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A central promise of topological quantum computing is that increasing the excitation gap improves
device performance significantly. Here, we experimentally validate this principle in an InAs—Pb
tetron device via interferometric single-shot parity measurements. By replacing aluminum with
the higher-gap superconductor lead in our superconductor-semiconductor hybrid devices, we have
improved the robustness of our topological phase. In addition, to enable fast and precise bring-up
at scale, we have developed an rf measurement technique that resolves low-energy wire-end states
and directly measures their energy splitting with peV precision. We employ this technique to bring
up a device in a multi-tetron array and perform parity measurements of one of the tetron’s hybrid
nanowires (NWs). By controllably switching the wire parity, we observe h/2e-periodic bimodal shifts
in the quantum capacitance of a quantum dot coupled to the hybrid nanowire in an interference
loop. Further time-resolved measurements reveal a characteristic parity switching time of ~ 20s with
some instances reaching minute-scale. Such extremely long parity lifetimes are orders of magnitude
longer than typical qubit operation times, which are on the order of ps. Finally, we discuss potential
implications for the fidelity of Pauli measurements.

1. INTRODUCTION

Recently, we presented a roadmap [1] to fault-tolerant
quantum computation using topological qubits [2—4] built
around Majorana zero modes (MZMs) in superconductor-
semiconductor hybrid devices [5-9]. Our roadmap draws
on concepts explored in Refs. 10-39. It entails building
successively larger arrays of qubits which are progres-
sively deeper inside the topological phase, characterized
by larger energy gap and shorter coherence length. In
superconductor-semiconductor hybrid platforms, these
key parameters are governed primarily by the parent su-
perconducting gap, the semiconductor spin-orbit coupling,
and material disorder [40-52]. In this work, we demon-
strate that engineering these ingredients—by replacing
Al with the higher-gap superconductor Pb and enhancing
spin-orbit coupling via band-structure design in a semicon-
ductor heterostructure grown on a GaSb substrate—leads
to substantial improvements in device performance. By
demonstrating these performance improvements, we have
gone beyond previous work which has incorporated larger
gap superconductors into nanowire devices [53-56].

The building block of our architecture is a tetron
[57, 58], which is composed of two parallel proximitized
semiconductor NWs connected by a conventional super-
conducting backbone, forming an H-shaped superconduct-
ing island. Each nanowire hosts a pair of Majorana zero
modes (MZMs) at its ends when tuned into the topological
phase, yielding four MZMs per tetron, see also [59]. The
computational subspace has fixed total electron parity,
and projective Pauli measurements of the computational
qubit are implemented by measuring the parity of differ-
ent pairs of MZMs in the tetron. The dominant error
mechanisms arise from (i) quasiparticle poisoning, where
an MZM exchanges a fermion with the continuum above
the topological gap Ay, and (ii) Majorana hybridization,
in which tunneling processes between MZMs generate a
finite energy splitting Fy.

To reliably access the topological regime, we developed

the topological gap protocol (TGP) [60], which identi-
fies the topological phase with high fidelity and reports
the topological gap Ar. The TGP was used to tune
our devices into the qubit configuration. In earlier Al-
based devices, we observed typical top quintile gaps of
Ay ~ 30peV [59-61]. In contrast, in the InAs—Pb devices
studied here we observe a top quintile gap of Ap ~ 70 peV.
In parallel, we introduce a direct probe of Majorana hy-
bridization, in which a quantum dot (QD) measures one
wire end while a QD at the opposite end is used to con-
trollably change fermion parity in the nanowire. This
technique reveals extended parameter regimes consistent
with Fy < 1peV, i.e. smaller than our experimental
resolution.

Topological protection gives error rates that are expo-
nentially suppressed as the topological gap increases [34].
This expectation, however, relies critically on the assump-
tion that the system remains near equilibrium. In the
presence of non-equilibrium processes, this protection can
be significantly degraded. A large topological gap A sup-
presses thermally-activated excitations, but it does not
protect against far-from-equilibrium quasiparticles [62—
76]. Such quasiparticles can be generated, for example,
when residual radiation penetrates shielding and breaks
Cooper pairs, and persist if recombination processes are
slow. As a result, the quasiparticle poisoning rate and as-
sociated density of non-equilibrium quasiparticles emerges
as a key metric, distinct from both A, and the Majorana
splitting E;. In this work, we show that the quasiparticle
poisoning rate is also strongly suppressed in InAs-Pb
devices, complementing the increase of A, and further
improving device robustness.

Qubit operations in our architecture are realized via
quantum-capacitance readout of QDs tunnel-coupled to
MZMs. For example, a Pauli-Z measurement is imple-
mented by probing a QD coupled to both ends of a
single topological wire. In such measurements of Al-
based tetrons, we previously measured parity lifetimes
of ~ 1-12ms [59, 61]. In contrast, Pb-based devices ex-



hibit Z-parity lifetimes exceeding 20s, representing an
improvement of more than three orders of magnitude. In
a tetron, the qubit is encoded in the parity, so parity
lifetimes directly translate into qubit lifetimes and parity
flips are key qubit error processes. Consequently, the ob-
served dramatic enhancement in parity stability indicates
that non-equilibrium quasiparticles no longer limit qubit
operations in our devices, providing strong evidence that
increasing superconducting gap directly translates into
improved robustness of Majorana-based qubits.

2. DEVICE DESIGN AND PB-BASED
MATERIAL PLATFORM

The device shown in Fig. 1 is a prototype unit cell
for multi-tetron devices. The qubits are interconnected
through shared QDs and tunable junctions. Figure 1(a) is
a schematic of the device; a scanning electron micrograph
(SEM) image is shown in Fig. 1(b). This architecture
extends earlier single-tetron designs by embedding qubits
within a network geometry that enables scalable integra-
tion, while supporting both single- and multi-qubit parity
measurements via local interactions.

Each tetron consists of two horizontal superconducting
NWs of length 3.5pm and width 35nm, connected by
a narrower vertical backbone of length 1 pm and width
20nm. This geometry is chosen to simultaneously satisfy
several constraints: (a) The wire length exceeds the ex-
pected coherence length, suppressing Majorana hybridiza-
tion and minimizing the splitting energy E,. (b) The
narrower backbone enables full depletion when the hori-
zontal wires are tuned to the lowest electronic subband,
ensuring that it remains in a trivial state even when
the NWs are tuned into the topological phase. At the
same time, it is wide enough to maintain superconducting
connectivity.

The device is realized using an epitaxial superconductor-
semiconductor heterostructure optimized to enhance the
robustness of the topological phase. A schematic cross-
section of our superconductor-semiconductor heterostruc-
ture is shown in Fig. 2(a). The H-shaped superconducting
structure is formed by depositing 10 nm of Pb on the sur-
face of the semiconductor heterostructure grown on a
GaSb substrate. For this thickness, the parent super-
conducting gap is Ap, ~ 1.3meV, resulting in a large
proximity-induced gap in the semiconductor. As shown in
Fig. 2(b), a proximity-induced gap of 400 peV is measured
in a two-dimensional superconductor-quantum point con-
tact geometry. In the nanowire geometry, the induced gap
is increased due to transverse confinement. We measure
an induced gap Aj,g =~ 5701eV in the lowest subband
regime at zero magnetic field, consistent with simulations.
For comparison, prior work has shown that Pb-based
Coulomb islands exhibit a robust 2e-periodic charging
pattern at zero magnetic field [53], consistent with the
absence of subgap states (i.e., consistent with a “hard”
induced gap).
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FIG. 1. Scalable unit cell for multi-qubit tetron array.
(a) Schematic of the tetron-based unit cell used for multi-qubit
devices. Each tetron consists of two parallel proximitized
NWs connected by a superconducting backbone, forming an
H-shaped island that hosts four Majorana zero modes (MZMs)
at the wire ends when tuned into the topological regime. Color-
coded gates illustrate the three-layer architecture: electrostatic
tuning gates set the nanowire density, junction and cutter gates
control tunnel couplings to define and reconfigure interfero-
metric loops, and gate-defined quantum dots (QDs) provide
dispersive parity readout. Neighboring tetrons are coupled
via shared QDs, enabling both single- and two-qubit parity
measurements. (b) Scanning electron micrograph (SEM) of a
fabricated prototype unit cell for a multi-tetron array, demon-
strating a geometry and gate layout compatible with scaling
to larger qubit arrays.

The transition to a GaSb substrate provides two prin-
cipal advantages: (i) lattice-matched epitaxial growth
through the entire semiconductor stack which drastically
reduces the extended defect count and improves surface
morphology and (ii) the larger range of accessible band
offsets enables larger spin-orbit coupling than is achiev-
able on InP substrates. The composite semiconductor
quantum well consists of a 6 nm InAs layer with an addi-
tional 2 nm InAsg gSbg 2 layer, which enhances the Rashba
spin-orbit coupling o ~ 12-16 meV nm in Pb-proximitized
NWs [see Fig. 2(c)] [77]. The top barrier thickness and
composition are optimized to maintain a large induced
gap while avoiding excessive renormalization of the semi-
conductor g-factor and spin-orbit coupling.
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FIG. 2. Enhanced material stack. (a) Schematic of a
hybrid material stack combining Pb with a composite quantum
well. (b) Conductance as a function of bias voltage and split-
gate voltage V. in a superconducting quantum point contact
to a 2D Pb-covered half-plane in the tunneling regime. A
large induced gap is clearly visible. (¢) Shubnikov—de Haas
oscillations, showing long quantum lifetime and large spin-
orbit coupling in a shallow quantum well under Pb, as obtained
via the analysis procedure of Ref. 78. We extract a density of
0.4940.02 x 10*2 cm ™2, a spin-orbit coupling of 1242 meV nm,
and a quantum lifetime of 0.37 &+ 0.14ps. (d) Mobility as a
function of density in a buried quantum well that is the analog
of the upper part of our semiconductor stack (with the same
composite quantum well, top and bottom barrier) used in
tetron devices.

Disorder is minimized through careful materials en-
gineering of both the epitaxial hybrid superconductor-
semiconductor layers and dielectrics. Measurements of
shallow quantum well Hall bar devices indicate a surface
charge density n., ~ 2 x 10'2cm~2. Buried quantum
well Hall bars with the same active region exhibit mobil-
ities > 350000 cm?/Vs [see Fig. 2(d)]. We also observe
Shubnikov—de Haas oscillations of electrons residing in the
quantum well coupled to the epitaxial metal in van der
Pauw devices [78]. These results attest to the high mate-
rial quality of our hybrid stack, with minimal impurity
or defect scattering.

The combination of a large induced gap, strong spin-
orbit coupling, and low disorder establishes a robust su-
perconducting platform for topological qubits. Direct evi-
dence for the improved materials quality and its impact
on the topological phase is shown in Fig. 3. Figure 3(a)
presents a cross-sectional transmission electron micro-
graph (TEM) of a 35 nm-wide Pb wire on the surface of
the semiconductor barrier and quantum well grown on a
GaSb substrate. The interfaces at the top and bottom
of the InAs-based quantum well (indicated by dashed
lines) are sharp, and the superconductor-semiconductor
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FIG. 3. (a) Cross-sectional TEM of a narrow Pb strip

on the surface of semiconductor barrier and quantum well,
dashed lines indicate interfaces at the top and bottom of the
quantum well. (b) Measured localization length as a function
of gate voltage extracted from 14 wires with different lengths
of 1.25num and 3pm. The estimated 1D subband onsets are
extracted from quantized local conductance steps. (c) Phase
diagram obtained from a TGP analysis of transport data from
a 3 pm-long nanowire test structure. (d) B-field line cut along
Vp = 3.2165 V showing local and anti-symmetrized non-local
conductance along the dashed line in panel (c). Zero-bias
peaks at the opposite ends of the NW persist over the B-field
range of over 0.5 T, consistent with gap closing and re-opening.
The dashed (black) line corresponds to extracted gap.

interface is likewise abrupt, confirming excellent epitaxial
and interfacial quality.

To quantify disorder in Pb-proximitized NWs, we mea-
sured the scaling of nonlocal conductance with segment
length using the methodology developed in Ref. 60. This
analysis yields localization lengths exceeding 1 pm in the
lowest occupied subband, as shown in Fig. 3(b). Such lo-



calization lengths are comparable to the full device dimen-
sions and are consistent with the low disorder inferred in-
dependently from mobility measurements and Shubnikov—
de Haas oscillations. Importantly, the localization length
comfortably exceeds the minimum topological coherence
length expected for a clean system (£, ~ 100 nm), indicat-
ing that the topological phase is robust against disorder
in these NWs.

Consistent with this conclusion, we observe a substan-
tial improvement over the Al-InAs platform [60] in both
the magnitude of the topological gap and the extent of
the topological phase in the (V,, B) parameter space. A
representative phase diagram obtained from a NW test
device is shown in Fig. 3(c), which was obtained by ap-
plying the Topological Gap Protocol (TGP) [60]. The
outlined orange region denotes the region in wireplunger-
field (V}, B) parameter space identified as topological.
The region passing TGP exceeds 1.1mV T, more than
twice that observed Al-InAs platform with comparable
lever arms and g factors [60]. Within this region, the
top-quintile topological gap reaches A ~ 7T0peV. Local
conductance measurements reveal robust zero-bias peaks
at opposite ends of the NW persisting over magnetic-field
ranges exceeding 0.5 T, as seen in Fig. 3(d). These stable
zero-bias features, coincident with gap closing and reopen-
ing in the nonlocal conductance [Fig. 3(d)], constitute
hallmark signatures of the topological superconducting
phase. These observations are consistent with our sim-
ulations and demonstrate that the improved materials
properties directly translate into enhanced topological
properties of measured NW test devices, and result in
improved qubit performance, as discussed below.

Finally, we outline the key elements of the multi-qubit
device design. The scalable tetron unit cell that underlies
our multi-qubit architecture is shown in Fig. 1. This unit
cell is designed to tile naturally into larger arrays, enabling
straightforward extensions to devices with many qubits
(e.g., a 12-qubit array) without qualitative changes to the
control or readout strategy. The device employs three
distinct gate layers, illustrated in Fig. 1(a), each serving
a well-defined and largely independent function. The first
layer comprises electrostatic tuning gates that control the
carrier density in the NWs and provide access to the topo-
logical regime. The second layer consists of junction and
cutter gates that tune tunnel couplings, allowing NWs and
QDs to be selectively isolated or connected to form con-
figurable interferometric loops for parity measurements.
The third layer enables high-fidelity readout using gate-
defined QDs that are dispersively coupled to resonators;
the resulting quantum capacitance response provides a
sensitive, non-invasive probe of fermion parity [79]. This
layered gate architecture cleanly separates tuning, cou-
pling, and measurement functionalities, while remaining
fully compatible with scalable multi-qubit operation.

Two of the four tetron qubits shown in the figure are
grounded (AB and BA) and two are floating (AA and
BB). We have incorporated the latter because at least one
superconducting island must have charging energy in a

two-qubit measurement. Each H-shaped superconducting
island is coupled to five QDs, three of which are shared
between vertical neighbors, which can thereby couple.
Concretely, consider the BA qubit. A Pauli-Z measure-
ment is performed by coupling the top wire in the qubit
to quantum dot QDL via QD1 and QD2 and by decou-
pling these QDs from the AA qubit by using the cutter
gates Vives,ans Vived,an, Vdc13,aa, and Vicaq aa to close the
junctions through which they would couple to it. In this
configuration, QDL’s quantum capacitance is sensitive
to the fermion parity of the top wire in the BA qubit.
Pauli-X measurements and two-qubit measurements can
be performed similarly.

All of the QDs have been designed to have plunger
lever arms in the range 0.4-0.45meV/mV, charging en-
ergies > 60 eV, and level spacings > 30 peV. The long
QDs (QDL) are approximately 3.2um long; the com-
bined linear gate extent of the QDs that couple vertically-
neighboring tetrons is 2.1 um (exterior, QD1) or 2.4 pm
(interior, QD2); while that of the smallest QDs is 0.9 um
(exterior, QD3) or 1.2pm (interior, QD4). These QD
parameters have been chosen to facilitate control and
readout of the device.

The tetron array is operated in a cryogenic setup with
readout and control systems similar to those described in
Refs. 59 and 61.

3. RF-BASED WIRE SPECTROSCOPY AND
TUNING

While local and non-local DC transport measurements
have underpinned the tuning of topological NWs in our
earlier work [59-61], they do not offer a scalable char-
acterization strategy for large Majorana-based qubit ar-
rays because they require end-to-end transport paths and
a grounded third terminal, thereby limiting paralleliza-
tion, slowing device bring-up. More broadly, transport-
based protocols are not naturally matched to scalable
architectures based on floating hybrid superconductor-
semiconductor islands. A fully rf-based tune-up overcomes
these bottlenecks because it is inherently local, compati-
ble with dispersive gate-sensing hardware, and amenable
to automation and parallel execution across many qubits.
Moreover, we expect to typically have Ay /ksT > 10 with
our new material platform. At this point, the limiting
factor for qubit performance is the residual Majorana
energy splitting F\; due to finite wire length rather than
thermal excitations above the gap. As we will show below,
rf-based measurements enable higher precision measure-
ment of Fy; than DC transport techniques. In addition, in
regimes where quasiparticle-poisoning rates are slow and
intrinsic parity-switching becomes inefficient to resolve
E, [59, 61], the parity injection method introduced below
allows for a more controllable extraction of E,;.

We focus on the top NW of the BA tetron coupled at
both ends to QDs that are in turn connected to resonators
for dispersive gate sensing, allowing the quantum capaci-



tance signal C, to be measured locally. As schematically
illustrated in Fig. 4(a,b), we introduce a spectroscopy mea-
surement where one QD acts as a local probe (readout)
and the other acts as a (non-local) parity injector.

To understand the physics behind the measurement, we
consider a simple model consisting of a single low-energy
wire state with energy FE,, coupled via tunneling matrix
elements t, ty to a single level of the readout QD which
is detuned by dy. This model was proposed and explored
in Refs. 80 and 81 and used to analyze DC transport
data in Ref. 82. The Hamiltonian for these two degrees
of freedom takes the form

H = Eyiniye + 6xd'd + (txd™yi + txdiye + hee), (1)

where ~y; o are Majorana operators for the wire state and
d") is a fermionic annihilation (creation) operator for
the QD level [83]. This model is sufficiently general to
describe a single low energy state which may be present
as part of a trivial or topological phase. In the topological
regime, 71 and o are MZMs localized at the ends of the
wire and the energy F, relates to their overlap, while ()
tr describes the (non-)local coupling of the QD to the (far-
side) near-side MZM. In the trivial case, 71,2 combine to
form a low-energy spin-resolved Andreev state [59]. Using
linear response theory, we obtain the parity-dependent
quantum capacitance response of the readout QD in the
limit of small drive frequency and amplitude [61]

e2a’|tp|? E.
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where t, =t +iP tg is the effective coupling between the
QD level and the wire state. The corresponding eigenener-
gies are +E, for total parity sector P = +1 of the readout
QD and wire system with E, = [(6x +2PEy)?+4|t,|?]'/2.
As a function of the QD detuning, Eq. (2) is maximal
at 0 = 0(P) where 6(P) = —2PFE). By sweeping 0y
and controlling P using the injector QD, one can extract
the energy of the wire state Fyy = [6(—1) — §(+1)|/4. In
addition, one can, in principle, infer additional informa-
tion about the nature of the wire state from the shape of
the quantum capacitance peak in the two parity sectors.
In particular, deep inside the topological phase t;, — 0,
the width and amplitude of the response becomes parity-
independent. In contrast, for a generic state, the peak
width and amplitude can exhibit a pronounced parity
dependence. Here we focus on a single state in the wire,
but the case of multiple states (quasi-MZMs) can be con-
sidered in the same manner as in Ref. 61 while the gapless
phase can be considered numerically as in Ref. 84. In both
of these non-topological cases, we expect, based on these
previous results, that the parity dependence of the signal
will be strongly suppressed away from very fine-tuned
points as the local parity sensor becomes independent of
the parity injection on the other side of the wire.

Using the single-state model introduced above, we de-
fine a spectroscopy measurement to probe the wire state
energy. The core measurement consists of finely sweeping
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FIG. 4. Wire spectroscopy. (a,b) Schematic of the quasi-
particle injection procedure. The injector QD leads to a parity
switch of the wire state, which, for finite F\;, shifts the wire-
readout QD resonance condition. (c,e) Mean of the normalized
rf signal measured on QD1 (QD2) averaged over QD2 (QD1)
configurations where S is the measured rf signal along the
quadrature with maximal signal and o the noise along the
orthogonal quadrature. (d,f) Difference of the normalized
signal measured in configurations (a) and (b). For better
visibility, the insets in panels (c—f) each show a zoom-in on
parts of a single QD-wire transition. (g) Extracted wire state
energy Fy based on analyzing the parity-dependent shift of
the rf response for all charge transitions. The gray shaded area
indicates the region of interest identified in Fig. 5. To convert
from a shift in voltages to detuning energy, we consider a lever
arm aqp = 0.45meV/mV based on electrostatic simulations.
The axis AVqpi(e) indicate a change in the voltage of the
corresponding QD plunger gate where a linear shift is applied
to the bare voltage to account for the finite lever arm of the
wire plunger on the corresponding QD.



the plunger gate of the readout QD to probe a charge tran-
sition where the QD becomes resonant with the wire state.
At each point of the sweep, the rf response is measured
while the plunger voltage of the injector QD is stepped so
that it either injects or removes a single electron from the
wire. Here we define the signals S, and Sg, measured in
the two parity configurations A and B of the injector, as
the complex rf voltage that is reflected from the readout
resonator projected onto the dominant quadrature that
captures the change in response controlled by the readout
QD detuning. Similarly, the noise o is defined as the
standard deviation in the orthogonal quadrature. This
core measurement can then be repeated over a range of
wire electrochemical potentials (which we control via the
wire-plunger gate V,p). The outcome of this measure-
ment is shown in Fig. 4(c,d) for the case where QD2 is the
readout QD and QD1 the injector QD. In this experiment,
the wire-plunger voltage is swept over a range of 7mV
in the vicinity of the proximitized NW depletion point.
Panel (c¢) shows the rf signal averaged over the injector
states, while in panel (d) the difference in signal is shown.

Repeating the measurement with the role of QD1 and
QD2 reversed leads to Fig. 4(e,f). In each panel, multiple
charge transitions of the readout QD are visible over a
range of wire-plunger voltages where they couple to a
low-energy wire state. In regions where the wire state
energy F,, is sizable, the rf response splits into a dou-
ble peak structure, with each branch corresponding to
a different parity. This can be confirmed in Fig. 4(d,f),
where the branches have opposite signs meaning that they
are measured for different occupation of the injector QD.
Additional sign switches are interpreted to be the result
of external quasiparticle poisoning events (cf. Sec. 4).
Within the single-state model presented here, the injector-
averaged response [Fig. 4(c,e)] is a measure of how well
the wire state couples to the readout QD. We interpret
regions of low visibility that persist for different readout
QD states as an indication that the wire state has very
little weight close to the end that is probed by the readout
QD. When the response in Fig. 4(c,e) is sizable, the parity
difference [Fig. 4(d,f)] indicate states that span the full
wire and have measurable F\,;. In the topological regime
with large Ar, one expects a strong injector-averaged
signal, while the parity contrast remains weak.

Figure 4(g) presents the wire state energy F,; extracted
from the parity-dependent shift of the rf response. To
increase statistics, Fy is extracted by estimating the
parity-dependent shift of up to 15 QD charge transitions.
From the lever arm of the QD plunger gate and the fi-
nite resolution of the DAC controlling the gate voltage,
we expect the resolution of this analysis to be limited to
~ 1peV. The shaded gray area indicates the region of low-
energy wire states identified below. As the measurements
in Fig. 4 and Fig. 5 were taken several days apart some
small shifts in gate voltages are expected [85]. Notably,
the resolution of ~ 111eV significantly exceeds that of con-
ductance measurements which can resolve E,, of about
the half-width-half-max of a temperature broadened con-
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FIG. 5. Regions with a stable low-energy state at
both ends of the wire detected by rf-based wire tuning.
(a,b) Fraction of measured left (right) wire cutter configura-
tions where the signal measured on the left (right) QD is above
the selected threshold S/o > 2.5 where S is the measured rf
signal along the quadrature with maximal signal and o the
noise along the orthogonal quadrature. (c) Regions where the
measured signal at both ends of the wire is above threshold for
at least 7/10 cutter configurations. (d) Estimated energy Eu
of the wire low-energy mode averaged over the value extracted
from the measurements at each end of the wire. Overlaid in
blue is the contour of the region of interest of panel (c¢). In
all panels, the dashed grey vertical line indicate the magnetic
field (parallel to the wire) B = 3.8 T where the data of Fig. 4
was taken.

ductance peak Ey; ~ 1.76k;T = 7.6 neV for T'= 50 mK.
The high resolution, combined with the ability to resolve
left-right correlations of wire-end states even at finite ener-
gies, enables the observation of small-amplitude Majorana
oscillations [86, 87].

We now use this type of spectroscopy measurement
to identify regions of parameter space where low-energy
wire states are stable to local variations. To this end, we
expand the measurement by scanning both the magnetic
field and the voltage applied to the wire cutter adjacent
to the readout QD over a range of 80 mV. This provides
a 6-dimensional dataset that can be analyzed to iden-
tify regions of stable low-energy states in the (Vip, B.)
parameter space.

For each configuration, the QD detuning axes are pro-
cessed to reduce the dataset dimensionality. We first take



the minimum over the injector QD detuning and, second,
we extract the maximum of the signal along the readout
QD axis. By taking the minimum along the injector QD
detuning axis first, the procedure selects for low-energy
modes which are expected to show sizable signal (at a
fixed parameter point) independent of parity changes.
Overall, this procedure yields an effective representation
of the local response of low energy states that is insen-
sitive to the precise choice of QD detuning and robust
against fluctuations in tunnel coupling between QD and
NW for different QD charge transitions.

To identify regions associated with stable low-energy
states, we evaluate, for each point in Vy, and B., the
fraction of wire-cutter configurations for which the rf re-
sponse exceeds a signal-to-noise ratio S/o > 2.5. This
is shown in Fig. 5, where Fig. 5(a) presents the aggre-
gation of measurements on QD1 and Fig. 5(b) on QD2.
Figure 5(c¢) shows the resulting aggregated maps where
both datasets show above threshold signal in at least
7/10 of the measured wire cutter configurations. The
overlap between the left and right junction maps reveals
well-defined clusters in magnetic-field and wire-plunger
space, corresponding to regions where both ends of the
NW exhibit a consistent low-energy response. These cor-
related regions are evidence of stable zero-energy states
that are simultaneously accessible from both ends of the
wire. While the exact boundary of the identified region is
in general sensitive to the details of the thresholds used
in the above analysis, the qualitative features are robust
to variations of those parameters.

Figure 5(d) shows the evolution of E,, across parameter
space as a function of the wire-plunger gate voltage and
the in-plane magnetic field. We observe that throughout
the identified region of interest E); is on the order of
the measurement resolution ~ 1 peV, which confirms the
presence of an extended region with stable low-energy
modes. At the boundaries of this region, the zero-bias
peaks split, giving rise to the darker features that surround
the identified cluster.

The rf measurements presented here provide a natural
and effective tuning step for tetron devices prior to parity
readout measurements. They enable the identification
of correlated low-energy states in the NW that exhibit
minimal energy splitting, thereby defining favorable oper-
ating points for qubit operation. We emphasize that our
rf tuning protocol is distinct from and complementary
to the TGP [60, 88]. While the TGP enables mapping
the large-scale phase diagram of simpler devices via DC
transport measurements, our rf tuning protocol is used
to identify regions of small F,, for qubit operations.

4. INTERFEROMETRIC PARITY READOUT

The Pauli-Z measurement is a fundamental operation
of a tetron. It can be implemented by probing the parity
of the NW via an interference loop formed between the
NW and a long QD. This QD is coupled to the ends of

the NWs through smaller intermediary QDs. As demon-
strated in previous works [59, 61], the signature of this
measurement is an oscillatory bimodality of the quantum
capacitance (Cy) response as a function of magnetic flux,
with a periodicity determined by the enclosed area of the
interference loop.

At flux values corresponding to maximal interference
visibility, the Cy signal exhibits a telegraph-like time de-
pendence, characterized by stochastic switching events
governed by quasiparticle poisoning dynamics. When
quasiparticle poisoning times are sufficiently long, an al-
ternative approach can be employed: controlled parity
switching through electron injection. Specifically, an elec-
tron can be injected into the NW from a QD that is
not part of the interferometric loop, thereby toggling the
parity of the system. This process is equivalent to a
quasiparticle relaxing into the lowest-energy mode of the
NW.

Figure 6(a) illustrates a schematic of the device, high-
lighting the injection mechanism. In this configuration,
quantum dot 4 (QD4) is decoupled from the bottom NW
by closing the corresponding wire cutter, while remain-
ing weakly coupled to the interferometric loop via gate
DC24. Measurements are performed following similar
procedures as in previous works [59, 61], recording time
traces of Cy, as a function of flux and QD detuning within
the interferometric loop. In addition, a square voltage
pulse is applied to QD4 during the measurement, with an
amplitude corresponding to one electron charge (pulsing
from one Coulomb valley to the next) and a frequency of
0.5kHz. The wire-plunger voltage Vi, = —1.36513V is
tuned to a regime where F,, is minimized which is consis-
tent with the low energy region determined in Sec. 3 up
to minor shifts.

Figure 6(b) presents the standard deviation o(Cg) of
the C, time traces as a function of magnetic flux and
QDL gate voltage. Here, the flux is tuned by varying the
B, component of the external magnetic field. Due to a
small misalignment between the device and the external
magnet, B, does not correspond exactly to the out-of-
plane field component (B, ) that determines the flux,
resulting in an offset of approximately —10mT that is
not corrected for in the data shown here. A pronounced
flux dependence is observed when QDL is tuned close
to resonance, with a periodicity of 1.3 + 0.3 mT. This is
consistent with h/2e periodicity, which corresponds to
a magnetic field period of 1.0 £ 0.3 mT, determined by
the area of the loop. Figure 6(c) shows representative
time traces of Cy corresponding to flux points of maximal
(minimal) standard deviation o(Cg). At flux values of
high ¢(Cy,), the time traces exhibit a clear step function
behavior, with switching events occurring at the applied
injection rate of 0.5kHz, while they are absent for the
in-between flux values of low o(Cy), as expected.

This measurement technique enables rapid identifica-
tion of optimal operating points for interferometric mea-
surements, without being limited by the intrinsic parity
switching time associated with quasiparticle poisoning.
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FIG. 6. h/2e-periodic bimodality. Long time traces. (a) Schematic of the Z measurement loop with parity injection.

Depending on the detuning of a nearby QD4 an electron is injected (red) into the Z measurement loop or remains on the
QD (blue). (b) Standard deviation of time traces, in the presence of parity injection pulses via QD4, measured on QDL as a
function of B, and detuning of QDL. The parity jumps due to parity injection pulses leading to a flux-periodic increase in
the standard deviation. Flux values of high (low) standard deviation are marked by a star (circle). (c) Full time traces of
the Cq signal measured over 10 ps integration time at the parameter points marked by a star (circle) in panel (b). The step
function pulses on QD4 with period 2ms (indicated by blue/red coloring) manifests as periodic jumps in the Cq response with
flux-dependent visibility. (d) Example of a long time trace at 200 ms integration time with parity injection pulses turned off at
the same parameter point as (c)x. The data is classified into two states based on thresholding with the state switching whenever
the signal exceeds (drops below) the high (low) threshold indicated by the dashed lines. (e) Dwell time analysis of the classified
time trace in (d) and 8 additional time traces (taken from repeat measurements and ranges of Vi, = —1.36513V + 10pV)

showing a fit to an exponential dwell time distribution with characteristic time scale of 7, =22 £ 1s.

At the same parity-sensitive operating point, we perform
additional measurements with the voltage pulse on QD4
disabled. In this configuration, the time trace of C re-
veals the intrinsic Z-parity lifetime of the device which
far exceeds the measurement time of the pulsed time
traces, see Fig. 6(d). To quantify the lifetime we classify
the data by fitting a Gaussian mixture model which es-
timates the center values of two states Cqp, and Cq; and
sets a high (low) threshold of 0.75Cq, + 0.25Cq;. The
use of two thresholds avoids accidental misclassification
due to possible drift during the long time traces. By
aggregating multiple measurements, we observe a total of
N = 324 dwell intervals. The data are consistent with a
single exponential distribution, as expected for a homo-
geneous Poisson process due to high-energy quasiparticle
poisoning. We extract a characteristic parity lifetime and
corresponding fit uncertainty of 7, = 22 + 1s by per-
forming an exponential fit on the measured dwell time
distribution as shown in Fig. 6(e).

We attribute the more than 3 orders of magnitude
enhancement in parity lifetime, relative to Refs. 59 and
61, to the difference between Pb and Al. It is more
difficult to break Cooper pairs since our epitaxial Pb
films have higher gap ~ 1300pneV than Al ~ 300neV,
thereby suppressing quasiparticle generation [62, 68, 89].

Quasiparticles are also more likely to recombine quickly
due to the stronger electron-phonon coupling. These
effects reduce poisoning events and extend the stability
of the parity state. The change to GaSb substrate and
introduction of Sb in the quantum well were both designed
to increase the topological gap, but they have subleading
effect on the non-equilibrium quasiparticle density.

5. DISCUSSION AND OUTLOOK

Our results confirm a central premise of topological
quantum computing: increasing the excitation gap dra-
matically reduces error mechanisms and improves qubit
performance. By incorporating a higher-T,, superconduc-
tor (Pb) and an optimized semiconductor heterostructure
into a multi-tetron array, we achieve a robust topological
phase with a significantly enlarged topological gap and an
extended topological phase region [see Fig. 3]. These ma-
terial and design improvements directly yield qubit-level
benefits: we observe Majorana parity lifetimes exceeding
20s, over three orders of magnitude longer than those in
comparable Al-based tetrons (Refs. 59 and 61). Qubit
operations are no longer limited by non-equilibrium quasi-
particles on experimental timescales. A parity switching



time of ~ 20s is more than seven orders of magnitude
longer than typical qubit operation times (~ 1pns), al-
lowing an extremely large number of operations within
a fixed parity state. We expect that parity lifetimes in
floating (charging-energy protected) tetrons could be even
longer, since their smaller superconducting islands may
further suppress residual quasiparticle effects. Thus, the
probability of any unintended parity flip during a typical
qubit operation becomes effectively negligible.

We have also developed a scalable tuning protocol based
on dispersive quantum-dot readout, enabling parallel char-
acterization of multiple NWs. Using this approach, we
directly probe low-energy states at both ends of a NW and
extract the Majorana splitting energy F,,. Our parity-
switching spectroscopy confirms that E); is below our
~ 1 eV resolution across extended parameter regimes, in
line with design simulations and smaller than typical val-
ues in earlier Al-based devices. Within the relevant oper-
ating range, therefore, both key error channels—Majorana
hybridization and quasiparticle poisoning—are strongly
suppressed.

Looking ahead, the values of E,; achieved here are
expected to have beneficial implications for Pauli-X mea-
surements, whose characteristic switching time 7« scales
as E2 [59]. Deep in the topological regime, E,, ~
Arexp(—L/&r), where & is the topological coherence
length. Increased Ay of the type demonstrated here leads
to shorter & (in the perfectly clean case, & = vp/Ar,
where vy is the Fermi velocity, but the relation is more
complicated in the generic case). Increasing the NW
length L exponentially suppresses F,; and thus dramati-
cally extends 7y, which suggests that 7 could be more
than an order of magnitude longer than in previous de-
vices. Investigating these effects will be an important
direction for future work.

Finally, our demonstration constitutes a significant step
towards scalable, fault-tolerant Majorana-based quantum
computing. The multi-tetron array presented here func-
tions as a modular “unit cell” for a larger architecture;
it can be tiled into much larger qubit arrays (e.g., a 12-
qubit array) without altering the underlying control or
readout approach. The strong parity protection observed
in our tetron prototype suggests that, even as the system
scales up, each qubit will remain well isolated from non-
equilibrium quasiparticles and will benefit from exponen-
tially suppressed error rates due to the large A. The pri-
mary challenge for scaling will be to preserve and further
improve these favorable conditions in larger devices and
across broader parameter ranges. Continued refinements
in materials quality and device design—including driving
E\,; to zero and eliminating any residual nonequilibrium
quasiparticles—will be crucial for realizing high-fidelity,
fault-tolerant multi-qubit Majorana arrays.
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