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Gradiometric, fully tunable C-shunted
flux qubits

Check for updates

B. Berlitz1 , A. Händel1, E. Daum1, A. V. Ustinov1,2 & J. Lisenfeld1

Fully tunable flux qubits offer in-situ and independent controls of their energy potential asymmetry and
tunnel barrier, making them versatile tools for quantum computation and the study of decoherence
sources. However, only short coherence times have been demonstrated so far with this type of qubit.
Here, we present a capacitively shunted flux qubit featuring improved relaxation times up to T1 = 25 μ s
and a 20-GHzwide theoretical frequency tunability range at the flux-insensitive sweet spot, of which a
3-GHz range was shown. As a model application, we demonstrate detection of two-level tunneling
defects in a frequency range spanning one octave.

Superconducting micro-circuits have become a tremendous testbed to
explore quantum coherence in electrically controlled solid-state systems.
There are various types of superconducting qubits such as the charge, phase,
and flux qubit, which differ by the degree of freedom that dominates their
energy. While not as widely used as transmon qubits in current large-scale
architectures1,2, flux qubits, which offer a higher anharmonicity, have served
as an important tool for research in superconducting quantum circuits over
the past two decades.

The original flux qubit3,4 consisted of a superconducting loop that
is interrupted by three Josephson junctions, one of which has smaller
critical current than the other two by a factor 0.5 < α < 1, which defines
the Josephson energies EJ for one large junction and αEJ for the small
junction (see Fig. 1a). It features a double-well potential whose
asymmetry is controlled by an external flux ΦT (see Fig. 1b). In early
experiments, flux qubits were read out by measuring the flux through
the qubit loop using a DC-SQUID in switching-current5 or dispersive
measurements6, and were used to demonstrate two-qubit gates7, access
the ultra-strong coupling cavity QED regime8,9, and multiplexed qubit
readout10.

The quantum coherence of flux qubits steadily improved over the past
years. Bertet et al.11 andYoshihara et al.12 reportedT1 times of 2–4 μs in early
experiments, which were likely limited by strongly coupled readout-
SQUIDs. Subsequently, longerT1 times of 6–20 μswere reachedbyOrgiazzi
et al.13 and Stern et al.14, by replacing the readout-SQUID with coplanar
waveguide resonators and 3D cavities, respectively.

Another design improvement was the addition of a shunt-capacitor.
While in early experiments using interdigitated capacitors by Steffen et al.15

andCórcoles et al.16,T1 timeswere limited to 1–6 μs, Yan et al. demonstrated
coherence times of T1 ≈ 50 μs, using larger square-plate shunt-capacitors17.
With this breakthrough, which they attributed to reduced dielectric loss in
their shunt capacitors and a reduction in the qubit persistent current, flux
qubits reached similar coherence times as transmon qubits.

For the symmetric double-well potential at amagneticflux bias ofΦT=
Φ0/2, a flux qubit has minimum resonance frequency fq and lowest
dephasing due to flux noise being suppressed infirst order. Phase coherence
(T2) quickly degrades away from the optimal flux bias point, and this
severely limits the practically useful qubit tunability range. In a “fully tun-
able” or “gap-tunable" flux qubit, this is addressed by replacing the small
junctionwith aDC-SQUID, therebymaking the effective junction area ratio
α tunable in-situ by an additional control flux ΦB. This was first shown by
Paauw et al.18. Soon after, Poletto et al. demonstrated operation in both the
double-well flux qubit (0.5 < α < 1) and the single-well phase qubit (α < 0.5)
regime 19. This control of the qubit potential makes gap-tunable flux qubits
attractive for different applications, such as quantum annealing20,21, as
couplers and computational qubits in quantum processors22,23, for use in
quantum metamaterials24 and for microwave-free qubit manipulation25.
Gap-tunable flux qubits are particularly well suited for investigating deco-
herence sources, since a single device can access both flux-like and phase-
like operating regimes. Their wide tunability enhances the accessible range
for coherence spectroscopy, where qubit relaxation serves as a probe of its
electromagnetic environment to reveal interactions with parasitic circuit
modes or with microscopic two-level-defects (TLS).

So far, balancing the enhanced qubit tunability with good qubit
coherence has been proven to be difficult. Early gap-tunable designs
exhibitedT1 times between 1.4 ns and 1.5 μs, which have been attributed to
thermal noise18, and dielectric loss25, respectively. In a recent experiment
using an asymmetric α-junction SQUID, Chang et al. reported T1 times up
to 8 μs 23, attributing this limit to dielectric loss. However, this approach
limits the tuning range of the device (about 7 GHz was reported). Despite
this significant improvement in energy relaxation, a gap-tunable flux qubit,
which combines access to a wide α-range with a long T1 time has not yet
been achieved.

Here, we present a gap-tunable capacitively shunted flux qubit that is
based on the design of Yan et al.17, which combines the coherence of the

1Physikalisches Institut, Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany. 2Institute for Quantum Materials, Karlsruhe Institute of Technology (KIT),
Karlsruhe, Germany. e-mail: benedikt.berlitz@outlook.de

npj Quantum Information |           (2026) 12:97 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

https://doi.org/10.1038/s41534-026-01295-y
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-026-01295-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-026-01295-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-026-01295-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-026-01295-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-026-01295-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41534-026-01295-y&domain=pdf
mailto:benedikt.berlitz@outlook.de
www.nature.com/npjqi


C-shunted flux qubit with wide tunability and in-situ α-control. Its half-
gradiometric design provides independent local control of barrier and
asymmetry-flux biases.We observedT1 times up to 25 μs at 3.5 GHz, which
corresponds to a qubit quality factor of 2πfq ⋅ T1 ≈ 500k. Furthermore, we
demonstrate strain-tuned TLS spectroscopy as a model application. This
technique, previously implemented with phase and transmon qubits26,27,
demonstrates the suitability of our device for investigating microscopic
defects in a wide frequency range. Taking advantage of this feature in future
experiments could provide deeper insights into fundamental material
properties such as the frequency dependence of the TLS state density, which
is a central ingredient in defect models28.

Results
Qubit tunability
To characterize the qubit tunability and the cross-talk between the two flux
lines, we observe the dispersive shift of the readout resonator as a function of
both applied flux biases. For this, a fast method is to only measure the
transmission S21 at a fixed probe frequency fprobe

29. As illustrated in Fig. 2a),
the transmitted signal isminimal when the readout resonator resonance f res
equals the probe frequency. Since f res depends on the qubit resonance
frequency, this minimum indicates that the qubit was tuned to a certain
frequencywhich depends on the chosen fprobe. The inside of the tear-shaped
region in Fig. 2b thus corresponds toflux bias combinationswhere the qubit
has lowest resonance frequencies. Due to crosstalk of the flux-bias lines, the
uncalibratedmeasurement (top panel in Fig. 2b) is skewed. The lower panel
shows the same measurement when the crosstalk is compensated by bal-
ancing the flux bias currents as further discussed in supplementarymaterial
E. Along the white line in the panels, the qubit potential has zero tiltΦT = 0.
Points of lowest and highest qubit frequency along this line are indicated by
a star and triangle as in Fig. 2c.

After calibration, wemeasure the qubit energy relaxation time T1 for a
symmetric potential at different qubit frequencies by tuning the size of the
potential barrier via the flux ΦB.

Energy relaxation
Figure 3a shows that the qubit reaches an average quality factorQ = 2πfq T1
up to 530k at an operation frequency of 3.32 GHz, which corresponds to T1

≈25 μs. For this point,T1 decay traces andRabi oscillations are shown inFig.
3b, c.We observe an increase in qubit coherence at lower qubit frequencies
where the qubit potential crosses over into the double-well regime for α >
0.5. This is explained by a combination of readout-resonator induced
Purcell-loss and limitaton by ohmic charge noise, which has been shown to
dominate the energy-relaxation of C-shunted flux qubits in this frequency
range17 (see supplementarymaterial D for a discussion of lossmechanisms).
The quality factor is comparable to that of transmonqubits (Q~600k)30 and
quarton qubits (Q ~ 500k)31 fabricated in the same facility.

TLS spectroscopy
The qubit’s extended tunability makes it especially attractive to investigate
TLS defects in a wide frequency range. A powerful method to study origins
of decoherence is qubit swap spectroscopy27,32, which reveals parasitic circuit
modes and resonances of individual strongly-coupled TLS defects by
minima in the frequency-dependent qubit T1 time.With the ability to tune
TLS by applied mechanical strain or DC-electric fields, one can measure
spectral TLS densities and characterize the TLS’ individual properties such
as their coherence and dipole moment26,33.

Figure 4 shows examples of TLS spectra that were acquired with the
qubit operating in the single- or double-well regime. Both spectra span a
similar strain and frequency range, while a larger number of TLS are visible
at higher qubit frequencies. Such measurements allow one to probe the
frequency-dependence of the TLS density of states, which can give clues
about underlying microscopic defect mechanisms. This first strain-tuned
TLS spectroscopy in aflux qubit demonstratesTLS-detection in a frequency
range spanning almost one octave. It furthermore showcases the unique
combination of fast, wide, and coherent frequency tuning our design pro-
vides. We note that the experimentally demonstrated tuning range is still a
fraction of what is theoretically possible. In future experiments, using an
optimized experimental setup, qubit operation spanning close to four
decades (3 MHz - 21 GHz) could be achieved.

Discussion
In this work, we have presented a gap-tunable, capacitively shunted flux
qubit featuring local flux biasing and a half-gradiometric geometry. We
report coherence times up to T1 = 25 μs (Q=500k) and demonstrate qubit

Fig. 1 | Sample design. a Idealized circuit diagramof
a 3-Junction flux qubit, with one junction having a
lower critical current by a factor of α. b Circuit
diagram of a gradiometric fully tunable flux qubit.
The currents (IT, IB) in the local bias lines induce the
fluxes ΦT and ΦB, providing control of the potential
asymmetry and barrier-height, respectively, which is
illustrated by the orange and blue qubit potentials.
cMicrograph of a fully tunable C-shunted flux qubit
(sample A), with an inset zooming in on the junction
layout under a 45° angle (corresponding area of
sample B).
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frequency tunability spanning nearly an octave, with a close to four decade
range theoretically possible. This design combines the advantages of high
coherence with fast and wide frequency control, making it a promising
platform for quantum material research and quantum information
experiments.

As a model application, we have demonstrated strain-tuned TLS
spectroscopy, showcasing the capability to probe TLS defects across a wide
frequency range and in both the single- and double-well qubit regimes.
These features are particularly valuable for future investigations into TLS
density of states and defect classification schemes.

Beyond TLS spectroscopy, the combination of good coherence and
broad tunability renders this design attractive for a wide range of
applications. With advances in hybrid architectures34–36, gap-tunable
flux qubits could see use as intermediaries between high-frequency
qubits and low-frequency quantummemories, where their wide tuning
range could mitigate frequency crowding. The capability to quickly
transition between single-well and double-well potential shapes enables
alternative qubit operation schemes25 and provides a unique testbed for
studying decoherencemechanisms in distinct potential landscapes. The
ability to couple via flux37 and to implement strong ZZ-type interactions
through barrier biasing22 further underlines their versatility as building
blocks for multi-qubit systems.

Methods
Sample details
Figure 1b, c showsaphotographof our gap-tunablefluxqubit sample and its
circuit schematic. It features two junctions of nominally equal critical cur-
rent that are connected in a gradiometric loopvia two smaller-area junctions
whose critical currents are reduced by a factor αmax=2.

The α-junctions act as a DC-SQUID whose critical current can be
controlled by an applied homogenous magnetic flux ΦB, effectively con-
trolling the α factor in the qubit potential which is given by

UðφÞ ¼ �2EJ cosðφÞ � α ΦB

� �
EJ cos 2π

ΦT

Φ0
� 2φ

� �
; ð1Þ

with EJ being the Josephson energy of one large junction and
αðΦBÞ ¼ αmax cosðπΦB=Φ0Þ. Design values are chosen so that both the
single-well (α < 0.5) and the double-well (α > 0.5) regime can be reached,
which is illustrated in Fig. 2d. The asymmetry of the qubit potential depends
on the difference fluxΦT in the two loop branches which is controlled by a
current-dividing flux bias line shown in Fig. 1b, c.

Figure 2c shows a numerical simulation of the qubit frequency as a
function of the applied flux biases, where stars and triangles respectively

Fig. 3 | Energy Relaxation and Rabi measurements. a Violin- and scatter-plots of
quality factor measurements at the potential symmetry pointΦT = 0 on sample A at
different qubit frequencies, corresponding to different α-values at the cross-over into
the double well regime (α > 0.5), together with the theoretical limit (see Supple-
mentary Material D). The mean quality-factors (from left to right) correspond to T1

of 26.8 μs, 10.2 μs, 7.57 μs and 3.9 μs. b T1-decay traces corresponding to the left-
most violin. A single example trace is shown in blue and the average of all 150 traces
taken over 8 hours is shown in red, with an exponential fit to the average trace in
yellow. c Rabi oscillations measured at fq=3.22 GHz.

Fig. 2 | Qubit Calibration and tunability. a principle of aΦT-ΦB-sweep calibration
measurement. A signal (red circles) is detected, when f res is shifted into resonance
with fprobe by a qubit transition. b Calibration measurements used to identify
symmetry points in the ΦT-ΦB-landscape and the bias line cross-talk (corrected in

the bottommeasurement). cNumerical calculation of the qubit resonance frequency
fq, spanning from 3 MHz to 21 GHz (linear scale). d Numerical calculation of the
qubit potential for different α-values, including the 3 lowest qubit states. Shown
measurements were performed on sample A.
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indicate the lowest (ΦB = 1Φ0) and highest (ΦB = 2Φ0) qubit frequency for a
symmetric qubit potential (ΦT = 0). The broad control over the qubit
potential allows access to fq tunability ranging from 3 MHz to 21 GHz.

The qubit population is controlled with resonant microwave pulses
sent via the transmission line, while its state is read out by measuring the
dispersive resonance shift of a capacitively coupled λ/2 readout-resonator.

Fabrication and experimental setup
The qubit samples are fabricated from aluminum on a sapphire substrate,
usingoptical lithographyanddry etching topattern resonators and thequbit
capacitor. The bias lines are deposited together with the Al-AlOx-Al junc-
tions in a successive e-beam lithography step to ensure precise alignment.
This reduces unwanted bias-line crosstalk. The junctions are made in a
three-angle shadow evaporation process using a Dolan bridge30 which
avoids the formation of unwanted stray junctions, see supplementary
material C for further details. Here, we present data from two samples,
whose design parameters are detailed in Supplementary Material B. All
measurements were performed at millikelvin temperature in a dilution
refrigerator, whose setup is detailed in Supplementary Material A.

Data availability
Data and related scripts are available here: https://doi.org/10.5281/zenodo.
18862873. Data analysis was performed using MATLAB2023b.

Code availability
Data and related scripts are available here: https://doi.org/10.5281/zenodo.
18862872. Data analysis was performed using MATLAB2023b.
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