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Supercurrent transport through 1e-periodic full-shell Coulomb islands
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We experimentally investigate supercurrent through Coulomb islands, where island and leads are fabricated
from semiconducting nanowires with fully surrounding superconducting shells. Applying flux along the wire
yields a series of destructive Little-Parks lobes with reentrant supercurrent. We find Coulomb blockade with 2e
peak spacing in the zeroth lobe and 1e average spacing, with regions of significant even-odd modulation, in the
first lobe. Evolution of Coulomb-peak amplitude through the first lobe is consistent with a theoretical model of
supercurrent carried predominantly by zero-energy states in the leads and the island.
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The interplay between the superconducting gap, �, and
charging energy, EC, in mesoscopic superconductors gives rise
to intriguing phenomena sensitive to single electron charging
events [1]. Early transport studies revealed that the parity of
a superconducting island depends sensitively on the ratio be-
tween � and EC [2–4]. In particular, structures with � > EC

can only be charged in multiples of 2e. Suppressing � by
temperature or magnetic field allows 1e charging. Thanks to
their unique characteristics, superconducting islands are used
as the basis of various modern quantum devices, including
Cooper-pair transistors [5–7], charge qubits [8,9], and sensi-
tive photon detectors [10,11].

Subgap states, emerging in superconducting hybrids,
introduce an additional energy scale that characterizes the
transport properties of the systems [12–16]. In semiconductor-
superconductor islands, the subgap-state energy, ε, can be
tuned via gate voltage or spin-splitting fields, allowing for
precise control of island parity [17–19]. Islands with states at
ε < EC can host an odd number of electrons resulting in even-
odd Coulomb blockade periodicity [20,21]; for ε = 0, the
Coulomb blockade becomes 1e periodic, which has been stud-
ied in the context of trivial [22,23] and topological [24–28]
superconductivity. Previous experiments on devices with su-
perconducting leads showed supercurrent in the Coulomb
blockade regime [29,30] and 4π -periodic current-phase rela-
tion [31–33], theoretically attributed to the interplay between
the Josephson coupling and low-energy subgap states [34–37].

Here, we use Coulomb-blockade transport to study the
enhancement of 1e-periodic supercurrent in hybrid islands de-
fined in semiconductor-superconductor full-shell nanowires.
A representative device is shown in Fig. 1(a). Applying mag-
netic flux along the wire induces the destructive Little-Parks
effect [38], resulting in a characteristic sequence of reentrant
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supercurrent lobes, as previously observed in cylindrical (or
roughly cylindrical) samples with diameters below the super-
conducting coherence length [26,39–41]. In the zeroth lobe,
transport displays 2e-periodic features in the Coulomb block-
aded regime. In contrast, the Coulomb blockade is roughly
1e periodic throughout the first lobe, with small even-odd
modulations, displaying an overall conductance background
enhancement in the middle of the lobe. By comparing the
experiment to a theoretical model, we find that the measure-
ments are consistent with the presence of low-energy states in
all three device segments.

The measured devices consist of hexagonal InAs
nanowires with epitaxial in situ Al grown on all six facets,
forming a continuous, fully surrounding superconducting
shell [26,42–44]. Two ∼100 nm segments of the Al shell were
selectively etched to form gateable Josephson junctions, con-
trolled by gate voltages VL and VR; see Fig. 1(a). The charge
offset of the island between the two junctions was tuned by the
gate voltage VG. The wire ends were contacted with Al leads,
deposited in a separate lithography step. The evolution of the
current-phase relation with axial flux through these wires was
recently investigated through a combination of interferometry
experiments [45] and theoretical analysis [46,47]. We report
Coulomb spectroscopy results from four devices. In the main
text, we focus on data from device 1, comprising a 700 nm
island. Supporting data from the other three devices, including
one with a 300 nm island, are presented in the Supplemental
Material [48]. Transport measurements were carried out using
standard ac lock-in techniques in a dilution refrigerator with a
three-axis vector magnet and base temperature of 20 mK.

Differential resistance, dV/dI , as a function of current bias,
I , and axial magnetic field, B, in the open regime (VL = VR =
2 V) reveals a series of superconducting lobes; see Fig. 1(b).
The switching current is maximal in the zeroth lobe, reaching
roughly 50 nA at B = 0. The supercurrent vanishes around
|B| ∼ 55 mT, corresponding to half flux quantum through the
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FIG. 1. (a) Color-enhanced electron micrograph of device 1 com-
prising hybrid InAs-Al full-shell Coulomb island. (b) Differential
resistance, dV/dI , as a function of current bias, I , and axial magnetic
field, B, displaying periodic Little-Parks modulation of the switching
current as the magnetic flux threads the wire. The data were taken
in the open regime (VL = VR = 2 V). (c) Zero-field dV/dI as a
function of I measured in Coulomb blockade regime (VL = 55 mV,
VR = −182 mV), showing 2e-periodic switching current modulation
as a function of island-gate voltage, VG. (d) Same as (c) but measured
at B = 110 mT, equivalent to one flux quantum threading the wire,
showing roughly 1e-periodic switching current modulation by VG.

nanowire, but revives again at higher field values. In the first
lobe, the maximal switching current of ∼15 nA is skewed
toward the high-field end of the lobe. This is likely because
the bound states carrying the supercurrent through the junc-
tions have a smaller cross section compared to the parent
Al shell and hence require a higher field to reach one flux
quantum [43,49,50]. The two resistance steps in the zeroth
and first lobes presumably result from different switching
currents in two junctions. The sharp features, visible around
|B| ∼ 170 mT, can be associated with the switching current
of the shell.

Lowering the junction-gate voltages decreases the Joseph-
son coupling and increases the charging energy of the island,
tuning the device into the Coulomb blockade regime. In this
regime, the switching current oscillates as a function of VG

with a period of ∼0.7 mV around zero field [Fig. 1(c)] and
roughly half of that at B = 110 mT [Fig. 1(d)]. The factor-
of-two decrease in gate-voltage period suggests that � in the
zeroth lobe exceeds EC of the island, allowing for 2e charg-
ing. In the first lobe, 1e charging becomes possible due to
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FIG. 2. Differential conductance, dI/dV , as a function of
source-drain voltage bias, V , and island-gate voltage, VG, in
Coulomb-blockade regime (VL = −0.17 V and VR = −0.3 V), mea-
sured in (a) the zeroth lobe at B = 0, (b) the first lobe at B = 110 mT,
and (c) the destructive regime at B = 60 mT. (d) Zero-bias con-
ductance measured in the destructive regime at VL = −0.145 V and
VR = −0.45 V (black curve), compared to a theoretical model (red-
dashed curve) giving effective temperature of T ∼ 80 mK and tunnel
coupling to the two leads of h̄�L ∼ h̄�R/7 ∼ 10 µeV; see Ref. [48].

decreased spectral gap. The evenly spaced switching-current
features at one flux quantum indicate the presence of sub-
gap states, either continuous or discrete, near zero energy in
the island.

To investigate the subgap excitations, we turn to Coulomb
spectroscopy in a voltage-bias configuration. Differential con-
ductance, dI/dV , as a function of voltage bias, V , and VG,
measured at B = 0 in the Coulomb blockade regime exhibits
an extended supercurrent peak around V = 0; see Fig. 2(a).
Peak height is modulated periodically by VG but remains
nonzero throughout the measured range. Additional features
with half the period in VG at higher bias correspond to mul-
tiple Andreev reflections that excite the island [51,52]. The
first lobe displays a supercurrent peak similar to that of the
zeroth lobe but with a halved period for its height modulations
[Fig. 2(b)], consistent with the current-bias measurements
in Fig. 1.

In the destructive regime between lobes, where super-
conductivity is suppressed, the device behaves as a metallic
island coupled to normal leads. Transport through the sys-
tem exhibits Coulomb diamonds without discrete features
that extend continuously to zero bias, unlike in the super-
conducting lobes; see Fig. 2(c). Transport in this regime is
well understood and can be used to extract effective electron
temperature, T , and tunnel rates between the island and the
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FIG. 3. (a) Zero-bias conductance, dI/dV , measured in the weak
coupling regime (VL = −0.145 V and VR = −0.45 V), showing
Coulomb blockade evolution as a function of island-gate voltage, VG,
and axial magnetic field, B. The Coulomb peaks display a locally
enhanced conductance around one flux quantum (|B| ∼ 110 mT).
(b) Average peak spacing, δV , for even (red) and odd (black)
Coulomb valleys, extracted from the data in (a). Coulomb peaks
are 2e periodic in the middle of the zeroth lobe, but split around
|B| = 40 mT and become 1e periodic in the destructive regime
(|B| ∼ 55 mT). The peaks remain roughly 1e periodic with slight
even-odd modulation throughout the first lobe.

leads, �L and �R [53]. Comparison of the zero-bias conduc-
tance to an expanded theory model [48] yields T ∼ 80 mK
and h̄�L ∼ h̄�R/7 ∼ 10 µeV.

Focusing on zero-bias features, we study the evolution of
Coulomb-peak periodicity with B [Fig. 3(a)]. In the zeroth
lobe, Coulomb peaks are 2e periodic up to |B| ∼ 40 mT,
then split as � decreases below EC. A comparison with an
independent gap measurement at the crossover point yields
EC = 120 µeV [48]. For larger B, the peaks continue splitting,
becoming 1e periodic around |B| = 55 mT, at the onset of
the destructive regime. At yet higher field, in the first lobe,
the peaks remain nearly 1e periodic with slight even-odd
modulation. We note that the conductance is finite for all
gate-voltage values throughout the first lobe, consistent with
the data in Fig. 2(b). Deviation from 1e periodicity is evident
in the extracted average peak spacings, δVG, for even and odd
Coulomb valleys, shown in Fig. 3(b). The oscillatory behavior
suggests a discrete subgap state crossing zero energy.

Further analysis of peak spacings yields the lowest
excitation energy [54],

ε = EC
δV E − δV O

δV E + δV O
, (1)

where δV E(O) is the ensemble-averaged gate-voltage spacing
of even (odd) Coulomb peaks. In the first lobe, the maximal
even-odd peak spacing difference of ∼10 µV is consistent
with a subgap state in the island with ε = 2 µeV. This value
agrees with previously reported values for islands of similar
length [26]. We note that device 4, with a shorter (300 nm)
island, shows a larger even-odd peak spacing difference.
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FIG. 4. Average Coulomb-peak current, Ipeak, as a function of
axial magnetic field, B. Experimental data (solid black curve) is
extracted by integrating the differential conductance in Fig. 3(a) over
the ac voltage excitation window. Normal quasiparticle current (dot-
ted purple curve), calculated using Eq. (2), peaks in the destructive
regimes and is exponentially suppressed in the superconducting
lobes. Theoretical supercurrent (dashed red curve), calculated using
the zero-bandwidth model with contributions only from the contin-
uum states, shows a good agreement with the data in the zeroth lobe,
but does not explain the bump in the middle of the first lobe. Inset:
superconducting gap, �, as a function of B, used as an input for
both theory curves, was extracted from an independent tunneling
spectroscopy measurement; see Ref. [48].

When expressed in energy units, the difference corresponds
roughly to the superconducting gap in the first lobe [48].

In addition to the even-odd peak spacing modulation in
the first lobe, we observe a nonmonotonic peak height de-
pendence, displaying a maximum in the middle of the lobe;
see Fig. 3(a). This behavior is qualitatively consistent across
different configurations of junction-gate voltages and for the
other two devices with 700 nm islands, but absent in shorter
300 nm islands [48] and devices with normal leads [26]. To
better understand this feature, we develop a model of super-
current flow through the island, considering electron pairing
and charging energy on equal footing (see the Supplemental
Material [48]). The continuum states and the subgap states in
the first lobe are described using the zero-bandwidth approxi-
mation [55–57].

To compare the model to experiment, we integrate the aver-
age Coulomb-peak conductance over the ac voltage excitation
amplitude (2 µV) to obtain the measured current, Ipeak (solid
black curve in Fig. 4). We estimate the normal quasiparticle
current using

Iqp = IN exp [−�(B)/kBT ], (2)

with independently measured electron temperature [Fig. 2(d)],
field-dependent gap, �(B), (Fig. 4, inset), and the normal-
state current, IN, taken from the destructive regime (dotted
purple curve in Fig. 4). Note that, away from the destructive
regime, Iqp is suppressed exponentially and the experimental
Ipeak can be taken as a proxy of supercurrent flowing through
the island.

The supercurrent from the states in the continuum
was calculated by fitting the tunnel amplitude and using
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FIG. 5. (a) Average Coulomb-peak current, Ipeak, from the data
in Fig. 3(a), as a function of axial magnetic field, B. The gray
band indicates the uncertainty from standard deviation of the peak
heights. (b) First-lobe current, I , generated in response to the ac
voltage excitation, as a function of island-gate voltage, VG, and B.
(c) Theoretical current through the device as a function of B. Dotted
purple curve is the quasiparticle current given by Eq. (2). Dashed
red curve is the calculated supercurrent contribution only from
the states in the continuum. Solid curve is the calculated supercur-
rent, including the contribution from zero-energy subgap states in
both leads and the island. (d) Calculated current in the first lobe
as a function of charge offset, nG, and B, including the normal
quasiparticles’ current and the supercurrent contributions from the
continuum and zero-energy subgap state.

independently obtained values for effective temperature and
tunnel-rate ratio [Fig. 2(d)], �(B), and zero-field Ipeak (see
the Supplemental Material [48] and Refs. [58,59] therein for
details). Absent the inclusion of subgap states, the model
agrees with the experiment in the zeroth lobe but fails to
capture the observed bump in Ipeak in the middle of the first
lobe (compare solid black and dashed red curves in Fig. 4).

We next examine the simplest extension of the model by
including a single subgap state at ε = 0 in the two leads and
the island. We account for the change in localization length
by linearly scaling the bound-state coupling rates with �. The

resulting supercurrent effectively reproduces the experimental
data, providing an explanation for the current enhancement
observed in the middle of the first lobe [Figs. 5(a) and 5(c)].
The combined supercurrent model and quasiparticle current
variation with charge offset on the island qualitatively cap-
tures the gate dependence of the measured Coulomb blockade
in the first lobe [Figs. 5(b) and 5(d)]. Within the model, the
observed even-odd peak spacing [Fig. 3(b)] can be interpreted
as resulting from a nonzero-energy subgap state in the island.
The uniform Coulomb peak heights suggest that the subgap
state consists of equal electron and hole components [19,60].
For ε = 0, the Cooper-pair splitting process that is typically
virtual during supercurrent transport becomes real. Increasing
ε in the leads does not affect the peak spacing; instead, it
suppresses the supercurrent, suggesting that the supercurrent
enhancement observed in the middle of the first lobe requires
low-energy subgap states in all three wire segments [48]. We
note that our phenomenological model is insensitive to the
origin of the subgap states. Nevertheless, our findings are fully
consistent with previous studies reported in Refs. [26,45].

In summary, we have studied the supercurrent trans-
port through a Coulomb island embedded in semiconducting
(InAs) nanowires with a superconducting (Al) full shell.
Applying an axial magnetic field to the wire resulted in the
destructive Little-Parks effect with a reentrant supercurrent
around one flux quantum. In the weak coupling regime, the
island displayed 2e-periodic Coulomb blockade peaks close to
zero field. Around one flux quantum, the peaks were roughly
1e periodic and showed a local enhancement in conduc-
tance proportional to the supercurrent through the system. To
explain the observed behavior, we used a zero-bandwidth
model and showed that the supercurrent enhancement can
only be explained by including low-energy subgap states in
both leads and the island. These states enable a supercurrent
transport mechanism that includes Cooper-pairs splitting, al-
lowing for resonant tunneling of single electrons.
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