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ABSTRACT

We demonstrate flux-bias locking and operation of a gradiometric fluxonium artificial atom using two symmetric granular aluminum (grAl)
loops to implement the superinductor. The gradiometric fluxonium shows two orders of magnitude suppression of sensitivity to homoge-
neous magnetic fields, which can be an asset for hybrid quantum systems requiring strong magnetic field biasing. By cooling down the device
in an external magnetic field while crossing the metal-to-superconductor transition, the gradiometric fluxonium can be locked either at 0 or
U0=2 effective flux bias, corresponding to an even or odd number of trapped fluxons, respectively. At mK temperatures, the fluxon parity
prepared during initialization survives to magnetic field bias exceeding 100U0. However, even for states biased in the vicinity of 1U0, we
observe unexpectedly short fluxon lifetimes of a few hours, which cannot be explained by thermal or quantum phase slips. When operating
in a deep-underground cryostat of the Gran Sasso laboratory, the fluxon lifetimes increase to days, indicating that ionizing events activate
phase slips in the grAl superinductor.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0075909

The unique properties of the superconducting state emerging in a
select list of materials below the critical temperature Tc have already
been used for particle detection,1–4 quantum-limited amplification,5–7

quantum information processing,8,9 and hybrid mesoscopic hard-
ware.10 While the main benefits offered by the superconducting state
are unarguably its intrinsically low dissipation and the possibility to
engineer strongly non-linear elements, such as Josephson junctions
(JJs), another potential resource emerges as a consequence of the

magnetic field quantization in superconducting loops and the associ-
ated long-lived persistent currents.11,12 In classical superconducting
circuits, trapped flux quanta called fluxons have been used for more
than two decades in the so-called rapid single flux-quantum electron-
ics13,14 and might constitute a valuable resource for local magnetic
field biasing in superconducting quantum processors.15 In the quan-
tum regime, fluxons have recently been proposed as a resource for
quantum simulators.16,17
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A prominent example for fluxon dynamics is the fluxonium
qubit in which the tunneling of a fluxon through a JJ shunted by a
superinductor18–20 determines the eigenenergies and wavefunctions of
the system.21 In addition to the large anharmonicity of its energy spec-
trum, enabling fast operation, the fluxonium exhibits a so-called sweet
spot with a long energy relaxation time and slow dephasing when the
magnetic flux enclosed in the loop is half a flux quantum.22,23

In our device, we use an additional superinductor made from
a superconducting granular aluminum (grAl)25,26 thin film shunt-
ing the single Al-AlOx-Al JJ to build a fluxonium artificial atom
with a gradiometric loop geometry, as shown in Fig. 1. As a result,
our device has three loops in total: an outer loop entirely formed
by superinductors and two inner loops, which are connected by a
JJ weak link enabling quantum tunneling of fluxons between them.
Similar to other gradiometric devices,27,28 this loop geometry
highly reduces the circuit’s sensitivity to global magnetic fields, in
our device by two orders of magnitude. This feature opens the way
for its use in hybrid systems29,30 where a large magnetic field is
required to bias other quantum degrees of freedom, for instance,
electronic spins in semiconducting heterostructures31,32 or molec-
ular qubits.33,34

The ground state for a superconducting loop threaded by a per-
pendicular external magnetic field involves a non-zero current, also
known as persistent current, if the magnetic flux enclosed in the loop
is not an integer multiple of the magnetic flux quantum U0 ¼ h=ð2eÞ.
Similar to the Meissner effect, persistent currents can be induced by a
static magnetic field if the superconducting loop is cooled below Tc

and crosses the metal-to-superconductor phase transition. When the
magnetic field is ramped down at temperatures well below Tc,
the changing magnetic field induces a screening current such that the
number of trapped flux quanta in the loop remains constant.19

We demonstrate that our grAl gradiometric fluxonium can be ini-
tialized at the half-flux sweet spot by cooling down through Tc in a static
magnetic field corresponding to 1U0 in the outer loop. From pulsed
time-domain measurements, we find an average energy relaxation time
of T1 ¼ 10:06 0:3 ls and a coherence time T?2 ¼ 0:596 0:02ls.
Since the echo time T2 ¼ 5:36 0:3 ls is roughly an order of magnitude
larger, we infer that our device is limited by local low-frequency noise of
unknown origin, qualitatively consistent with previous observations.35

Although the grAl superinductor is expected to have an
extremely low phase-slip rate�10�20 Hz, we only observe a lifetime of
the persistent current on the order of hours in a typical setup not

FIG. 1. Gradiometric fluxonium. (a) Optical microscopy images of our device, consisting of a pair of fluxonium artificial atoms (central panel)—a non-gradiometric fluxonium
with a single loop (left panel) used to calibrate the external magnetic field, roughly 1 mm apart from a fluxonium with gradiometric loop (right panel). In both artificial atoms, a
single JJ is shunted by a superinductor made out of grAl similar to Ref. 24. The false colors indicate regions in which pure Al (blue), grAl (red), and a stack of both (purple) are
deposited on a sapphire substrate (grey). For readout, the atoms are dispersively coupled to dedicated linear modes via a shared inductance. (b) Effective circuit diagram of
the non-gradiometric fluxonium, where Cr and Lr are the capacitance and inductance associated with the linear readout mode, respectively; Ls is the shared inductance; Lq is
the atom’s loop inductance; and LJ and CJ are the Josephson inductance and capacitance, respectively. (c) Effective circuit diagram of the gradiometric fluxonium. The JJ is
shunted by two superinductors, forming three loops in total. The flux enclosed in the two inner loops is Uext;1 and Uext;2. (d) Both implementations can be mapped onto a sim-
plified circuit model. While the mapping of the non-gradiometric design is trivial, we find non-trivial expressions for the effective flux bias �Uext and the effective loop inductance
�Lq for the gradiometric case (see supplementary material S1).
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shielded from ionizing radiation. The measured extinction of persis-
tent current in our 50� 160 nm2 cross-sectional grAl wire is reminis-
cent of the operating principle of transition edge sensors36 and
superconducting nanowire single-photon detectors,37,38 which, when
DC biased, can transition to a dissipative state due to a sudden burst
of quasiparticles following an energy absorbing event. We confirm
that the escape of trapped flux from the gradiometric loop is related to
radioactivity by moving samples to the Gran Sasso National
Laboratory (LNGS) underground facility. Here, we measure a signifi-
cant fluxon lifetime increase, from hours (above ground) to days. In
the presence of a ThO2 radioactive source (same setup as in Ref. 39),
this time reduces again to�30minutes.

The sample design, shown in Fig. 1(a), consists of a pair of fluxo-
nium artificial atoms, one with a non-gradiometric and the other with
a gradiometric loop geometry, respectively. Both devices are fabricated
on a 0:33� 10� 15mm3 c-plane sapphire substrate by means of a
three-angle shadow evaporation, similar to Ref. 24 (see S2). The mod-
ulation periodicity of the non-gradiometric atom is used to calibrate
the external magnetic flux created by a superconducting field coil.
Although the devices are around 1mm apart to reduce electromag-
netic interaction, the diameter of the field coil is more than one order
of magnitude larger, ensuring a homogeneous field B?. For readout,
both fluxonium atoms are dispersively coupled to dedicated readout
modes by sharing a small fraction of their loop inductance. The capac-
itor of these two readout modes is designed in the form of a microwave

antenna and couples them to the electric field of a 3D copper wave-
guide sample holder similar to Ref. 24.

For both device geometries, we derive effective lumped-element
circuit models [see Fig. 1 panels (b) and (c)]. Since the readout is
implemented similarly, the capacitance and inductance of the readout
modes are denoted Cr and Lr, respectively, and Ls is the shared induc-
tance. The non-gradiometric design has a single loop with a superin-
ductance Lq shunting the JJ (blue crossed-box symbol). The
gradiometric design has two shunt inductances forming three loops:
an outer loop with surface area A ¼ 50� 150 lm2, and two inner
loops with surface area A=2. The inductance in each loop branch is
denoted Li, with the index i 2 f1; 2; 3g indicating the corresponding
branch. The gradiometric atom can be mapped onto the standard
fluxonium circuit diagram shown in Fig. 1(d) using an effective flux
bias �Uext and an effective shunting inductance �Lq (see S1).

The superconducting field coil is calibrated by measuring the
spectrum of the non-gradiometric device, designed with the same loop
area A, located on the same substrate. Figure 2(a) depicts the phase
response argðS11Þ of the readout mode coupled to the non-
gradiometric fluxonium atom as a function of the probe frequency fd
and the external magnetic field B?, measured in close vicinity of the
readout frequency fr ¼ 7:445GHz. The fundamental transition fre-
quency of the fluxonium f01ð�UextÞ oscillates between values below and
above the readout frequency, resulting in avoided-level-crossings
repeated with periodicity of B0 ¼ 0:28lT.

FIG. 2. (a) Calibration of the external field using the periodicity of the non-gradiometric fluxonium spectrum. The colorplot shows the phase of the reflection coefficient argðS11Þ
of the linear readout mode as a function of the external magnetic field B?. The fundamental transition frequency of the fluxonium f01ð�UextÞ crosses the readout mode several
times, resulting in repeated avoided crossings with a period B0 ¼ 280 nT corresponding to a flux quantum U0 enclosed in the fluxonium loop. (b) Left panel: gradiometric fluxo-
nium initialized at the effective half-flux bias by cooling down in Binit ¼ B0. Notice the factor 120 reduced sensitivity of the gradiometric device to B? in comparison with panel
(a). Central panel: the time trace of the phase response measured at B? ¼ 0. The corresponding cut is indicated in left panel by a vertical dashed line. The jump of the fre-
quency of the readout mode detected at �85 minutes after crossing Tc;grAl � 2 K corresponds to an escape of the trapped flux. Right panel: gradiometric device after the flux
escape. The direction of the avoided crossings demonstrates that the fundamental fluxonium transition is found above (left) and below (right) the readout mode frequency in
applied zero-field B? ¼ 0. The small avoided crossings visible in the vicinity of B? ¼ 0 in the right panel correspond to two-photon transitions. (c) Coherence of the gradio-
metric fluxonium after half-flux initialization: the qubit population inversion as function of time for energy relaxation (left), Ramsey fringes (center), and Hahn-echo experiment
(right). Zero inversion corresponds to the finite population caused by thermal excitations at the fridge temperature of 20 mK and other non-equilibrium processes. The black
lines indicate the numerical fit of the data (markers). Error bars in left panel show the measured standard deviation.
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The gradiometric fluxonium can be initialized at the half-flux
effective bias by cooling the device down through the metal-to-
superconductor phase transition in a static magnetic field Binit ¼ B0

corresponding to a single flux quantum enclosed in the outer fluxo-
nium loop (see S3). The magnetic field is ramped down at the base
temperature of the cryogenic refrigerator (20mK), well below the criti-
cal temperature Tc;grAl � 2K of the grAl film. However, the enclosed
flux is now trapped in the gradiometric loop. In the case of perfectly
symmetric inner loops and zero field gradient, the phase difference
across the JJ equals p, pinning the atom at the half-flux bias. Figure
2(b) shows the gradiometric fluxonium after initialization at the effec-
tive half-flux bias (left panel). Wide range flux sweeps of the gradio-
metric device are shown in S5. The difference in field range covered in
Figs. 2(a) and 2(b) illustrates the suppression of global magnetic field
sensitivity by roughly a factor of 120 for the gradiometric fluxonium.
According to our effective circuit model, the remaining field sensitivity
could be either caused by an asymmetry of the outer loop inductances
or by a small field gradient.

Figure 2(c) depicts time-domain characterization of the coher-
ence properties of the gradiometric atom. For the gradiometric fluxo-
nium initialized at the effective half-flux bias, we find a Ramsey
coherence time of T?2 ¼ 0:596 0:02ls, which is not limited by the
energy relaxation time T1 ¼ 10:06 0:3 ls. We measured T1 fluctua-
tions of 10% on a timescale of two hours. Notably, the non-
gradiometric fluxonium located on the same chip exhibits similar
coherence times T1 ¼ 2:56 0:3ls and T?2 ¼ 0:766 0:04 ls, which
excludes the gradiometric geometry as the cause of the much smaller
coherence compared to previous fluxonium implementations based
on similar grAl superinductors.24 Moreover, in both devices, we do
not observe an improvement in coherence around the half-flux sweet
spot (see S4). While the sensitivity to homogeneous fields is decreased

for the gradiometric device, this is not the case for local flux noise,
which might even increase due to larger length of the shunting induc-
tance.40 A single spin echo pulse improves the coherence by almost an
order of magnitude for the gradiometric fluxonium, up to
T2 ¼ 5:36 0:3ls, and by a factor of 3.5 for the non-gradiometric
fluxonium, up to T2 ¼ 2:66 0:4ls. Therefore, we conclude that
Ramsey coherence of all devices on this chip is limited by local and
low-frequency noise of unknown origin.

The time stability of the half-flux initialization is determined by
fluxon escape rate, which becomes apparent by an abrupt change in
persistent current under constant or zero magnetic field bias. To sup-
press fluxon dynamics, the outer loop of gradiometric devices needs to
be implemented using a superconducting wire with a low phase slip
rate. The expected phase slip rate in our grAl superinductance can be
found by modeling the material as an effective array of JJs.41 The cal-
culated phase-slip rate is �10�20 Hz (see S5). In strong contrast, in all
four cooldowns in the cryostat located in Karlsruhe (not shielded from
ionizing radiation), we observe an escape of the trapped flux once in a
few hours, similar to the phase slip rate found in conventional JJ array
superinductors.19 The time evolution of the readout mode in Fig. 2(b)
shows a detected flux escape event, manifesting as a frequency jump at
�85 min after crossing Tc;grAl. In order to test whether these jumps
are caused by ionizing radiation,42–46 we measure three similar gradio-
metric devices in the LNGS deep-underground facility (Fig. 3), which
was previously used to quantify non-equilibrium quasiparticle poison-
ing in superconducting quantum circuits.39 For all devices measured
in LNGS, the trapped flux remains stable on a timescale of days.
Exposing the cryostat to a ThO2 radioactive source leads to uncorre-
lated flux tunneling events and reduces fluxon lifetime to approxi-
mately half an hour. The fluxon stability is restored after removal of
the source.

FIG. 3. Fluxon dynamics measured deep-underground in LNGS. The LNGS cryostat is located under a 1.4 km granite overburden (3.6 km water equivalent) and is additionally
protected from ionizing radiation with lead shields located both inside and outside the refrigerator. We measured a chip with three gradiometric devices (labeled A, B and C) to
check correlations between flux tunneling events. Top panels: the left-hand panels in (a) and (b) show the field dependence of device A in two separate cooldowns demonstrat-
ing odd and even state initialization, respectively. The right-hand panels show time traces measured at B? ¼ 0. Notice the stability of the trapped flux on timescales of days,
before exposing the cryostat to a ThO2 radioactive source (red vertical line), which activates fluxon dynamics. The blue vertical line indicates source removal. The bottom pan-
els show measured switching dynamics between odd and even states for all devices during ThO2 exposure.
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In summary, we have demonstrated the implementation of a
superconducting fluxonium artificial atom with a gradiometric loop
geometry, which is two orders of magnitude less sensitive to global
magnetic fields compared to a standard, non-gradiometric device with
similar loop area. We can initialize our device at the half-flux sweet
spot by inducing a persistent current into the outer loop when cooling
it down through the metal-to-superconductor transition in a static
external magnetic field of Binit ¼ 0:28 lT, equivalent to a single flux
quantum enclosed in the outer loop. From pulsed time-domain mea-
surements, we find that the coherence of the gradiometric device is
comparable to that of regular fluxoniums on the same chip, and it is
limited by local, low-frequency noise, which can be filtered by a single
spin echo pulse.

Although the superinductor in our device is implemented
using superconducting grAl, which is expected to have a signifi-
cantly smaller phase-slip rate compared to conventional JJ
arrays,19 we observe a similar escape rate of the flux after half-flux
initialization, which is indicative of catastrophic events, for
instance, caused by radioactive or cosmic impacts locally weaken-
ing superconductivity in the outer loop wire. Indeed, we confirm
this hypothesis by measuring order of magnitude increased life-
times of trapped fluxons in the LNGS deep-underground facility.
Our results add another item to the list of detrimental effects of
ionizing radiation in superconducting hardware and provide addi-
tional motivation to implement radiation mitigation.39,45,47–49

See the supplementary material for the Hamiltonian of gradio-
metric fluxonium, sample fabrication, gradiometric fluxonium initiali-
zation at half flux bias, measured spectrum and coherence of the
gradiometric fluxonium, and escape of the trapped flux from grAl
loop.
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