
 

A phononic crystal coupled to a transmission
line via an artificial atom
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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
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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. Credit: Communications Physics, doi: 10.1038/s42005-020-00475-2

Researchers have recently displayed the interaction of superconducting 
qubits; the basic unit of quantum information, with surface acoustic
wave resonators; a surface-wave equivalent of the crystal resonator, in
quantum physics. This phenomena opens a new field of research,
defined as quantum acoustodynamics to allow the development of new
types of quantum devices. The main challenge in this venture is to
manufacture acoustic resonators in the gigahertz range. In a new report
now published on Nature Communications Physics, Aleksey N. Bolgar
and a team of physicists in Artificial Quantum Systems and Physics, in
Russia and the U.K., detailed the structure of a significantly simplified
hybrid acoustodynamic device by replacing an acoustic resonator with a 
phononic crystal or acoustic metamaterial.

The crystal contained narrow metallic stripes on a quartz surface and this
artificial atom or metal object in turn interacted with a microwave 
transmission line. In engineering, a transmission line is a connector that
transmits energy from one point to another. The scientists used the setup
to couple two degrees of freedom of different nature, i.e. acoustic and 
electromagnetic, with a single quantum object. Using a scattering
spectrum of propagating electromagnetic waves on the artificial atom
they visualized acoustic modes of the phononic crystal. The geometry of
the device allowed them to realize the effects of quantum acoustics on a
simple and compact system.
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https://www.sciencedirect.com/topics/engineering/qubit
https://ieeexplore.ieee.org/document/1454469
https://ieeexplore.ieee.org/document/1454469
https://www.nature.com/articles/s41467-017-01063-9
https://www.nasa.gov/directorates/heo/scan/spectrum/radio_spectrum/
https://www.sciencedirect.com/science/article/pii/S1369702109703153
https://phys.org/tags/artificial+atoms/
https://link.springer.com/chapter/10.1007/978-1-4615-2500-4_7
https://www.sciencedirect.com/topics/chemistry/electromagnetic-wave
https://phys.org/tags/artificial+atom/


 

Superconducting quantum systems

Superconducting quantum systems are promising for quantum
technologies in quantum informatics and are fundamental to new
research directions of quantum optics and artificial atoms. These
systems can easily achieve a strong coupling regime even to macroscopic
circuit elements. Several research groups had achieved quantum
acoustodynamics (QAD) using artificial atoms, where electromagnetic
waves can be replaced with acoustic versions and photons by phonons. In
this work, Bolgar et al. studied a hybrid circuit where a superconducting
qubit was strongly coupled simultaneously to two systems of different
nature: acoustic and electromagnetic, with a phononic crystal and a one-
dimensional (1-D) transmission line of electromagnetic waves.
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https://www.nature.com/articles/ncomms12588/
https://www.nature.com/articles/ncomms12588/
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.97.063809
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.86.1391


 

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). Credit: Communications Physics, doi: 10.1038/s42005-020-00475-2

A key element in QAD experiments includes a mechanical resonator,
which can either be a bulk resonator or a surface acoustic wave (SAW)
resonator that plays a similar role as a cavity in quantum electrodynamics
(QED). Acoustic elements can be made compact due to their
wavelength, which is typically five orders of magnitude shorter than that
of electromagnetic waves. Physicists had conducted pioneering
experiments with bulk acoustic resonators coupled to superconducting
qubits. However, integrating such bulk resonators with electronics is not
straightforward. In this experimental setup, Bolgar et al. employed a
qubit to play the role of the intermediate system by connecting the
acoustic and electromagnetic systems. The researchers used a single long
phononic crystal for acoustics of the device to provide the setup a
significant technical advantage.

The layout of the device

The team developed the device on a piezoelectric substrate of stable
quartz. The device contained a transmon-type qubit, capacitively coupled
to a microwave transmission line. In superconducting quantum
computing, a transmon is a type of superconducting charge qubit
designed for reduced sensitivity to charge noise. The device contained an
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https://www.sciencedirect.com/topics/engineering/surface-acoustic-wave
https://www.sciencedirect.com/topics/engineering/surface-acoustic-wave
https://www.sciencedirect.com/topics/chemistry/quantum-electrodynamics#:~:text=Quantum%20electrodynamics%20(QED)%20is%20the,for%20information%20processing%20and%20computing.
https://phys.org/tags/electromagnetic+waves/
https://science.sciencemag.org/content/358/6360/199.abstract
https://science.sciencemag.org/content/358/6360/199.abstract
https://www.sciencedirect.com/topics/materials-science/piezoelectricity
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.76.042319
https://qiskit.org/textbook/ch-quantum-hardware/transmon-physics.html


 

interdigital transducer (IDT) with equally spaced electrodes in the form
of metallic stripes. The IDT capacitance was proportional to the number
of electrode pairs. The capacitance electrodes were connected to a 
superconducting quantum interference device (SQUID) loop; a sensitive
detector of magnetic flux and field—used to tune the qubit energies. The
periodic structure of the metallic stripes in the setup formed a phononic
crystal (or acoustic metamaterial), where each stripe acted as an
additional mass on the quartz surface. The group velocity of the waves
were much smaller than the sound velocity in the setup, allowing the
waves to be effectively confined in the device.

  
 

  

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
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https://link.springer.com/chapter/10.1007/978-3-662-04223-6_3
https://www.sciencedirect.com/topics/materials-science/capacitance
https://aip.scitation.org/doi/10.1063/1.2354545
https://www.sciencedirect.com/topics/engineering/group-velocity


 

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. Credit:
Communications Physics, doi: 10.1038/s42005-020-00475-2

 The two-level system coupled to quasinormal modes

The interdigital transducer (IDT) used in the setup, generated surface
acoustic waves (SAW) propagating in the longitudinal direction. In
contrast to resonators, the waves were not reflected at the boundaries but
freely leaked out and as a result, the allowed modes in the system were 
quasinormal, i.e. damped oscillations. The team then described the 
Hamiltonian of the hybrid system (a function representing the total
energy of a system). In the experimental system, the artificial atom
coupled to a phononic crystal interacted with the electromagnetic wave
in the transmission line and the team described the dynamics of the
scattered waves on the artificial atom, which they measured using 
transmission spectroscopy. The work contained information on the
interaction of the atom with phononic modes.
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https://iopscience.iop.org/article/10.1088/0264-9381/16/12/201/meta
https://scholar.harvard.edu/files/david-morin/files/cmchap15.pdf
https://aip.scitation.org/doi/10.1063/1.1679228


 

  

The calculated parameters of quasinormal modes. (a) The behavior of phonon
dispersion curve (red) close to the first Brillouin edge. Quasinormal modes
(QNMs) 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).
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Quasinormal modes 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). Credit: Communications Physics, doi:
10.1038/s42005-020-00475-2

The experimental outcomes

The experimental conditions allowed thermal fluctuations of the setup to
be well below the energy of surface acoustic phonons, which are in the
gigahertz range of frequencies. The researchers detected the atom-wave
interaction, as a change in phase and amplitude of the transmitted signal
close to the qubit resonance frequency. They amplified the transmitted
signal using cryogenic and room temperature amplifiers and collected
the results under a variety of magnetic fields to find the energy splitting
of the qubit. The results of spectral line splittings demonstrated the
interaction between the qubit and four quasinormal modes (QNMs) of
the phononic crystal at four different frequencies. The high quality
factors (also termed Q factors) used in the experiment increased with the
increasing metallic stripes, where higher Q indicated slower dispersion
of the oscillations. This observation was also supported via simulations.
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https://science.sciencemag.org/content/327/5967/840.abstract
https://www.sciencedirect.com/topics/computer-science/high-quality-factor
https://www.sciencedirect.com/topics/computer-science/high-quality-factor


 

  

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
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(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. Credit: Communications Physics, doi:
10.1038/s42005-020-00475-2

The broader impact on quantum acoustics

In this way, Aleksey N. Bolgar and colleagues experimentally
demonstrated the interaction between a qubit and surface acoustic wave
(SAW) phononic crystal, formed via a periodic metallic structure on the
surface of a quartz material. The team found the modes of the phononic
crystal in the circuit by characterizing the scattering of electrodynamic
waves on a two-level artificial atom strongly coupled to the crystal. They
showed the interaction of the atom with four quasinormal modes of the
crystal. The geometry of the engineered device was simple and robust
and is more compact than existing bulky setups. The outcomes of this
work will contribute to develop devices suited for fundamental quantum
acoustics.

  More information: 1. Bolgar A. N., et al. A phononic crystal coupled
to a transmission line via an artificial atom, Nature Communication
Physics, doi.org/10.1038/s42005-020-00475-2
2. Chiorescu I. et al. Coherent quantum dynamics of a superconducting
flux qubit. Science, 10.1126/science.1081045 

3. Kockum A. F. et al. Designing frequency-dependent relaxation rates
and Lamb shifts for a giant artificial atom, Physical Review A. 
doi.org/10.1103/PhysRevA.90.013837
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