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The promise of quantum computing has driven
a persistent quest for new qubit platforms
with long coherence, fast operation, and large
scalability 1–4. Electrons, ubiquitous elementary
particles of nonzero charge, spin, and mass,
have commonly been perceived as paradigmatic
local quantum information carriers. Despite
superior controllability and configurability, their
practical performance as qubits via either
motional or spin states depends critically on their
material environment 4–7. Here we report our
experimental realization of a new qubit platform
based upon isolated single electrons trapped on
an ultraclean solid neon surface in vacuum 8–12.
By integrating an electron trap in a circuit
quantum electrodynamics architecture 13–20, 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 15µs and phase coherence time T2 over
200 ns. These results indicate that the electron-
on-solid-neon qubit already performs near the
state of the art as a charge qubit 21.

The rapid growth of quantum information science and
technology in recent years accompanies the remarkable
success of various qubit platforms in various domains
of quantum information processing. Notable examples
include superconducting quantum circuits 14–16,22–27,
semiconductor quantum dots 28–37, electromagnetically
trapped ions 38–41, optically trapped atoms 42–45, natural
or implanted defects 46–52, and magnetic molecules 53–56.
Among different quantum information carriers, isolated
single electrons — paradigmatic charged spin- 12 massive
particles that naturally interact with photons via
quantum electrodynamics (QED) — offer conceivably
the straightest approach for efficient manipulation
and remote entanglement. So far, electron qubits
have been made predominantly in semiconductor

heterojunctions and semiconductor-oxide interfaces 4–7.
Despite standardized device fabrication and convenient
electrical control, a major challenge faced by these
electron qubits is the limited coherent time due to
material imperfections or background noise 4–7. In
this circumstance, a new type of single-electron qubit,
embedded in an ultraclean low-noise environment, may
open up unprecedented opportunities to resolve the
coherence challenge. Along with the inherent features
of fast operation and large scalability, this single-electron
qubit platform holds great potential for development into
an ideal quantum computing architecture in the future.

In this work, we demonstrate a fundamentally new
solid-state single-electron qubit platform based upon
trapping and manipulating isolated single electrons on
an ultraclean solid neon surface in vacuum. By
integrating the electron trap in a hybrid circuit QED
architecture 57–61, we observe vacuum Rabi splitting
between the motional state of a single electron and a
single microwave photon in an on-chip superconducting
resonator. This observation lays the foundation
for the quantum coherent control and (single-shot)
dispersive readout of electron charge (motional-state)
qubits at microwave frequencies in this system. By
detuning the electron transition frequency with respect
to the resonator frequency, we perform complete qubit
characterization, i.e., two-tone qubit spectroscopy 62

and time-domain measurements 63, including Rabi
oscillations, T1 energy relaxation time, and T2 phase
coherence time measurements. Without optimization,
the measured T1 = 15µs and T2 & 200 ns have
already reached the state of the art for a charge
qubit 21, highlighting the promise of this new material
environment. With projected development employing
spin-charge conversion 17,30,34, we anticipate the nearly
perfect spinless environment formed by solid neon 64 to
support electron spin qubits with estimated coherence
time over 1 s 17,20,65,66. Beyond quantum computing, this
novel solid-state single-electron qubit platform creates an
appealing hybrid quantum framework that can connect
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Fig. 1. Electronic structure and device design of the single-electron circuit quantum electrodynamics
architecture on solid neon. a, Potential energy seen by an excess electron approaching a flat solid neon surface and
calculated ground-state eigen-energy and wavefunction in the z-motion. b, Schematic of in-plane trapping potential that
defines the motional state qubit in y direction. c, Conceptual illustration of a single electron trapped on solid neon surface
and interacting with microwave photons at the open end of a superconducting coplanar stripline resonator. The electric dipole
transition and the electric field of microwave photons are aligned in y direction. d, Scanning electron microscopy (SEM)
picture of the fabricated device around the electron trap and photon coupling region. The trap and two striplines reside
inside a 3.5µm wide and 1.5µm deep etched channel. e, Specific device structure and functionalities of different components.
The quarter-wave superconducting stripline resonator is arranged into a transmission measurement by the input and output
capacitive coupling (κin and κout respectively) to coplanar waveguides (CPWs). The electric field of the microwave photons
(of the selected antisymmetric mode) between the two striplines has its maximum at the open end. The resonator is biased
with a DC voltage Vr to control the number of electrons in the reservoir. Three additional DC electrodes (trap, trap-guard,
res-guard), biased with the voltages Vt, Vtg, Vrg, control the single-electron trapping and frequency detuning. Each electrode
has its own on-chip low-pass LC filter. f, Measured resonance peaks before (fr = 6.4266 GHz) and after (fr = 6.2795 GHz)
neon fully fills the channel, showing the fitted resonator linewidth κ/2π = 0.4 MHz.

various qubit platforms, thereby paving new pathways in
quantum information science and technology.
Electronic structure and device design

Neon (Ne) is a noble-gas element next to helium (He)
in the periodic table. In contrast to He, which is a liquid
(superfluid) even at zero temperature, unless a large
pressure of at least 25 bar is applied, Ne spontaneously
turns into a face-centered-cubic (fcc) crystal after passing
its triple point at the elevated temperature Tt = 24.556 K
and moderate pressure Pt = 0.43 bar 67–70. At near-
zero temperature, solid Ne can form a free surface to
vacuum and serve as an ultraclean substrate with no
uncontrollable impurities or electromagnetic noise 71,72.

When an excess electron approaches a semi-infinite
solid Ne surface at z = 0 from vacuum, two effects
lead to an out-of-plane trapping potential that can bind
the electron to the surface (see Fig. 1a). A repulsive
barrier, U ≈ 0.7 eV, occurs due to the Pauli exclusion
between the excess electron and atomic shell electrons.
In addition, an attractive polarization potential, V (z) =
−(ε−1)/[(ε+1)e2/4z], (z > b), with a dielectric constant
ε = 1.244 and short-range cutoff b ≈ 2.3 Å, occurs due to

the induced image charge inside solid Ne 8,9,20,73. With
this potential, the electron’s z-motion has a ground-state
energy Ez0 = −15.8 meV and an eigen-wavefunction
peaked at about 1 nm distance from the surface (Fig. 1a).
The energy cost to bring the electron to the first excited
state in z is 12.7 meV, equivalent to a 147 K activation
temperature. Therefore, at our 10 mK experimental
temperature, the electron is frozen within the ground-
state subband of z-motion. Previous studies have verified
that solid Ne surface can hold a nondegenerate two-
dimensional electron gas with ∼ 1010 cm−2 high density
and ∼ 104 cm2 V−1 s−1 high mobility 74.

Condensed (liquid or solid) noble-gas elements with
positive (repulsive) electron affinity are the only
materials in nature that can hold electrons on a free
surface in vacuum. Practically, all other materials,
even electronically insulating and atomically smooth,
have negative (attractive) electron affinity and contain
charged contaminants or dangling bonds on the surface
that can capture and localize excess electrons at atomic
to molecular scales 75,76. While the electron-on-solid-
Ne (eNe) system can be considered conceptually as an
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Fig. 2. Strong coupling and vacuum Rabi splitting between a single electron on solid neon and a single
microwave photon in a superconducting resonator. a, Normalized microwave transmission amplitude (A/A0)2 probed
at the resonator frequency fr (black and white vertical arrows in the insets) versus the trap voltage Vt and the resonator-guard
voltage Vrg. The amplitude drops when the electron’s transition frequency fq is tuned on resonance with the resonator. b,
Normalized (A/A0)2 versus probe frequency ∆fp = fp − fr and resonator-guard voltage ∆Vrg (detuning from the resonance
condition) in the region indicated by the white horizontal arrows in (a) with fixed Vt. c, Line cut from (b) along the white
dashed line when the qubit frequency fq is on resonance with the resonator frequency fr. The two peaks show the vacuum Rabi
splitting, giving the coupling strength g/2π = 3.5 MHz and intrinsic electron linewidth γ/2π = 1.7 MHz, fitted by input-output
theory with the known resonator linewidth κ/2π = 0.4 MHz.

extension to the historically more studied electron-on-
liquid-He (eHe) system, it exhibits much stronger surface
rigidity that suppresses decoherence through surface
excitations 17–19. Compared with eHe that was proposed
as a qubit platform over two decades ago 11,17–19,77–79,
eNe embodies a potentially transformative solid-state
qubit platform 12,20,71.

On a flat Ne surface, the electron takes plane-
wave eigenstates in the xy plane. To confine the
electron in the plane, we utilize carefully designed lateral
trapping electrodes to hold the electrons individually
and deterministically in space 19, with trapping time
exceeding two months. We tune the electrode voltages
to further constrain the electron’s x-motion to its ground
state and take the two lowest energy states of y-motion
as the qubit states (see Fig. 1b). Figure 1c shows a
simplified conceptual illustration of our arrangement of
the trapped electron and microwave resonator. The
electron is on the solid Ne surface at the open end (in
a “clamp” shape) of a quarter-wave coplanar double-
stripline resonator 19,80. The electric field (of the selected
antisymmetric mode) is strongest there, and its direction
is aligned with electron’s y-motion, perpendicular to the
extending direction of the striplines in x. Figure 1d
displays a scanning electron microscopy (SEM) image
of the actual device structure around the trapping area.
All the metal lines and ground planes are made of
superconducting niobium (Nb) deposited on a high-
resistivity silicon substrate. A “trap” electrode, applied
with positive voltage, plugs into the open end of the
“resonator”. Four “guard” electrodes, named as “trap
guards” and “res(onator) guards” surrounding the trap,
applied with voltages in pairs, provide precise tuning to
the trapping potential and thus the electron transition

frequency about the resonator frequency. The trap and
resonator reside inside a ∼ 4 mm long etched channel.

Figure 1e illustrates in more details about this hybrid
circuit QED device. The double stripline resonator
is coupled with coplanar waveguides (CPWs) with the
input and output coupling rate κin and κout, respectively,
in a transmission measurement configuration. Each DC
electrode, biased at Vr, Vt, Vrg, Vtg, respectively, has its
own on-chip low-pass LC filter that isolates the electron
and resonator from the DC electrodes at microwave
frequencies to protect the qubit lifetime and resonator
qualify factor. We fill liquid Ne into the experimental cell
at 26 K and cool down to 10 mK. The shift of resonator
frequency fr can be used to infer Ne thickness. When the
channel is fully filled with Ne, fr shifts from 6.4266 GHz
to 6.2795 GHz (see Fig. 1f). In practice, we only put in
a tiny amount of Ne to coat the device surface, resulting
only 0.3–0.6 MHz frequency shift and 5–10 nm estimated
Ne thickness from numerical simulation. The observed
resonator linewidth κ/2π = 0.4 MHz, independent of
Ne filling, indicates a quality factor Q ≈ 1.6 × 104.
Electrons are generated through thermionic emission
from a pair of tungsten filaments inside the cell under
a voltage pulse train (width: 0.1 ms, height: 4 V, and
repetition rate: 1 kHz) for a total duration of 1 s 18,19.
(See Supplementary Information (SI) for more details.)

Strong coupling and vacuum Rabi splitting

We use a similar scheme in our previous work 19 to
load single electrons onto the trap from the channel
hosting the stripline resonator, and in the meanwhile,
monitor the microwave transmission signal. Once an
electron is trapped, we fix the resonator voltage Vr at
1 V and trap-guard voltage Vtg at 0 V. A positive Vr
is necessary to keep any remnant electrons inside the
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Fig. 3. Spectroscopy and time-domain characterization of a single-electron qubit on solid neon. a, Two-tone
qubit spectroscopy measurement on the transmission phase φ at the resonator frequency fr versus the detuned drive frequency
∆fs = fs − fr and the resonator-guard voltage Vrg. The qubit linewidth γ can be obtained by fitting the phase dip profile
(inset). b, Illustration of the dispersive readout of single-electron qubit state by transmission measurement. Ground and
excited electron states cause the actual resonator frequency to be blueshifted and redshifted and the measured transmission
phase φ at the bare resonator frequency fr to show on average ±30◦ shift. c, Rabi oscillations of the excited state population Pe,
measured at fixed pulse amplitude and varied pulse length tpulse. d, Qubit relaxation measurement with the fitted relaxation
time T1 = 15µs. e, Measured linear dependence of Rabi frequency ΩR on the amplitude of gate pulses. f, Ramsey fringe and
Hahn echo measurements with the fitted original coherence time T ∗2 = 50 ns and extended coherence time T2E = 220 ns. Qubit
detuning for (b) – (f) is kept at ∆/2π ≡ fq − fr = −100 MHz.

long channel far off resonance. The trap voltage Vt and
resonator-guard voltage Vrg are enough to tune the qubit
frequency fq into resonance with the resonator frequency
fr ≈ 6.426 GHz. Figure 2a gives a color plot of the
normalized transmission amplitude (A/A0)2 probed at
the resonator frequency fr versus the tuning voltages
Vt and Vrg for a trapped electron. When fq is tuned
across fr, we observe a sharp drop in the microwave
transmission amplitude probed at fr

14. The average
photon occupancy in the resonator is controlled at the
single-photon level, n̄ ≈ 1, with about −135 dBm input
power to the resonator. (See SI for more details.)

By measuring the transmission spectrum as a function
of probe frequency fp near the resonator frequency fr, we
observe a clear avoided crossing – vacuum Rabi splitting,
when Vt is fixed and Vrg tunes the qubit frequency across
the resonator frequency (see Fig. 2b). Figure 2c shows the
line cut of Fig. 2b in the on-resonance case fq = fr. A fit
over the two peaks by input-output theory 81 yields the
coupling strength g/2π = 3.5 MHz, which is nearly twice
of the electron dephasing rate γ/2π ≈ 1.7 MHz, with the
known resonator decay rate κ/2π ≈ 0.4 MHz. (See SI for

more details.) The system has clearly entered the strong
coupling regime 14, g > γ, κ, which instantly enables
coherent microwave control and dispersive readout of
single-electron qubits in this system.
Spectroscopy and time-domain characterization

Figure 3a shows a two-tone qubit spectroscopy
measurement of another trapped electron. The qubit
frequency fq is tuned by the resonator-guard voltage Vrg.
At each given Vrg, we monitor the transmission phase φ
at the bare resonator frequency fr while a probe tone fs
is slowly swept over a range of ∼ 1 GHz across the qubit
frequency fq. When fs is resonant with fq, it partially
excites the qubit, inducing a dip (fq < fr) or a peak (fq >
fr) in the φ versus fs plot (Fig. 3a inset). By scanning
both fs and Vrg, we obtain the intrinsic qubit spectrum
as a function of Vrg. A Lorentzian fit of this qubit
spectrum yields the linewidth γ/2π = 2.8 MHz. The
probe-tone power is kept low enough here to avoid power
broadening of the qubit over its natural linewidth. The
overall spectrum resembles that of a double-quantum-dot
qubit (DQD) spectrum at a semiconductor interface 32,33.
(See SI for more discussion.)
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By increasing the probe-tone power, we investigate
the anharmonicity under a varied detuning ∆/2π ≡
fq − fr between ±100 MHz. At −100 MHz detuning,
the measured anharmonicity between the two lowest
transition frequencies is α/2π ≡ f|1〉→|2〉 − f|0〉→|1〉 ≈
40 MHz, where |0〉, |1〉, |2〉 are the ground, first-excited,
and second-excited states, respectively (see SI). This α is
positive and consistent with the value expected from the
trap design 19. Even though this α value currently limits
single qubit gate durations to tπ � π/α ≈ 12 ns, it can
be easily enhanced in future trap designs.

The measured coupling strength for this electron is
g/2π = 4.5 MHz (see SI). At large detuning ∆/2π =
−100 MHz, we have |∆| � g. The dispersive coupling
between the qubit and resonator provides a qubit-state-
dependent frequency shift χ ≈ g2α/∆(∆ + α) 25. By
measuring the transmission phase φ of the photons at fr,
we can read out the qubit state 62. Figure 3b illustrates
the scheme of dispersive readout in accordance with our
experiment, as is common in circuit QED platforms 63,82.
The measured φ shift at fr is about ±30◦ after statistical
average, corresponding to χ/2π ≈ 0.12 MHz. Ideally,
the qubit would operate at the spectrum minimum of
Fig. 3a, i.e., the “sweet spot” where the charge noise has
the lowest effect. However, for this particular electron at
the “sweet spot”, the > 1 GHz large detuning precludes
state readout with reasonable signal-to-noise ratio.

We now use real-time coherent control to measure the
coherence properties of the qubit at ∆/2π = −100 MHz
detuning. Figure 3c displays Rabi oscillations in the
excited-state population Pe

83. Starting with the qubit
in its ground state, we apply a pulse with variable
duration and fixed amplitude at the qubit frequency fq,
immediately followed by a readout pulse applied at the
resonator frequency fr. Figure 3d displays the results of
a T1 relaxation time measurement, where we utilize a π-
pulse (duration inferred from Fig. 3c) and vary the delay
tdelay between the end of each π-pulse and the onset of
readout pulse. The exponential decay signifies a long
T1 = 15µs compared with most semiconductor charge
qubits 21. We also verify the linear dependence of Rabi
frequency ΩR on the pulse amplitude Vpulse normalized
by the maximally used amplitude V̄pulse (see Fig. 3e).

Figure 3f shows the measurements of the original
(Ramsey fringe) coherence time T ∗2 and extended (Hahn
echo) coherence time T2E

83. The Ramsey fringe
measurement consists of two π/2 pulses separated by
a varied delay time ∆t. A fit over the population
curve yields T ∗2 = 50 ns, consistent with the linewidth
inferred from two-tone spectroscopy. This measurement,
however, is sensitive to the dephasing due to slow
electromagnetic fluctuations in the circuit. The Hahn
echo measurement inserts an additional π pulse in the
middle point between two π/2 pulses. A fit yields an
extended echo coherence time T2E = 220 ns, suggesting
that the qubit coherence is affected by low-frequency
charge noise. (See SI for more details.)

Discussion and outlook

The long T1 manifests that solid Ne can indeed serve
as an ultraclean substrate for single-electron qubits.
We expect future trap geometries and better filtering
for DC electrodes to give even longer T1. The still
short T2 � T1 at this initial stage of development
may originate from two sources of residual charge noise.
First, remnant electrons along the resonator in the long
channel are not entirely fixed; remaining motion can
cause background charge noise to the trapped electron-
photon interacting system. Second, residual roughness of
the Ne surface may cause extra scattering to the electron
motion. Improvement to the device design and Ne growth
process 66, and operation at the charge noise “sweet spot”
are expected to mitigate these decoherence issues. It has
been theoretically calculated that the in-plane motional
coherence of an electron on solid Ne surface can be several
milliseconds 71. Ultimately, utilizing the spin states
through engineered spin-orbital coupling 17,30,34 can yield
ultralong qubit coherence in excess of 1 s 17,20,65,66.

The strong interaction between the electron motional
states and microwave photons will allow two or more
electrons to entangle with each other through exchanging
(virtual) photons in the resonator 26,84. To scale the
system up, we can adopt the quantum charge-coupled
device (QCCD) technique, originally developed in the
trapped ion system 41,78,85, to shuffle electrons into and
out of different functional zones on a chip to achieve
multi-electron gating, entanglement, and readout. This
will significantly expand the scalability.

The eNe qubit platform incorporates compelling
advantages from several leading qubit platforms;
analogous to electromagnetically trapped ions, the
electron qubits here are identically generated by a
simple source and can have long spin coherence times;
as with semiconductor quantum dots, electronic gate
control can be applied at high speed; finally, strong
coupling with the circuit QED architecture enables
dispersive readout, transduction to microwave photons,
and two-qubit gates via microwave resonator mediated
interactions. Given these merits, we anticipate the
eNe qubit platform to rapidly evolve into a superior
quantum computing hardware. Furthermore, it can
be coherently linked with other quantum information
systems, e.g., Josephson junctions and color centers
through microwaves, to collectively advance quantum
sensing, transduction, networks, and other important
areas in quantum science, as well as fundamental physics.
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P. J. Leek, L. Steffen, A. Blais, and A. Wallraff, Phys. Rev.
A 80, 043840 (2009).

83 P. Krantz, M. Kjaergaard, F. Yan, T. P. Orlando,
S. Gustavsson, and W. D. Oliver, Appl. Phys. Rev.
6, 021318 (2019).
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