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We investigate effects of quasiparticle poisoning in a Majorana island with strong tunnel coupling to
normal-metal leads. In addition to the main Coulomb blockade diamonds, “shadow” diamonds appear,
shifted by le in gate voltage, consistent with transport through an excited (poisoned) state of the island.
Comparison to a simple model yields an estimate of parity lifetime for the strongly coupled island (~1 us)
and sets a bound for a weakly coupled island (> 10 us). Fluctuations in the gate-voltage spacing of
Coulomb peaks at high field, reflecting Majorana hybridization, are enhanced by the reduced lever arm at
strong coupling. When converted from gate voltage to energy units, fluctuations are consistent with

previous measurements.
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Hybrid semiconductor-superconductor nanowire devices
have been the focus of intense research in recent years
[1-6] primarily because they are expected to support
Majorana zero modes [7,8]. Of particular relevance to
schemes for Majorana fusion-rule testing, braiding, and
Majorana-based quantum computation [9-12] is the
Majorana island geometry, in which the topological hybrid
nanowire acquires a charging energy that lifts the degen-
eracy between occupied and empty Majorana states
[6,13-16], allowing for charge readout of the state parity.

A fundamental bound to the coherence of Majorana
based qubits is the parity lifetime of the Majorana state,
limited by quasiparticle poisoning [9,17,18]. Studies on
metallic superconductors have explored the associated
poisoning rates in great detail [19-28], while experiments
on semiconductor-superconductor hybrids have only estab-
lished bounds on the relaxation rate of quasiparticles into
the subgap state [29], with quantitative estimates for
poisoning from external sources still pending.

In this Letter, we use Coulomb blockade spectroscopy to
quantify the quasiparticle poisoning time of a Majorana
island. We find the poisoning time to a state with one extra
quasiparticle in the BCS continuum to be ~1 us in the
regime of relatively strong coupling between the island and
the leads, and bounded from below by 10 us in the less
strongly coupled regime investigated in Ref. [29]. Our
results demonstrate transport signatures of quasiparticle
poisoning in Majorana islands up to the topological phase
transition and place constraints on a relevant time scale for
topological quantum computation and Majorana braiding.

The device we investigate consisted of a MBE-grown
[0001] wurtzite InAs nanowire with epitaxial Al on two of
six facets [Fig. 1(a)], which induces a hard superconducing
gap in the nanowire [30,31]. The Al shell was removed on
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both ends using a chemical etch, leaving an Al island of
length L ~ 400 nm. Uncovered InAs segments at the wire
ends are electrically contacted using normal-metal (Ti/Au)
Ohmic contacts. Lithographically patterned electrostatic
gates near the ~50 nm exposed segments next to the Ohmic
contacts were used to deplete carriers, bringing the device
into the Coulomb blockade regime. Magnetic fields were
applied perpendicular to the nanowire axis, with out-of-
plane field denoted B, and in-plane field denoted B,
[Fig. 1(a), lower panel]. Because of the thin (~10 nm) Al
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FIG. 1. (a) Top: Electron micrograph (false color) of a similar
Majorana island device. The applied bias voltage Vgp, gate
voltage V;, and measured current / are indicated. Bottom:
Schematic top view (looking down onto the Si wafer) of the
InAs nanowire (green) with two-facet epitaxial Al shell (light
blue), showing the direction of applied magnetic fields B, and
By. (b) Charge-state energies of the island as a function of gate
induced charge Ng. Spacings between degeneracies indicated
with §, and §,. (c) Schematics of transport processes for
degeneracies indicated with red circles and green squares in (b).
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shell on the side of the nanowire, superconductivity was
preserved up to a large out-of-plane critical field,
B, ~0.7T, and lower in-plane critical field,
B, ~0.2T. The chemical potential of the island was
controlled by the voltage V; on a side gate. A voltage bias,
Vsp, with 5 4V ac component at 314 Hz, was used to
measure differential conductance using standard lock-in
methods. All measurements were carried out in a dilution
refrigerator with ~50 mK base temperature.

Before discussing experimental results, we briefly intro-
duce a simple model of a hybrid Coulomb island with
normal-metal leads (see Supplemental Material [32] for
details). We take the density of states of the island to consist
of a single subgap state at energy E, plus a Bardeen-
Cooper-Schrieffer (BCS)-like continuum above a gap A
[6,29]. For charging energy E. exceeding thermal energy,
the number of charges on the island N is well defined. We
write. N = 2N, + Np + Ny, with N, the number of
Cooper pairs on the island, Ny = 0, 1 the occupation of
the subgap state, and N the number of quasiparticles in the
BCS continuum. Note that N, counts pairs of electrons,
whereas N, and N, count single electrons.

Neglecting thermal effects, we label the states in the
Majorana island by their associated charge occupation

numbers (N, Na, Ny), with corresponding energies
Ec )
E(NcvaAvNO):7<NG_N) + NaA +NoEy, (1)

where N; = C;V /e is the gate-induced charge on the
island, C; is the capacitance between island and side gate,
and all quasiparticles in the BCS continuum are assumed to
have relaxed to the gap energy, A. The resulting spectrum is
show in Fig. 1(b) as a function of N; (modulo an even
integer), where we assume E, < E-/2 < A. For even N,
the lowest available charge state (shown in black) is the
pure condensate state (N, 0,0), followed by a state with
an occupied subgap state and one quasiparticle in the BCS
continuum (N, 1, 1) (green). For odd N, the lowest two
available charge states are (N,,0,1) and (Ncp, 1,0),
shown in red and blue.

At low temperatures and ignoring quasiparticle poison-
ing for now, the island is expected to be mostly in its ground
charge state, with transport occurring only at charge-state
degeneracies [red circles in Fig. 1(b)]. At these points, an
extra electron can be added or removed from the island
without energy cost, changing the occupation of the subgap
state. Transport cycles at these degeneracies [left panel of
Fig. 1(c)] correspond to the processes,

cp»

(N,
and (N,

0,0) 2 (N, 0, 1),

cp? 2
0,1) 2 (Ngp + 1,0,0). (2)

cp»

The two degeneracies are symmetric about odd values of
Ng, and produce a conductance peak pattern with unequal

even and odd peak spacings, S, =n~!'(Ec + 2E,) and
S, =n""(Ec —2E,), where n = e(C;/Cy) is the gate
lever arm and C,,; = ¢?/E. The peak spacing difference,
S, —S,, is thus proportional to E [29] and can be used to
track subgap states into the Majorana regime [6].

Quasiparticle poisoning excites the system from its
charge ground state to a state with Ny = 1 [green and
blue parabolas in Fig. 1(b)]. Transport can now occur at
charge-state degeneracies with Ny = 1, marked as green
squares in Fig. 1(b). The associated transport cycles [right
panel of Fig. 1(c)] correspond to

(Ncpv 1’0)
and (N, 1,1)

(Ncpv L, )7
(Nep +1.1,0). (3)

2
2
Processes that bring the island back to an unpoisoned state
with Ny =0 include (i) Cooper pair recombination,
(Ncp, 1,1) » (NCp +1,0,0) (made possible by the lack
of translational invariance), (ii) quasiparticle relaxation into
the subgap state, (N, 1,0) = (N, 0, 1), and (iii) quasi-
particle tunneling out to a lead, (Ng,,1,Ng) —
(Ngp» 0, Ny). Depending on the relative magnitude of the
corresponding relaxation rates, the poisoning rate, and the
coupling of the subgap state to the source and drain leads
I's p, the transport cycles in Eq. (3) can yield measurable
conductance resonances. As evident from Fig. 1(b), the
conductance peaks in the poisoned state should occur with
the same peak spacings as the unpoisoned state, S, ,, but
shifted by 1e in gate voltage. The conductance height of the
poisoned peaks contains quantitative information about the
quasiparticle poisoning and relaxation rates.

Coulomb blockade spectroscopy of Majorana islands
reported in Refs. [6,29] showed peaks at the unpoisoned
resonances, Eq. (2), but no features associated with the
poisoned transport cycles in Eq. (3). In the present experi-
ment we use the 400 nm device from Ref. [6], with barriers
set to be more transparent. This increases the rates I'g j, as
well as the rate of quasiparticle poisoning from the leads,
giving rise to measurable transport features associated with
the poisoned resonances (3). We have observed similar
behavior in two devices and present results from one device
here.

Figure 2(a) shows the differential conductance,
g = dI/dVgp as a function of Vgp and V; at zero magnetic
field. The data show a high-conductance Coulomb dia-
mond pattern with large even-occupancy diamonds, small
odd-occupancy diamonds, and negative differential con-
ductance (NDC) at finite bias, similar to previous mea-
surements [6,29]. The nearly vanishing odd diamond
indicates that the subgap state energy E; is only slightly
smaller than E-/2 [6,29,35,36].

From the main Coulomb blockade diamonds we extract a
charging energy E. =210 ueV, a gate lever arm
n=2Ec/((S.) +(S,)) =62 meV/V, and a zero-field
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FIG. 2. (a) Experimental differential conductance g as a
function of gate voltage, Vs, and source-drain voltage, Vgp, at
zero magnetic field, showing a series of 2e-periodic Coulomb
diamonds with a second set of weaker shadow diamonds offset
from the main diamonds by le. (b) Numerically calculated
differential conductance as a function of gate-induced charge
N and source-drain voltage. See main text for model parameters.

subgap state energy Ey = 75 peV. The width and magni-
tude of the conductance peak, taken at a magnetic field
where peak overlap is minimal (see below), gives an
asymmetric coupling of the subgap state to the source
and drain leads which we fit as I's~ 1 and I'p, ~ 6 GHz,
significantly stronger than the coupling of ~0.5 GHz
reported in Ref. [29].

Figure 2(a) shows in addition to the main Coulomb
diamonds with peak conductance g,, ~ 0.5 e?/h, a weaker
set of ‘“shadow” Coulomb diamonds centered on the
valleys of the main diamonds, with peak conductance
gs ~0.03 ¢%/h. The shadow diamonds are similar to the
main diamonds, including regions of NDC, though much
lower in conductance and shifted by the equivalent of 1e in
gate voltage. Similar shadowlike peaks were previously
investigated in metallic superconductor islands [37], in that
case made visible by increasing temperature rather than
island-lead coupling.

We attribute the shadow diamonds to quasiparticle
poisoning, as in Ref. [37]. By comparing the main and
shadow peak conductances to a rate-equation model of
transport with poisoning, we extract a characteristic poison-
ing time, 7,, associated with occupancy-changing excita-
tions  (Ngp.0,Ng) = (Ngp, 1. Ny)  (electronlike) — and
(Ngp: 0. Ng) = (Ngp — 1, 1, Ny) (holelike) in the BCS con-
tinuum. The model does not include poisoning events that
populate the subgap state as they will tunnel out again on a

time scale set by the large state-lead coupling, I'j, and thus
not contribute significantly to the shadow peak conduct-
ance. In the limit of a weakly coupled island, 7, sets a lower
bound on the parity lifetime of the Majorana state.

Input to the model includes independently measured
values for E, 7, Ey, and I'g ;, (see Supplemental Material
[32]). Additional parameters are the lead-continuum
conductance, ga ~ 0.7 €>/h, measured from high-bias
conductance data, the induced superconducting gap,
A = 140 peV, chosen to match the onset of NDC, and
the relaxation time of quasiparticles from the continuum to
the subgap state, previously measured to be 7y, = 0.1 s in
similar devices [29]. Simulated differential conductance ¢
as a function of Vgp and Ng [Fig. 2(b)] reproduces the
qualitative features of the experimental conductance data.
A poisoning time of 7, = 1.2 us gives the best agreement
with the observed ratio of main and shadow-peak conduct-
ance (see below for more details).

Figure 3(a) shows the measured zero-bias differential
conductance as a function of V; and perpendicular
magnetic field B,. The (initially small) odd Coulomb
valley spacings S, increase with B, up to a field of
B, ~0.16 T, where the average peak spacings become
uniform, (S,) = (S,), indicating a zero-energy state
Ey = 0. For higher fields, the peak spacings oscillate as
a function of magnetic field, as expected theoretically for
hybridized Majorana modes [13,38,39] and observed
experimentally [6,16]. From the near-linear dependence
on B, of the peak spacings at lower fields we extract an
effective g factor of 16, large for InAs [40,41], but
consistent with previous measurements on InAs nanowire
Coulomb islands [6,16]. Shadow peaks have the same
magnetic-field dependence as the main peaks, shifted by le
gate-induced charge. Above B, ~0.16 T, where Ey ~ 0,
main and shadow peaks merge.

The model includes the Zeeman effect by linearly
lowering the subgap energy with magnetic field,
Ey =75 ueV — E, for E; <75 ueV. To model the topo-
logical phase transition at £, = 75 peV, we set E, = 0 for
E; > 75 ueV, neglecting Majorana mode hybridization.
The resulting conductance g as a function of N and E is
shown in Fig. 3(b). Using 7, = 1.2 us from Fig. 2(b)
reproduces the qualitative features of the data, including the
splitting and merging of main and shadow peaks.

A cut of g vs V5 at By = 50 mT (where the overlap
between adjacent peaks is minimal) is shown in Fig. 3(c).
Defining ¢,, and g, as the average main and shadow peak
conductance, we find g,,/g, ~ 18 in the presented gate
range. Model conductance curves for different poisoning
times are show in Fig. 3(d), showing an increase in g, and
decrease in g, for decreasing 7,. The decrease in g,
deemphasized by the logarithmic scale in Fig. 3(d),
matches the increase in g,, reflecting that the Majorana
island is either in a poisoned or in an unpoisoned state. For
these parameters, the model yields the simple dependence,
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FIG. 3. (a) Measured zero-bias differential conductance g as a
function of perpendicular magnetic field, B, and gate voltage,
Vs, showing a series of strong even-odd Coulomb peaks with
weaker shadow peaks in the even valleys between main peaks.
Both sets of peaks split with increasing field and merge at
B, ~0.16 T. (b) Simulated differential conductance as a function
of Zeeman energy, E,, and dimensionless gate voltage (charge
number), Ng. (c) Measured differential conductance vs V at
B, = 50 mT [white line in (a)]. The average heights of the main
and shadow peaks are indicated by g,, and g, respectively.
(d) Simulated differential conductance as a function of Ng for
poisoning times 7, = 0.2, 1.2, and 6 ys. Simulations show an
increase in g, and decrease in g, for decreasing 7,,.

7, = a(gm/gs) + b, with a = 0.068 and b = —0.004 ps.
From this relation and the observed ratio g¢,/g,, we
infer 7, = 1.2+ 0.1 ps.

The presented data are not taken in an optimal tuning for
long parity lifetimes. By estimating the maximum ratio
g/ gs from the noise floor in more weakly coupled device
tunings, where no shadow diamonds were observed [6], we
place a conservative estimate on the poisoning time of
7, > 10 ps. In the limit of a fully decoupled island this time
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FIG. 4. Upper panels: Differential conductance ¢ as a function
V; and magnetic fields perpendicular (B, left) and transversal
(B, right) to the nanowire. White dashed lines indicate the fitted
peak positions. Lower panels: Extracted average peak spacing for
even and odd Coulomb valleys, (S, ,), as a function of magnetic
field. The left axis has units of gate voltage, the right axis shows
the associated energy scale 7S — E- « Ej.

scale of ~10 us sets a conservative bound on the parity
lifetime of the Majorana state.

Finally, we investigate the behavior of the main and
shadow peaks for different magnetic field directions. The
magnetic-field dependent splitting is compared for direc-
tions B | and B, in Fig. 4. In both cases, the estimated peak
center, indicated by a dashed white line in the upper panels
of Fig. 4, is used to calculate average Coulomb peak
spacings for the two even and the three odd valleys of the
main set of Coulomb peaks, denoted (S,) and (S,). The
result is shown in the lower panels of Fig. 4, where the right
axis indicates the energy scale for the lowest subgap state
nS — Ec « E,. The shadow peak is not used in this analysis
as it cannot be distinguished from the main peak for higher
fields.

For increasing perpendicular field B (left panels in
Fig. 4), (S,) and (S,) become equal at B, ~0.16 T,
indicating the emergence of a state at £y, = 0, and sub-
sequently oscillate in magnetic field. The amplitude of
these oscillations, A = 59 ueV, is close to the expected
value for hybridized Majorana modes in a device with
L = 400 nm: We estimate A = Aype™L/¢ = 64 peV, based
on previous fits of the constants Ay = 300 eV and
& =260 nm [6]. We stress that data from the same device
as we use here but measured in a different tuning (without
shadow peaks), was included in the original analysis to
determine A, and & [6].

For increasing in-plane fields By, (right panels in Fig. 4),
the shadow peaks again split, similar to the main peaks, and
acquire a le-periodic spacing at B, = 0.22 T, with no
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oscillations visible for higher fields. Independent measure-
ments show a closing of the superconducting gap for this
device at B, = 0.25 T, suggesting that the transition to
le-periodic peak spacings is in this case caused by
destruction of superconductivity. We note the different
curvatures of (S,,) as they approach the field where
(Se) = (S,): (S.,) bends outwards for B, and inwards
for By. Since 1(S,) — E¢c < Eq and 5(S,) — E¢c « —E|, the
outward bending behavior for B, suggests subgap states
approaching the topological phase transition [38,39,42],
whereas the inward bending for increasing B, suggests a
subgap state energy following a quadratically closing
induced superconducting gap.

In conclusion, we have observed and modeled shadow
diamonds offset from the main Coulomb diamonds by le,
associated with quasiparticle poisoning of a Majorana
island, yielding estimates for poisoning times on a
~1 ps time scale. High-field measurements indicate a
transition to the topological phase, with extracted
Majorana mode hybridization energies consistent with
previous measurements.
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