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Parity control of superconducting islands hosting Majorana zero modes (MZMs) is required to operate
topological qubits made from proximitized semiconductor nanowires. We test this control by studying parity
effects in hybrid InAs-Al single-Cooper-pair transistors (SCPTs) to evaluate the feasibility of this material
system. In particular, we investigate the gate-charge modulation of the supercurrent and observe a consistent
2e-periodic pattern indicating a general lack of low-energy subgap states in these nanowires at zero magnetic
field. In a parallel magnetic field, an even-odd pattern develops with a gate-charge spacing that oscillates as a
function of field demonstrating that the modulation pattern is sensitive to the presence of a single bound state.
In addition, we find that the parity lifetime of the SCPT decreases exponentially with magnetic field as the
bound state approaches zero energy. Our work shows that aluminum is the preferred superconductor for future
topological qubit experiments and highlights the important role that quasiparticle traps and superconducting
gap engineering would play in these qubits. Moreover, we demonstrate a means by which bound states can be
detected in devices with superconducting leads.

DOI: 10.1103/PhysRevB.98.174502

I. INTRODUCTION

The interplay of charging energy EC and the supercon-
ducting gap � leads to the surprising result that the electrical
transport in a mesoscopic superconducting island contain-
ing a macroscopic number of electrons is sensitive to the
addition or removal of a single electron [1–4]. This parity
effect has been extensively studied in Al-AlOx SCPTs by
measurements of the 2e-periodic gate-charge modulation of
the Coulomb peak spacing, the ground state charge, and the
switching current [5–13]. In recent experiments, the presence
of MZMs in hybrid semiconductor-superconductor nanowires
was inferred from the field-induced 1e Coulomb blockade
periodicity, illustrating the utility of this periodicity in un-
derstanding the low-energy spectrum of mesoscopic super-
conducting islands [14–21]. In contrast with these previous
studies which utilized devices with normal metal leads, we
investigate parity effects in gate-tuneable nanowire SCPTs
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which have superconducting leads by studying the junction
gate, temperature, and parallel magnetic field dependence of
the switching current modulation. These experiments not only
give insights into quasiparticle dynamics but also represent
a step towards implementing recent Majorana-based qubit
proposals which require Josephson coupling to the leads to
enable parity-to-charge conversion for MZM manipulation
and readout [22–26].

The Hamiltonian of a SCPT consists of three terms: H =
HC + HJ + HBCS. The Coulomb term, HC = EC (n − ng )2,
stabilizes the excess charge n on the island which can be
changed by varying the gate charge ng . The effective charging
energy EC = e2/2C is given in terms of the electron charge e

and a generalized capacitance C that takes into account the ge-
ometric capacitance and possible renormalization effects due
to tunneling of quasiparticles [27–31]. The Josephson term for
symmetric junctions HJ = −EJ cos (φ/2)

∑
n |n〉〈n + 2| +

H.c., with EJ the Josephson energy and φ the superconducting
phase difference across the island, couples adjacent, equal-
parity states and results in energy level anticrossings when
states with the same parity are degenerate. The third term
describes the spectrum of the gapped BCS quasiparticles
resulting in an energy offset � for the odd ground state due to
an unpaired electron in the superconductor. Figure 1(a) shows
the resulting band structure of a SCPT. The corresponding
gate-charge modulation of the critical current is shown in
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FIG. 1. Theoretical background and device layout. (a) The band
structure of a SCPT as a function of gate charge ng for φ = 0,
�/EC = 1.5, and EJ /EC = 0.25. The charge dispersion of the odd
parity branch (in red) is displaced from the even parity branch (in
blue) by the superconducting gap � and δng = 1. The amplitude
of the ground state charge dispersion is denoted by δEeo (b). The
corresponding critical current modulation as a function of ng . (c) A
false-colored scanning electron micrograph of a nanowire SCPT. The
etched regions in the Al shell define the junctions and the island. By
applying voltages to the electrostatic gates, we can tune the chemical
potential (with VBG), the junction transparency (with VJG1,2), and the
charge occupation of the island (with VPG). (d) Three-dimensional
device schematic. The nanowire is deterministically placed on top of
a SiO2/Si + + substrate. It is then contacted by a stack of NbTiN and
Ti/Au 1 μm away from the etched regions. Finally, the local gates are
deposited. The arrow indicates the direction of the magnetic field for
the data presented in Fig. 4.

Fig. 1(b). We denote the amplitude of the (even) ground
state charge dispersion Egs(ng ) with δEeo = Egs(ng = 1) −
Egs(ng = 0). When � > δEeo the ground state is always even.
Consequently, the switching current modulation will be 2e-
periodic at T = 0 in this simple model.

Quasiparticle poisoning, however, affects this 2e-periodic
modulation. Previous studies have illustrated three important
timescales, namely the poisoning rate �in at which quasi-
particles in the lead tunnel to the island, the nonequilibrium
unpoisoning rate �

neq
out at which nonequilibrium quasiparticles

on the island tunnel out to the leads, and the relaxation rate
1/τ at which nonequilibrium quasiparticles on the island relax
to the gap edge or subgap states [32–35]. While the relax-
ation is important for the quasiparticle dynamics, the ther-
modynamics of the system can be described by equilibrium
poisoning and unpoisoning rates �in and �out alone; therefore,
we leave the implications of relaxation in our devices to
the discussion section below. The ratio �in/�out gives the
relative occupation between the even and odd parity states
in equilibrium podd/peven. If �in/�out ≈ 1 as is expected to
occur at high temperature, the switching current modulation
deviates from 2e periodicity and exhibits a 1e periodicity
instead.

Figure 1(c) presents a scanning electron micrograph (SEM)
of one of our SCPTs, and a three-dimensional schematic of the

device is shown in Fig. 1(d). The SCPTs are fabricated from
InAs nanowires covered with a thin aluminium shell on two of
their facets. It has been shown that this material combination
results in a hard, induced superconducting gap in the nanowire
[36,37]. The aluminium shell is etched in two regions along
the nanowire in order to define the island together with the two
Al-InAs-Al Josephson junctions. The wire is contacted 1 μm
away from each junction by NbTiN/Ti/Au contacts which are
expected to act as quasiparticle traps due to the presence
of normal metal and the large subgap density of states in
NbTiN [38]. Previous studies have shown the effectiveness
of such traps to reduce the quasiparticle density [7,35,39].
Voltages VJG1 and VJG2 applied to the side gates tune the
transparency of the weak links while the plunger gate voltage
VPG tunes the chemical potential of the island, and the global
back-gate voltage VBG tunes the chemical potential of the
whole system. The SCPTs are mounted to the cold finger of a
dilution refrigerator with a base temperature of 27 mK. We
report on six devices in total; in the main text we present
data on a device with a 500 nm long island (see Table S1 of
the Supplemental Material for an overview of all the devices
[40]). Unless otherwise indicated, the presented data were
obtained at 27 mK and at zero magnetic field.

II. RESULTS

A. Coulomb blockade and switching current histograms

We first tune the device into Coulomb blockade by in-
creasing the heights of the barriers separating the island from
the leads. The clear, regular Coulomb diamonds shown in
Fig. 2(a) demonstrate the creation of a single, well-defined
island. Moreover, a 1e-periodic conductance modulation ap-
pears when e|Vb| > 4� and transport through the island is
dominated by quasiparticles which enables us to identify the
gate voltage periodicity corresponding to 1e [41]. The current
at lower bias voltages is too small to resolve in the Coulomb
blockade regime since it involves Cooper pair transport and
is therefore higher order in the tunneling. Finally, we extract
the superconducting gap � = 180 μeV and the geometric
charging energy E0

C = 1.5 meV from the observed diamonds.
In order to generate a measurable supercurrent, we lower

the barriers in order to increase EJ which simultaneously sup-
presses δEeo. The switching current is recorded by triggering
on the voltage step in the I -V curve as illustrated in Fig. 2(c);
this is repeated N times for each ng to gather statistics,
typically N = 100 to 500. Figure 2(b) shows the resulting
switching current histogram which is 2e periodic, indicating
that in this regime the charge dispersion has decreased at
least an order of magnitude to the point that δEeo < �,
consistent with the observed charging energy renormalization
in a nanowire island with normal leads [16].

To establish that our observed 2e periodicity is robust,
we investigate the gate-charge modulation for a wide range
of gate settings, as is shown in Fig. 2(d). We characterize
each gate setting by the normal state resistance of the device.
Figure 2(d) shows that the modulation is observed for RN

ranging from 5.8 to 19.6 k�. At RN = 5.8 k�, the switching
current was only modulated by 5%, indicating that the device
is in the Josephson dominated regime where EJ > δEeo.
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FIG. 2. Gate dependence of the 2e-periodic switching current
modulation. (a) Charge stability diagram measured in the strongly
Coulomb-blockaded regime with � = 180 μeV and E0

C = 1.5 meV.
(b) Histogram of the 2e-periodic switching current Isw in the weakly
Coulomb-blockaded regime, indicating that � > δEeo. At this gate
setting, VJG1 = −4.1 V and VJG2 = −5.7 V, RN = 14.8 k�. (c)
Schematic representation of the current ramp (in red) used to obtain
the Isw histograms and the resulting voltage across the SCPT (in
blue). The switching current Isw is recorded when the voltage drop
on the SCPT reaches a threshold value Vth. (d) Switching current
histograms for varying normal state resistance. The normal state
resistance is calculated as the average over the ng range at high bias.
Note the change of vertical scale for the two topmost panels. The
peak height asymmetry seen for RN = 8.9 k� and RN = 19.6 k� is
due to cross coupling between the junctions and VPG.

The other devices behave similarly as can be seen in
Fig. S1 of the Supplemental Material [40]. Five out of the
six measured SCPTs show a 2e-period modulation robust
over different gate settings. The remaining SCPT (device 5)
exhibits an even-odd pattern, indicating that δEeo > �. Nev-
ertheless, the robustness of the 2e signal across gate settings
and devices suggests a general lack of low-energy subgap
states inside the islands at zero field, consistent with the hard
gap observed in bias spectroscopy experiments which locally
probe the density of states [37,42].

B. Temperature dependence and modeling

To gain insight into the relevant poisoning mechanisms of
the SCPT, we measure the temperature dependence of the
2e-periodic switching current modulation at RN = 14.8 k�.
As can be seen in Fig. 3(a), we observe that the 2e periodicity
persists up to T ≈ 189 mK at which point the oscillations
develop local maxima at even ng values and finally become
fully 1e periodic for T ∗ ≈ 300 mK. This is consistent with an
expected level spacing of the Al shell δ of a few mK when
using the estimate for vanishing charge dispersion kBT ∗ =
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FIG. 3. Temperature dependence. (a) Switching current modu-
lation as a function of temperature. The experimental histograms
shown in grayscale are overlaid by the theoretical fit to the average
switching current 〈Isw〉 (red curves). Individual fits are for different
values of �, EJ , and EC . The average values for resulting the
parameters are � ≈ 220 μeV, EJ ≈ 43 μeV, and EC ≈ 160 μeV.
(b) dV/dI data for the same temperature range as in (a) obtained
from numerical derivation of the I -V curves. The current bias is
swept from negative to positive values, hence, the switching (retrap-
ping) current at positive (negative) bias. At elevated temperatures the
overdamped dV/dI data shows a similar behavior as the histograms
in (a) with local maxima appearing at even ng at T ≈ 189 mK and a
fully 1e periodic modulation at T ∗ ≈ 300 mK. At low temperatures
the junction is in the underdamped regime as indicated by the
asymmetric dV/dI and the increased fluctuations due the absence
of self-averaging.

�/ ln(�/δ) [43]. For comparison to the histograms, Fig. 3(b)
shows dV/dI data taken over the same temperature range;
linecuts of individual I -V traces are shown in Fig. S2 of the
Supplemental Material. At elevated temperatures the dV/dI

characteristics show a similar behavior as the histograms
including the onset of local maxima at even ng . This can be
explained by a self-averaging that takes place in the over-
damped regime due to a succession of multiple switching and
retrapping events. Indeed, we note that for T > 189 mK, the
dV/dI traces show negligible hysteresis, indicating that the
SCPT is in the overdamped regime. At low temperatures the
junction enters the underdamped regime where a single phase
slip can drive the junction normal, which leads to increased
fluctuations in the dV/dI data at base temperature.

Our modeling of the dV/dI data, outlined in Supplemental
Material Sec. II [40], focuses on the overdamped regime.
We identify two limiting cases, depending on the ratio of
the parity switching times controlled by 1/�in, 1/�out and
the response time of the SCPT given by the Josephson time
constant τJ = h̄/2eIcRJ [44], with RJ the effective shunt
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resistance of the device and Ic the critical current. For slow
parity switches one expects a double peak structure in the
dV/dI . In contrast we observe a parity-averaged single peak
in the dV/dI which shows that at high temperatures the SCPT
is in the fast parity switching regime �in,�out � 1/τJ . At
T ≈ 189 mK where the SCPT transitions into the overdamped
regime, RJ ≈ 180 � and Ic ≈ 3 nA leading to τJ ≈ 1 ns in
our experiment.

Given the fast (un)poisoning at high temperature, we model
the observed switching currents as the weighted sum of the
switching current of the even and the odd parity states,
with the relative probabilities governed by the free energy
difference of the two states. Our model includes the charging
energy of the island, Josephson coupling of the island to
the leads, and the entropic factor associated with bringing
a quasiparticle into the island; see Supplemental Material
Sec. III for a more detailed discussion [40]. We note that
though the fast (un)poisoning is a necessary assumption to fit
the data at high temperature T > 189 mK, at low temperatures
the probability to find the system in the odd state becomes
negligible, i.e., podd/peven ∝ exp(−(� − δEeo)/kBT ) → 0
for � > δEeo. Thus, for low temperatures the system is es-
sentially only in the even state which yields the 2e-periodic
histograms of Fig. 3(a) (v).

The fitting gives approximate values of the �, EJ , and EC .
These values have error bars of the order of half of their values
due to the weak parameter dependence of the fitting function.
The fitted value of the superconducting gap � ≈ 220 μeV is,
within its error bar, consistent with the value obtained from
the Coulomb diamonds in Fig. 2(a). Similarly, the fitted EJ ≈
43 μeV is consistent with the observed switching current.
The fitted effective EC ≈ 160 μeV, however, is smaller than
E0

C extracted from the Coulomb diamond data in Fig. 2(a).
This indicates that, in the regime of open barriers, EC is
significantly renormalized by virtual quasiparticle tunneling
processes relative to the geometric charging energy [27–31].
The set of consistent fit parameters, together with an excellent
fit of the model to the observed switching current dependence
on ng , supports the validity of the model and the assumption of
fast (un)poisoning at high temperatures. Similar fitting results
for device 2 strengthen this conclusion, see Supplemental
Material Fig. S5 [40].

C. Parallel magnetic field dependence

Next, we study the effect of a parallel magnetic field on
the switching current modulation. In particular, we tune the
gates such that RN = 12.9 k� and Isw shows a 2e-periodic
modulation at zero field, as is shown in Fig. 4(b). The 2e

periodicity implies that � > δEeo and thus that the ground
state is always even. As a magnetic field is applied along the
nanowire axis, the spinful, odd-charge states are split by the
Zeeman energy, thereby reducing the minimal single-particle
excitation energy E0 of the island. Here, we consider a bound
state with energy E0. This state is residing in the island since
its energy is modulated by ng [14]. The parity dependence of
the bound state energy suggests that its origin is superconduc-
tivity related. Moreover, the effective g factor of a bound state
residing partially in the InAs nanowire may be larger than that
of the states in the Al shell [45,46]. This is why in Fig. 4(a)

the bound state energy is detached from the quasiparticle
continuum for finite magnetic fields. Interestingly, when the
applied field is large enough so that E0 < δEeo, the parity of
the ground state around ng = ±1 changes to odd. During the
retrapping process of the switching current measurement the
system tends to be reset to the ground state, indicated by the
general lack of bimodal switching current distributions in our
data. Hence, the corresponding parity flip shows up as a dip
in the switching current modulation around odd ng , causing
an even-odd pattern. Figures 4(c) and 4(d) show examples of
this even-odd structure in the switching current modulation
measured at 250 mT and 300 mT, respectively.

We investigate the field dependence of this even-odd pat-
tern in more detail by defining the length in gate charge over
which the even (odd) state is stable as Seven (Sodd). In Fig. 4(e)
these spacings are tracked as a function of the magnetic field
using both switching current histograms and I -V measure-
ments, see Fig. S6 and S7 of the Supplemental Material
for the representative data [40]. The even (odd) data points
are obtained by averaging over 2 (3) successive spacings.
Earlier studies performed in metallic superconducting islands
found a monotonous drop in Seven [7–9,47]. In contrast, we
find an oscillating behavior in the even and odd spacings
with the first crossing at 420 mT. After the first crossing,
the spacings oscillate around 1e with increasing oscillation
amplitude. The crossings indicate a closing and reopening of
the energy gap for single-particle excitations in the island.
Therefore, we conclude that the oscillating pattern is caused
by the field-induced zero energy crossings of a single bound
state that is detached from the continuum as is illustrated
in Fig. 4(a).

Similar to Fig. 3, the histograms and I -V characteristics
mostly coincide. For small fields below 200 mT, however, the
histograms indicate an even ground state, while the slower
I -V traces display an even-odd pattern, see Fig. 4(e). This
discrepancy occurs because the slower I -V measurements
are sensitive to rare trapping events of quasiparticles in the
island [33]. The latter occur since even in the absence of
subgap states the island acts as a metastable trap with energy
δEeo below the gap of the superconducting lead around odd
ng . In rare cases the metastable state becomes occupied long
enough by quasiparticles to cause switching to the resistive
state.

In addition, we measure the parity lifetime of the SCPT in
a parallel field by performing slow histogram measurements
while fixing the gate charge at ng = 1 so that the extracted
lifetime corresponds to poisoning of the even state [11,38].
For representative histograms see the lower inset of Fig. 4(f)
and Fig. S8 of the Supplemental Material [40]. At ng = 1,
we expect the worst-case scenario for poisoning since the
energy difference between the even and odd state is maximal
(i.e., favoring the odd state). We observe that this lifetime
decreases exponentially with field between 225 and 300 mT,
see Fig. 4(f). We are limited to this intermediate field range
because the lifetime is too large to obtain useful statistics at
lower fields and too small to be captured by the bandwidth of
the measurement electronics at larger fields. Still, by extrap-
olating the lifetime to 415 mT where Seven = Sodd = 1e, one
can estimate the parity lifetime when the bound state is at zero
energy to be ≈1 ns.
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a guide to the eye indicating an exponential dependence. The lower inset presents a typical dataset used for the extraction of τeven. The upper
inset shows a schematic representation of the energy needed to add a single quasiparticle to different parts of the device.

III. DISCUSSION

We begin by noting that the growth of the even-odd spacing
oscillation as a function of field seen in Fig. 4(e) is reminiscent
of one of the proposed signatures of overlapping Majorana
zero modes [48]. However, this increasing oscillation am-
plitude was only observed in a narrow gate range in our
device, as is illustrated in Fig. S9 of the Supplemental Material
[40]. This makes it difficult to map the amplitude of the first
oscillation to a Majorana overlap, as was done in Ref. [15].
From our results we can only conclude that if this oscillation
is indeed due to the presence of overlapping MZMs, the
topological portion of the device parameter space is rather
small. Nevertheless, mapping the even-odd peak spacing in
this manner could be used in future experiments to signal the
transition to the topological regime in devices with supercon-
ducting leads such as the ones proposed in Refs. [24–26]. This
could be an attractive alternative to gap-edge spectroscopy

[49–52] as a signature of the topological regime in these
all-superconducting systems.

We also note that the splitting of the 2e signal into an
(oscillating) even-odd signal is not always observed. Measure-
ments performed on device 4, which has a 3 μm-long island,
show a sharp transition of the 2e signal to the 1e signal at
a parallel field of 100 mT, similar to the behavior observed
while increasing the temperature in device 1, see Fig. S10
in the Supplemental Material [40]. This field evolution of
the Isw modulation indicates that the SCPT is in the fast
(un)poisoning limit with �in/�out ≈ 1, possibly caused by
a field-induced softening of the superconducting gap in the
island and/or leads.

To understand the exponential decrease of the even state
lifetime with field seen in Fig. 4(f), we model the system
as an island connected to a gapped superconducting lead in
contact with a normal metal quasiparticle trap as is shown
in the upper inset of Fig. 4(f). In the field range where we
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measure the lifetime, the observed even-odd pattern indicates
that the energy difference between the odd and even state
at ng = 1 is always negative, as also depicted in Fig. 4(a)
and the inset of Fig. 4(f). Therefore, at ng = 1 poisoning
is only prevented by the quasiparticle filtering effect of the
superconducting gap in the leads. Quasiparticles can cross this
gap in two ways: by thermal excitation to the gap edge or by
tunneling through the gap. Both processes are exponentially
suppressed by a factor that scales with the size of the gap in
the leads �lead. However, quantitative estimates of the relative
strength of the tunneling and thermal activation contributions
require a microscopic knowledge of the device. Still, both
processes lead to an exponential dependence of the lifetime
with field since �lead(B ) = �lead(0) − 1

2gμBB. In either case,
the filtering effect should be enhanced by increasing the length
of the superconducting leads as well as by increasing �lead.
Since recent studies indicate that the size of the proximitized
gap in semiconducting nanowires is gate tunable [45,46], we
suggest enhancing this filtering effect by locally gating the
leads of the SCPT. Additionally, the length of the leads could
be varied in order to investigate the proximity effect of the
traps on the gap in the leads [53,35].

Next, for a Majorana-based qubit one is primarily con-
cerned with poisoning events which change the state of the
qubit—namely, poisoning of the MZMs [54]. If direct tun-
neling from the quasiparticle trap is the dominant poisoning
mechanism, the subgap state is expected to be directly poi-
soned since it is the lowest energy state on the island. In
this case, the measured τeven in Fig. 4(f) directly gives the
bound state lifetime since the quasiparticle residence time
in the subgap state is likely to be longer than the relevant
switching timescale of the junction—τJ in the case of an
overdamped junction and 2π/ωp where ωp is the plasma
frequency in the case of an underdamped junction. In the
opposite case of thermally activated poisoning, quasiparticles
are first transferred elastically from the superconducting lead
to the continuum in the island before relaxing to the subgap
state within a time τ [33]. In this case, quasiparticles can
escape from the island before they are detected if �

neq
out is

faster than the SCPT response time. Note, however, that as
long as quasiparticles can be detected faster than τ , most of
the poisoning events of the subgap states will be detected.
The time τeven therefore again represents the parity lifetime
of the subgap states while the overall parity of the island
might fluctuate faster. Our previous estimate of τJ ≈ 1 ns sets
a lower bound on our poisoning detection bandwidth since
the junction would switch even faster to the resistive state in
the underdamped case which we observe at low temperature.
Given that typical resonators in time-domain RF measure-
ments have bandwidths of no more than a few 10s of MHz
[12,34,35], switching current measurements are a promising

alternative before Majorana poisoning times can be measured
more directly via the coherence of MZM-based qubits.

Finally, with the design of future MZM-based qubits in
mind it is worth comparing our results with those obtained
with NbTiN islands [38]. Our observed gate-charge modu-
lation of the switching current shows a robust 2e-periodic
signal for a wide range of gate settings which indicates that
there are no low-energy subgap states inside the SCPTs at
zero magnetic field. This is in stark contrast to the case of
NbTiN islands, where subgap states result in a 1e-periodic,
bimodal switching current distribution. In that case, despite
the large superconducting gap, the island parity is effectively
randomized after each measurement when the island retraps
after being flooded with quasiparticles.

IV. CONCLUSION

We have investigated quasiparticle poisoning in hybrid
InAs-Al SCPTs by measuring the gate charge modulation
of the switching current as a function of temperature and
magnetic field. In contrast to previous studies of NbTiN
SCPTs, we observe a consistent 2e-periodic supercurrent at
zero field despite having a similar gap in the island and leads.
This highlights the fact that at zero field there are no subgap
states in the island and places Al as the superconductor of
choice for MZM qubit experiments despite its smaller gap
and critical field relative to NbTiN. In addition, we have
observed an oscillating pattern in the gate periodicity of the
supercurrent due to the field-induced zero energy crossing of a
bound state. This opens the door to using the switching current
to identify MZMs in qubit devices with superconducting
leads. This is a crucial proof-of-principle demonstration as the
superconducting leads are not compatible with the zero-bias
peak measurements typically taken as evidence of MZMs.
We have performed lifetime measurements on this subgap
state and observed an exponential decay of the lifetime in
magnetic field due to a collapsing filtering effect of the leads.
This exponential decay highlights the importance of proper
engineering of the superconducting gap via local gating and
intentional quasiparticle traps to minimize the presence of
quasiparticles in the leads in future topological qubits.
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