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The carbon nanotube gatemon qubit

H. Riechert 1, S. Annabi 1, A. Peugeot 1,2, H. Duprez 1, M. Hantute1,
K.Watanabe 3, T. Taniguchi 4, E. Arrighi 1, J. Griesmar 1, J.-D. Pillet 1,5 &
L. Bretheau 1,5

Gate-tunable transmonqubits are based on quantum conductors used asweak
links within hybrid Josephson junctions. These gatemons have been imple-
mented in just a handful of systems, all relying on extended conductors,
namely epitaxial semiconductors or exfoliated graphene. Here we present the
coherent control of a gatemon based on a single molecule, a one-dimensional
carbon nanotube, which is integrated into a circuit quantum electrodynamics
architecture. The measured qubit spectrum can be tuned with a gate voltage
and reflects the quantum dot behavior of the nanotube. Our ultraclean inte-
gration, using a hexagonal boron nitride substrate, results in record coherence
times of 200 ns for carbon nanotube-based qubits. Furthermore, we investi-
gate its decoherence mechanisms, thus revealing a strong gate dependence
and identifying charge noise as a limiting factor. On top of positioning carbon
nanotubes as contenders for future quantum technologies, ourwork paves the
way for studying microscopic fermionic processes in low-dimensional quan-
tum conductors.

Superconducting qubits, which have emerged as a leading approach in
quantum information science, are based on Josephson tunnel junc-
tions that act as quintessential nonlinear, non-dissipative elements1. It
is possible to replace the tunnel junction with a hybrid Josephson
junctionutilizing aquantumconductor as aweak link2,3. This approach,
backed by recent advances in low-dimensional materials, paved the
way for innovative qubit designs like transmon, fluxonium, and
Andreev qubits4–20. Among these emerging architectures, gatemon
qubits stand out4–12, offering remarkable functionalities such as qubit
frequency tunability through applied gate voltage—providing a prac-
tical alternative to magnetic flux control—and enhanced resilience to
magnetic fields21,22, making them well-suited for applications in elec-
tron and nuclear spin resonance. Implementing such hybrid circuit
quantum electrodynamics (cQED) architectures23,24, which combine
low-dimensional materials with superconducting circuits, unlocks
exciting possibilities at the intersection of quantum information sci-
ence and condensed matter physics. The unique electronic properties
of these quantum materials indeed shape the qubit’s operational
behavior, exemplified by the physics of Dirac fermions that is observed

in graphene gatemons10. This synergy also establishes a sensitive
platform for probing the microscopic behavior of fermions in quan-
tum materials, relying on minimally invasive microwave signals rather
than traditional transport measurements.

To date, the quantum control of gatemon qubits has been
demonstrated in devices based on extended conductors, such as
semiconducting nanowires, two-dimensional electron/hole gases, and
graphene4–12. Hereweproposea gatemonbasedona singlemolecule: a
carbon nanotube. This intrinsically one-dimensional object has a
uniquely limited number of internal electronic degrees of freedom,
which could play a key role in designing protected qubits25,26 and
supressing decoherence mechanisms, including quasiparticle poison-
ing—widely regarded as a major barrier to realizing high-coherence
gatemons27,28. More importantly, implementing a gatemon with such
an elementary junction of only one conduction channel, makes the
underlying fermionicphysicsof themolecule accessible in a controlled
environment. The electron-electron interactions play a crucial role in
carbon nanotubes, which opens up great prospects in the context of
many-body physics29–34. Carbon nanotubes constitute a compelling
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platform for charge or spin qubit implementation35–43. These non-
superconducting architectures suffer from short coherence times, T *

2

being typically of the order of 10 ns, and consequently difficulties in
achieving coherent control. Implementing a superconducting qubit
based on a carbon nanotube is thus a promising direction to explore.
This requires to integrate a carbon nanotube-based Josephson junc-
tion within a cQED architecture, which was realized in a single
experimental study so far44. In this work, we report the first coherent
control of a nanotube-based gatemon, achieving a record coherence
time T *

2 of 200 ns with significant potential for improvement, as we
observe that T *

2 increases exponentially with qubit frequency. This
landmark achievement is attributed to the ultraclean integration of the
nanotube within our superconducting circuits, effectively minimizing
disorder in the surroundings of the nanotube. To do so, we utilize
hexagonal boron nitride (hBN) as a substrate, drawing from advance-
ments in graphene physics10,45,46. This crystalline hBN-nanotube stack is
free of atomic-scale defects, which are known to undermine the per-
formance of superconducting qubits47. These advancements position
carbon nanotube-based gatemons as a compelling platform for
exploring and overcoming coherence challenges in next-generation
quantum devices.

Results
Architecture of the circuit
Our circuit, which is schematized in Fig. 1a, is primarily composed of
two key elements: the nanotube gatemon that functions as a qubit, and

a superconducting microwave resonator to readout the qubit state.
The core component of this hybrid cQED architecture is the nanotube
Josephson junction. It is fabricated using a novel technique48 that
integrates an ultraclean single-walled carbon nanotube into pre-
fabricated superconducting circuits on an insulating silicon substrate.
To achieve this, the nanotube, adhered to a thin hBN layer, is
mechanically transferred onto two superconducting Nb (35 nm)–Au
(10 nm) bilayer electrodes, such that it is encapsulated between the
hBN and the silicon substrate. This configuration not only shields the
device from degradation due to air exposure, but also suspends the
nanotube between the superconducting electrodes, ensuring that the
section carrying the supercurrent avoids direct contact with the sub-
strate. This arrangement significantly enhances the cleanliness of the
device and reduces potential sources of disorder compared to pre-
vious works44. The carbon nanotube is capacitively coupled to an
aluminum top electrode through the hBN layer, just tens of nan-
ometers thick. The voltage Vg of this top gate controls the chemical
potential and, consequently, the electronic density of states in the
nanotube. By performing independent transport measurements we
have shown that Josephson junctions fabricated using this technique
exhibit gate-tunable critical currents Ic, with supercurrents as high as
8 nA48, comparable to that of conventional transmon qubits. Nanotube
Josephson junctions thus behave as supercurrent field-effect
transistors49. In the microwave domain, this translates into a gate-
dependent non-linear inductance LJ or, equivalently, into a Josephson
energy EJ =φ

2
0=LJ , where φ0 is the reduced flux quantum7.

2 mm100 µm

b c

a

Fig. 1 | Fabrication of nanotube gatemon qubits. a Schematic of the hybrid cQED
architecture containing a carbon nanotube Josephson junction. The nanotube is
transferred onto two Nb–Au electrodes (gold) to form a Josephson junction of
energy EJ that can be tuned with gate voltage Vg. Together with the shunt capacitor
of energy EC it implements a gatemon qubit (orange box), which is capacitively
coupled to the readout resonator (light blue). b False-colored micrograph of the
nanotubegatemon. The central charge island (purple), which implements the shunt

capacitor, is coupled to a λ/2 resonator and connected to the ground plane through
the carbon nanotube Josephson junction. The carbon nanotube (not visible) is
coveredby hBN (green) and a top gate (dark blue). c Layout of the full chipwith two
independent hybrid cQED architectures. Device A corresponds to the bottom one,
its resonator being highlighted in blue. Bonding pad on the bottom of the chip is
used for top gate control.

Article https://doi.org/10.1038/s41467-025-62283-y

Nature Communications |         (2025) 16:7197 2

www.nature.com/naturecommunications


The nanotube Josephson junction is embedded into a super-
conducting circuit, thus forming a hybrid cQED architecture. In prac-
tice, the junction connects between a metallic island and the ground
plane of the circuit, as shown in the optical micrograph of Fig. 1b. This
island implements a shunting capacitor of energy EC and forms,
together with the nanotube Josephson junction, an anharmonic oscil-
lator. Its ground and first excited states, jgi and jei, serve as the qubit
states at the frequency f q � ffiffiffiffiffiffiffiffiffiffiffiffiffi

8EJEC

p
=h50. For state readout, the qubit

is capacitively coupled to a coplanar λ/2 cavity (highlighted light blue
in Fig. 1d). Due to hybridization of the cavity and qubit modes, the
cavity’s resonance frequency depends on the qubit state and
frequency50, which in turn is tunable by the gate voltage via LJ. In the
following, measurements from two different devices A and B are pre-
sented. Device B is similar to device A (shown in Fig. 1b, c), with a
slightly higher cavity resonance, larger qubit-cavity coupling, and an
on-chip band-pass filter on the gate line as detailed in Supplementary
Section II.

Spectroscopy of nanotube gatemon devices
We first focus on device A and measure the transmission of the λ/2
cavity in order to extract its resonance frequency fr. Varying the gate
voltageVgmodulates the nanotube Josephson junction’s inductanceLJ,
whichcauses a frequency shiftδfrof the resonator. Figure 2a shows this
frequency shift δfr = fr − fr0 over a large range of gate voltage, where
fr0 = 5.056GHz is the bare-resonator frequency. Around Vg = 0V, we
observe a broad region where fr remains largely independent of Vg,
which results from the semiconducting gap of the nanotubewhere the
supercurrent is zero and LJ diverges. Beyond this gap, the resonator
exhibits positive frequency shifts up to 1MHz that varies strongly with

Vg, as can be seen in the close-up view of Fig. 2b. This gate-dependent
shift indicates a hybridization between the resonator and thenanotube
qubit. Figure 2c shows the samemeasurement for deviceB,with a gate-
dependent frequency shift of the resonator that exceeds 10MHz.

The cQED architecture provides a powerful platform for probing
the nanotube qubit as the readout resonator experiences a frequency
shift that depends on the qubit’s state. We thus apply an additional
drive signal at frequency fd in order to excite qubit transitions from
state ∣g

�
to ∣ei, while monitoring the resonator close to its resonance

frequency. Such a two-tone spectroscopy measurement allows for a
precise determination of the qubit frequency fq. Figure 2d, e shows the
qubit spectra for devices A and B as a function of gate voltage. They
both exhibit a gate-dependence fq(Vg) that is directly reminiscent from
the one observed in cavity spectroscopy (Fig. 2b, c), which further
demonstrates the qubit-resonator hybridization. These spectra allow
us to extract for device A (respectively B) a charging energy
EC = 260MHz (resp. 330MHz) and a qubit-cavity coupling strength
g ≈ 50MHz (resp. 120MHz)50. The stronger coupling and higher qubit
frequency of device B explain the greater δfr measured in Fig. 2c.
Crucially, both spectra display a large tunability of the qubit frequency
fqover 4GHz, demonstrating that the qubit behaves as a gatemon. This
tunability arises from the fact that the nanotube Josephson energy EJ
depends on the gate voltage, and canbe varied between a fewhundred
of MHz and up to 8GHz. Using the simple relation EJ =φ0Ic (valid for a
tunnel junction), the critical current of the nanotube junctions is
estimated to be ~0.6–16 nA. These values are consistent with results
reported in transport measurements48, taking into account the known
discrepancy between switching current and critical current in small
junctions.

Fig. 2 | Spectroscopy of twogatemondevices. aOne-tone spectroscopy of device
Ameasuring the shiftδfrof the cavity at 5.056GHz.Outside abandgapof about 9 V,
dense forests of positive shifts indicate the presence of the qubit mode at lower
frequency. Larger δfr is caused by smaller qubit-cavity detuning due to higher qubit
frequency, which stems from larger supercurrent in the carbon nanotube Joseph-
son junction.b, cOne-tone spectroscopy for device A (close upof (a)) anddevice B.
d, e Two-tone spectroscopy of the gate-dependent qubit mode for the same gate
voltage ranges. Shown is δfr compared to the vertical average (device A) or change

in cavity transmission S21 compared to no second tone drive Soff21 (device B).
Spectra of device A exhibit regularly spaced peaks owing to quantum phase tran-
sitions changing the charge parity (letters e/o for even/odd in (b)) of the quantum
dot. Contrarily, the gate dependence for device B is smoother, the nanotube
junction being in a regime of a superconducting quantum dot strongly coupled to
the electrodes. Both devices show spurious modes, visible as horizontal lines. The
qubit linewidth for frequencies below 2GHz is up to ~1 GHz due to charge
dispersion.
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More fundamentally, the voltage-tunability of EJ originates from
the electrostatic control of the Andreev bound states, which are
localized in the nanotube and are responsible for the Josephson
effect51. This fermionic origin is revealed by analyzing the gate-
dependent spectra in Fig. 2, which are very different for the two
devices. For device A, the spectra exhibit sharp peaks when varying Vg,
especially visible in Fig. 2b. These are a hallmark of quantum dot
behavior,where thenanotube exhibits characteristics akin toCoulomb
blockade effect commonly seen in transportmeasurements. Eachpeak
indeed corresponds to the addition of a single charge to the nanotube,
when an electronic level within the quantum dot is brought into
resonance with the Fermi energy of the electrodes. The abrupt fre-
quency jumps at the peaks are reminiscent of 0–π quantum phase
transitions observed in supercurrent measurements of nanotube
junctions52–55. Such a phenomenon is predicted to occur in interacting
quantum dot-based Josephson junctions when the coupling Γ of the
dot to the superconducting electrodes is moderate compared to the
Coulomb repulsion U56–58. The competition between pairing and
repulsion interaction results in sudden changes of the fermionic
ground state with different parities. Even parity Andreev bound states
carry more supercurrent than odd parity ones, which translates into
jumps of fq. This allows us to assign to each gate voltage region a parity
for the charge state of the carbon nanotube, as shown in Fig. 2b. For
device B (Fig. 2c, e), the spectra exhibit a smoother gate-dependence.
In that case, almost no parity-changes are observed and the nanotube
behaves as a weakly-interacting quantum dot, whose electronic levels
are tuned byVg causing smooth oscillations in fq. This suggests that the
ratio Γ/U is here larger compared to device A, which we interpret as a
stronger coupling Γ to the electrodes. The latter translates into an
increased Josephson energy EJ, thus explaining the higher observed
qubit frequency which reaches up to 4.3GHz. Finally, the smaller
linewidth observed at higher qubit frequency promises better coher-
ence properties.

Quantum control and coherence measurements
To demonstrate that a system functions as a two-level system or qubit,
it is essential to establish its coherent control in the time domain. We

focus in the following on device B that has shown the best coherence,
andfirst investigate it at a constant gate voltage. Similarmeasurements
for device A are available in Supplementary Section VI. We drive the
qubit with an initial pulse at frequency fd~fq for a duration τRabi, fol-
lowed by a second pulse at the resonator frequency fr for qubit read-
out. Figure 3a, which shows the qubit state as a function of both τRabi
and fd, exhibits the characteristic chevronpattern associatedwith Rabi
oscillations. At resonance fd = fq (white arrow at 4.32 GHz), the qubit
state undergoes coherent oscillations in the Bloch sphere from ∣g

�
to

∣ei with the Rabi frequency ΩR = 107MHz. Driving with a detuning

δ = fd − fq induces oscillations at higher frequency Ω=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2

R + δ
2

q
with a

reduced contrast. Themeasurement reveals a second chevron pattern
centered at fgf/2≈ 4.25 GHz corresponding to a two-photon transition
of energy hfgf between the ground state ∣g

�
and the second excited

state ∣ f
�
. The two-photon nature of the transition is evident in the

enhanced δ dependence of the Rabi frequency, Ω=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2

g f +4δ
2
g f

q
,

where Ωgf ≈ 55MHz denotes the two-photon Rabi frequency at reso-
nance and δgf = fd − fgf/259. From this measurement, we can extract a
qubit anharmonicity α = fgf− 2fq of −142MHz. We have measured
values of α between −62 and −201MHz for various gate voltages (see
Supplementary Section IX). This metric, which was too small to be
extracted in the case of the graphene gatemon10, is critical to evaluate a
qubit quality as it determines a lower bound for a pulse duration.
Contrary to the case of the tunnel junction-based transmon, the
anharmonicity α is not simply given by −EC but varies with Vg as it
depends on microscopic parameters of the nanotube gatemon7.
Interestingly,weobserve a large deviation of ∣α∣with respect to EC, with
values that can gobelow the standard boundary EC/47. This uncommon
observation could be related to the quantum dot nature of our carbon
nanotube Josephson junction, as recently predicted in ref. 60.

Going further, we investigate the coherence properties of the
nanotube gatemon. The Rabi oscillations are used to calibrate the π
andπ/2-pulses, which allow us to prepare the qubit in the states jei and
jgi+ jeið Þ=

ffiffiffi
2

p
respectively. We first apply a π-pulse followed by a

readout pulse delayed by the time τRelax, which results in an

Fig. 3 | Quantum control of a nanotube gatemon qubit. a Rabi oscillations as a
function of drive frequency fd and pulse duration τRabi. The two observed chevron
patterns correspond to the qubit transition at 4.32GHz (white arrow) and a two-
photon transition to the second excited state 71MHz below (black arrow). The
signal is the change of cavity transmission S21 compared to the ground state
transmission Sjgi21 . b Relaxationmeasurement (blue points) following a π-pulse. The
exponential fit (black line) leads to T1 = 191 ± 2 ns. c Ramsey oscillations as a

function of drive frequency fd and time delay τRamsey between two π/2 Gaussian
pulses. The oscillation frequency is given by the detuning of the drive from the
qubit frequency. d Ramsey oscillations measured at +20MHz detuning (blue
points), which is a line cut in (c) indicated as dashed line. The fit of an exponentially
decaying cosine (black line) results in a coherence time of T *

2 = 228 ± 12 ns. All
measurements were performed on device B at Vg = −4.2376 V.
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exponential decay of the qubit state as shown in Fig. 3b. The extracted
T1 = 191 ns indicates the characteristic duration for the qubit to lose
energy and relax to its ground state. Next, we measure the qubit
dephasing using Ramsey interferometry, where we apply two π/2-
pulses at frequency fd separated by a waiting time τRamsey. Figure 3c, d
display Ramsey oscillations at the detuning frequency δ = fd − fq, which
correspond to precession of the qubit state in the Bloch sphere at the
equator. From their decay envelopes we extract a coherence time
T *
2 = 228 ns. The similar timescale of T1 and T *

2 indicates that deco-
herence originates from both energy relaxation and pure dephasing.

To gain deeper insight into the mechanisms limiting coherence,
we extensively measured our nanotube gatemon at many values of
gate voltage Vg. Figure 4 shows the relaxation time T1 and the coher-

ence time T *
2 acquired for a large set of Vg and plotted as a function of

the qubit frequency fq. The relaxation time measurement exhibits a
global trend, with T1 increasing at lowqubit frequency and reaching up
to 942 ns. The origin of this dependence is not known. More impor-
tantly, Fig. 4a shows a large spread of T1 values, with no strong cor-
relation in fq. Energy relaxation is here likely limited by microscopic
mechanisms that are gate-dependent. On the contrary, the coherence

timemeasurements exhibit a strong correlation, asT *
2 increaseswith fq

and reaches up to 233 ns. We can explain this dependence using the

transmon model50 that predicts a dephasing time scaling as e
ffiffiffiffiffiffiffiffiffiffiffi
8EJ=EC

p
.

The range of fq spanned in Fig. 4b corresponds to a ratio EJ/EC varied

between 11 and 25.We thusmodel our data byT *
2 / ehf q=EC (black curve

in Fig. 4b), using the fact that the coherence time is here much lower
than 2T1 and thus dephasing-limited. Note how at lower fq the smaller
EJ/EC ratio also manifests itself in a broad qubit linewidth due to offset
charge noise, as evident in Fig. 2d, e. We thus demonstrate that our

qubit can be gradually tuned from a Cooper pair box to the transmon

regime50. Further analysis reveals thatT *
2 is not limited by gate noiseon

EJ (see Supplementary Section VIII). This detailed understanding pro-
vides a clear path for improving the nanotube gatemon coherence.

In summary, we have demonstrated quantum control of a super-
conducting qubit made with an ultraclean carbon nanotube-based
Josephson junction. The nanotube-based gatemon qubit exhibits a
voltage tunability of its frequency over more than 4GHz and an
anharmonicity up to 200MHz. Time-domain measurements establish
quantum coherence of the nanotube gatemon, resulting in a coher-
ence (relaxation) time as high as 233 ns (942 ns), an improvement by a
factor of 4 (27) compared to its graphene counterpart10. This suggests
that reducing the number of conduction channels effectively sup-
presses certain decoherence mechanisms, for example, the coupling
to spurious two-level systems or poisoning of Andreev bound states in
the weak link by non-equilibrium quasiparticles27,61 Moreover, these
coherence times approach the first-generation gatemons that were
based on semiconducting nanowires4. Increasing coherence would
requiremore systematic studies8,62, a trend that is likely to be followed
by nanotube gatemons. More generally, these results make our device
the most coherent carbon-based qubit ever implemented63 and the
first one to be integrated within a cQED architecture, which opens the
way towards long-range coupling mediated by microwave photons.
This marks a pivotal step towards harnessing single molecules for
quantum computing applications.

Going further, our investigations reveal the critical role of charge
noise in limiting coherence, suggesting that optimizing the ratio EJ/EC
could enhance qubit performance. We anticipate substantial
improvements in coherence by optimizing microwave engineering of
the gatemon environment and by refining nanotube integration in
order tominimize disorder. The latter could be achieved by employing
higher-quality substrates or implementing bottom gates to shield
against defects and stray charges. These efforts will strengthen the
nanotube’s potential as a promising candidate for innovative quantum
technologies. Futureprogress should be achievedby exploring diverse
architectures relying on nanotube Josephson junctions, such as flux-
onium or Andreev qubits.

More fundamentally, designing hybrid superconducting circuits
that integrate low-dimensional quantum materials represents a pro-
mising approach to explore the underlying microscopic fermionic
processes at play. We could here reveal the quantum dot behavior of
the nanotube in the qubit spectrum. Interestingly, no coherence of the
gatemon qubit could be measured when the parity of the fermionic
ground state is odd. On top of the role played by offset charge noise at
low EJ/EC, this could originate from the degeneracy of the odd fer-
mionic Andreev ground state.Weplan in the future toprobe in a highly
sensitive and non-invasive way the Andreev bound states that form in
the nanotube14,18,51,64,65, as well as nonlocal states in Andreev
molecules66,67 and more generally the spin and valley degrees of free-
dom of nanotubes37,42,68. Going further, such platforms should make it
possible to study many-body physics that arise from Coulomb repul-
sion or intriguing topological phases that are predicted to form in one-
dimensional materials69–71.

Data availability
The data that support the finding of this work and the analysis code to
reproduce the figures are available from the Zenodo repository at
https://doi.org/10.5281/zenodo.1558422572.
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