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            Abstract
Progress towards the realization of quantum computers requires persistent advances in their constituent building blocksâ€”qubits. Novel qubit platforms that simultaneously embody long coherence, fast operation and large scalability offer compelling advantages in the construction of quantum computers and many other quantum information systems1,2,3. Electrons, ubiquitous elementary particles of non-zero charge, spin and mass, have commonly been perceived as paradigmatic local quantum information carriers. Despite superior controllability and configurability, their practical performance as qubits through either motional or spin states depends critically on their material environment3,4,5. Here we report our experimental realization of a qubit platform based on isolated single electrons trapped on an ultraclean solid neon surface in vacuum6,7,8,9,10,11,12,13. By integrating an electron trap in a circuit quantum electrodynamics architecture14,15,16,17,18,19,20, we achieve strong coupling between the motional states of a single electron and a single microwave photon in an on-chip superconducting resonator. Qubit gate operations and dispersive readout are implemented to measure the energy relaxation time T1 of 15â€‰Î¼s and phase coherence time T2 over 200â€‰ns. These results indicate that the electron-on-solid-neon qubit already performs near the state of the art for a charge qubit21.
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                    Fig. 1: Electronic structure and device design of the single-electron circuit QED architecture on solid neon.[image: ]


Fig. 2: Strong coupling and vacuum Rabi splitting between a single electron on solid neon and a single microwave photon in a superconducting resonator.[image: ]


Fig. 3: Spectroscopy and time-domain characterization of a single-electron qubit on solid neon.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Cryostat and measurement setup for single-electron qubits on solid neon in a circuit quantum electrodynamics architecture.
Details are explained in the text where they are referred to.


Extended Data Fig. 2 Photographs of sample cell and electron source.
a, Lid part of the cell with all the coax connection. It contains 14 hermetic SMP feedthroughs for d.c. and RF signals, 2 SMP feedthroughs for electron source, and a stainless steel tube for neon filling. b, Pedestal part of the cell with a printed circuit board (PCB) mounted underneath a stack of copper sheets that suppress unwanted microwave modes. c, Two tungsten filaments, mounted in parallel on the back side of the lid in (a), as the electron source by thermionic emission. The inset shows a scanning electron microscopy (SEM) image of one tungsten filament.


Extended Data Fig. 3 Phase diagram of neon.
The solid-liquid-gas triple point is at (24.56 K, 0.43 bar) and the liquid-gas critical point is at (44.49 K, 27.69 bar).


Extended Data Fig. 4 Observed time evolution of transmission amplitude (A/A0)2 during the electron generation and deposition processes.
a, In the case of neon fully filling the channel. b, In the case of 5â€“10â€‰nm neon coating the device. At tâ€‰=â€‰0, pulse train is sent to the tungsten filaments and electrons are generated and deposited onto the resonator. A sudden change in the spectrum can be seen. After about 3â€‰s, the spectrum stabilizes and shows a frequency shift about 10â€‰MHz for (a) and almost no shift for (b).


Extended Data Fig. 5 Coupling of a single electron and microwave photons.
a, Normalized transmission amplitude (A/A0)2 probed at the bare resonator frequency fr as a function of the resonator-guard voltage Vrg and the trap voltage Vt. b, Transmission phase Ï•, corresponding to the amplitude in (a), as a function of Vrg and Vt. c, Line scanned normalized amplitude (A/A0)2 and phase Ï• as a function of Vrg at Vtâ€‰=â€‰175â€‰mV. A dip in amplitude and 2Ï€ phase jump occur when the qubit frequency matches the resonator frequency.


Extended Data Fig. 6 Vacuum Rabi splitting between a single electron and microwave photons.
a, Normalized transmission amplitude (A/A0)2 as a function of probe frequency Î”fp = fp âˆ’ fr and resonator-guard voltage Î”Vrg (detuning from the resonance condition). b, Transmission amplitude (A/A0)2 versus a probe frequency when qubit and resonator is on resonance. The fitting curve with input-output theory gives a coupling strength g/2Ï€ about 4.5â€‰MHz and qubit decay rate Î³/2Ï€ about 3.4â€‰MHz.


Extended Data Fig. 7 Two-tone qubit spectroscopy measurement with high pump power and pump frequency around the bare resonator frequency.
Besides the |0âŸ© â†’ |1âŸ© transition line, which is marked with black dashed line, there are other transition lines visible. The line immediately next to the main transition line is the |1âŸ© â†’ |2âŸ© transition. At Î”/2Ï€ = fq âˆ’ frâ€‰=â€‰âˆ’100â€‰MHz detuning, the anharmonicity Î±/2Ï€ â‰¡ f|1âŸ©â†’|2âŸ© âˆ’ f|0âŸ©â†’|1âŸ© â‰ˆ 40â€‰MHz.


Extended Data Fig. 8 Calculated electron qubit properties based on a minimal model that encloses linear asymmetry and quartic anharmonicity.
a, Trapping potential V versus position y. The shape symmetrically leans to the left and right by tuning the resonator-guard voltage Vrg with respect to the â€˜sweet spotâ€™ voltage Vssâ€‰=â€‰339â€‰mV. For Vrg > Vss, we take Vrgâ€‰=â€‰516â€‰mV and for Vrg > Vss, we take Vrgâ€‰=â€‰162â€‰mV, both of which are on-resonance conditions in experiment when the qubit frequency fq matches the resonator frequency fr. bâ€“d, Electron wavefunctions on the ground state |0âŸ©, first excited state |1âŸ©, and second excited state |2âŸ©, respectively, for the three different Vrgâ€™s. They extend about 500â€‰nm in space and are left and right shifted with the potential changes. e, Qubit spectrum under frequency scanning Î”fs = fs âˆ’ fr and voltage Vrg detuning, for |0âŸ© â†’ |1âŸ© and |1âŸ© â†’ |2âŸ© transitions. The first transition (in red) matches well with the experimental observation shown in Fig. 3a. f, Magnified qubit spectrum of (e) in the Â±100â€‰MHz detuning range. The second transition has a positive anharmonicity Î±â€‰=â€‰40â€‰MHz above the first transition at âˆ’100â€‰MHz detuning. The overall spectral profile also matches the experiment observation shown in Extended Data Fig. 7, taking account of the practical spectrum deformation due to the overly strong pumping near resonance.
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