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            Abstract
The quantum nature of an oscillating mechanical object is anything but apparent. The coherent states that describe the classical motion of a mechanical oscillator do not have a well defined energy, but are quantum superpositions of equally spaced energy eigenstates. Revealing this quantized structure is only possible with an apparatus that measures energy with a precision greater than the energy of a single phonon. One way to achieve this sensitivity is by engineering a strong but nonresonant interaction between the oscillator and an atom. In a system with sufficient quantum coherence, this interaction allows one to distinguish different energy eigenstates using resolvable differences in the atom’s transition frequency. For photons, such dispersive measurements have been performed in cavity1,2 and circuit quantum electrodynamics3. Here we report an experiment in which an artificial atom senses the motional energy of a driven nanomechanical oscillator with sufficient sensitivity to resolve the quantization of its energy. To realize this, we build a hybrid platform that integrates nanomechanical piezoelectric resonators with a microwave superconducting qubit on the same chip. We excite phonons with resonant pulses and probe the resulting excitation spectrum of the qubit to observe phonon-number-dependent frequency shifts that are about five times larger than the qubit linewidth. Our result demonstrates a fully integrated platform for quantum acoustics that combines large couplings, considerable coherence times and excellent control over the mechanical mode structure. With modest experimental improvements, we expect that our approach will enable quantum nondemolition measurements of phonons4 and will lead to quantum sensors and information-processing approaches5 that use chip-scale nanomechanical devices.
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                    Fig. 1: Phonon-number-splitting scheme.[image: ]


Fig. 2: Fabricated device.[image: ]


Fig. 3: Qubit spectroscopy and mechanical-mode structure.[image: ]


Fig. 4: Phonon-number splitting.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Experimental setup.
The sample is located at the mixing-chamber plate of a dilution refrigerator, packaged in a microwave printed circuit board with a copper enclosure, and surrounded by cryogenic magnetic shielding. All instruments are phase-locked by a 10-MHz rubidium frequency standard (SRS SIM940). HEMT, high-electron-mobility transistor.


Extended Data Fig. 2 Characterization of qubit and mechanical modes.
a, Rabi oscillation measurement used to calibrate the qubit excitation pulses. b, Energy relaxation of the qubit (green) and the mechanical system (blue), with lifetimes of T1 = 1.14 μs and 430 ns, respectively. This measurement of the qubit lifetime T1 was obtained at ωge/(2π) = 2.301 GHz. At this same frequency, we performed the ringdown measurement of the mechanical mode at \({\omega }_{{\rm{m}}}^{(1)}/\left(2{\rm{\pi }}\right)=2.405\,{\rm{GHz}}\).


Extended Data Fig. 3 Qubit frequency tracking.
a, Raw qubit-tracking spectrum, obtained at 1 h elapsed time. First, the bare qubit spectrum is averaged over a 20-s interval, with a full spectral measurement performed every about 1 ms; all of the raw 20-s tracking spectra taken during the hour-long experiment are overlaid (grey circles). Then, these spectra are averaged without post-processing to obtain the effective bare qubit spectrum (green curve), resulting in an effective linewidth of about 2.8 MHz. b, Qubit-tracking spectrum with post-processing. The same qubit spectra as in a, but each 20-s tracking spectrum is aligned to the average qubit frequency using post-processing peak detection. The effective qubit linewidth is now improved to about 1.1 MHz. c, Alignment of bare qubit spectra through time. Each horizontal slice represents a 20-s tracking spectrum, showing that the qubit drifts by ±1.5 MHz during the experiment. d, Raw phonon-number-splitting spectrum. We interleave phonon-number-splitting measurements between the tracking spectra shown in a, alternating between the two every about 0.5 ms. When all of the raw spectra (grey points) are averaged without frequency correction (green curve), phonon-number splitting is visible but the peaks are poorly resolved. e, Post-processed phonon-number-splitting spectrum. Using the frequency corrections applied in b, we adjust the frequencies of each slice and improve the resolution of the peaks. f, Alignment of phonon-number-splitting spectra through time. The zero- and one-phonon peaks are easily visible with a splitting of 2χ ≈ 3 MHz.


Extended Data Fig. 4 Phononic crystal resonator design.
a, Simulation geometries of the mirror cell (top) and defect cell (bottom). b, Complete band diagram (including all polarizations and symmetries) of the mirror regions. A bandgap over the approximate range [1.6 GHz, 2.0 GHz] is clearly visible. For these simulations we use the same mirror cell parameters as those of the fabricated devices: a = 1 μm, sl = 330 nm, sw = 150 nm, tAl = 50 nm, tLN = 230 nm and θsw = 11°. The discrepancy between the observed and simulated bandgap positions is not understood and could be attributed to a number of factors, including possible differences in the material constants of our LN films and those used for the simulations. c, Deformation u(r) (top) and electrostatic potential ϕ(r) (bottom) of a localized defect mode at ν ≈ 1.9 GHz. Here we use adef = 1.3 μm, wdef = 1.25 μm and lgap = 500 nm. The mode deformation is predominantly polarized in the plane of the phononic crystal, and the polarization generated by the piezoelectricity in LN is predominantly aligned along the direction of the electric field produced by the electrodes, as is evident by the electrostatic potential. d, Deformation of the same mode as that in c, with a view of the entire resonator. The colour indicates log10|u(r)|/|umax|, illustrating that even with N = 4 mirror cells the mode is tightly localized to the defect region. In the measured devices, N = 8. e, Imaginary part of the electromechanical admittance Ym(ω), obtained from finite-element simulations of the structure shown in d. Using Foster synthesis we extract the coupling rates g of each of the modes associated with the pole/zero pairs that are visible in the response. f, Frequency of the strongly coupled modes as a function of wdef. Their distribution (although not their absolute values) agrees fairly well with that of the observed modes.


Extended Data Table 1 Device parametersFull size table
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