
The periodic structure of a phononic crystal was fabricated by using a single-layer
mask of an e-beam resist ARP6200.13 of 250 nm thickness. Before e-beam litho-
graphy process, the dielectric substrate of quartz was covered with a tungsten film
of 5 nm thickness to prevent charging of the substrate. After the development of
the resist and the deposition of the aluminum stripes, the tungsten sublayer was
etched by dry etching process in SF6 plasma at a power of 150W during 20 s. The
Josephson contacts were added into the sample by using the standard two-angle
deposition method. The contacts were deposited through a rigid three-layer mask
consisting of 700 nm of PMGI-SF9 resist, 30 nm of tungsten, and 100 nm of an e-
beam resist ARP6200.04. Both metal contact layers were deposited from aluminum
by using PLASSYS e-beam sputtering equipment at a pressure of 4 × 10−7 mbar.
The film deposition rate was 0.5 nm per second. The insulating layer of the
Josephson contacts was made by oxidizing the first layer of aluminum at an oxygen
pressure of 5 mbar for 10 min.

Data availability
Relevant data are available here https://doi.org/10.5061/dryad.zpc866t6v. It is also
available from A.N.B. upon request.

Code availability
The code used for the calculation is available from A.N.B. upon request.
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