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The ground-state parity in superconductor-semiconductor hybrid systems indeed plays a pivotal role in both the pursuit
of Majorana zero modes (MZMs) and the development of topological qubits. Here, we report the gate control of a ground-
state parity switch in an InAs—Al hybrid nanowire Coulomb island without the Zeeman effect. The evolution in Coulomb-
blockaded spectroscopy reveals a gate-driven crossing of a subgap state through zero energy, revealing characteristics of a
spin-polarized Andreev bound state (ABS). Our findings indicate the presence of spin splitting without a Zeeman field and
demonstrate the potential for parity manipulation via purely electrostatic control and modulation.

Keywords: Majorana island, even/odd parity, nanowire hybrid device , Coulomb blockade

PACS: 73.63.-b, 73.63.Kv
DOI: 10.1088/1674-1056/ae6f9a

Hybrid semiconductor—superconductor systems have at-
tracted significant interest due to their potential for host-
ing Majorana zero modes (MZMs).!!~®! In these systems, a
proximitized semiconductor with strong spin—orbit coupling
(SOC) can undergo a topological phase transition under an
external Zeeman field, leading to the emergence of zero-
energy states.[”°l However, the experimental identification
of MZMs is often obscured by trivial subgap states, most
notably Andreev bound states (ABSs). When these subgap
states are driven to zero energy, they can produce signatures
— such as zero-bias conductance peaks (ZBCPs) in tunnel-
ing spectroscopy — that are indistinguishable from those of
MZMs. 10!

Coulomb-blockaded spectroscopy has been widely per-
formed to investigate the spin and energy properties of sub-
gap states over the last decades.!!'~1 In superconducting is-
lands, the evolution of these states is manifested through the
charge periodicity of Coulomb-blockaded oscillations. When
the superconducting region presents a hard gap, the oscillation
of the island is 2e periodic corresponding to the addition of
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Cooper pairs. Traditionally, driving a subgap state to lower
energy to trigger the oscillation transition from 2e to even-
odd-alternating parity and then le periodicity when at zero
energy, even odd-even-alternating parity when to negative en-
ergy, usually requires an external magnetic field, which lifts
the spin degeneracy via the Zeeman effect.!'!! In particular, le
periodicity always points to the existence of an extended zero-
energy state, as well as the signature of the gap closing and
reopening in the island. Furthermore, to develop a Majorana-
based or parity-protected qubit, the even and odd parity states
can serve as robust logical states that are inherently protected

[16

against local noise.['®! Therefore, readout of the zero-energy

parity is essential for implementing projective measurements
and initialization of topological qubits.[7~19]

In this work, we demonstrate that the chemical potential
alone can drive a subgap state across the zero-energy to the
negative value!'>?%) — a ground state parity switch without
Zeeman field — providing new insights into the mechanism
of ground-state parity switch, as well as intrinsic spin splitting

and time-reversal symmetry breaking (TRSB) in these hybrid

© 2026 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

097304-1


https://doi.org/10.1088/1674-1056/ae6f9a
https://cstr.cn/32038.14.CPB.ae6f9a
mailto:pandong@semi.ac.cn
mailto:ziweidou@iphy.ac.cn
mailto:lilu@iphy.ac.cn
mailto:jieshen@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 35, 097304 (2026)

systems. We performed Coulomb-blockaded spectroscopy on
an InAs—Al hybrid nanowire island. By defining a super-
conducting island on the nanowire, we first observed stable
Coulomb-blockaded oscillations with a 2e periodicity, char-
acteristic of single Cooper pair transport. Notably, by tuning
the island’s chemical potential via gate voltages, we observed
a switch from the initial 2e periodicity to an even-odd (EO)
parity modulation (Se > S,), and subsequently to an odd-even
(OE) parity sequence (Se < S,), all while maintaining a zero
magnetic field. Here, Se and S, denote the oscillation peak
spacings corresponding to the even and odd ground states, re-
spectively. This reversal in the relative magnitudes of S. and
So provides a clear signature of the subgap state energy cross-
ing zero-energy, signaling a parity switch in the ground state.
Furthermore, our theoretical modeling demonstrates that with-
out Zeeman field, tuning the chemical potential can effectively
shift the energy levels of Andreev bound states, which allows
the ABS energy to cross the zero-energy threshold, driving the
ground state transition from an even parity to an odd parity
ground state. The numerical simulations based on this model
show a high degree of consistency with our experimental ob-
servations, accurately capturing the observed evolution of the
conductance peak spacings. Whereas, the mechanism of in-
trinsic spin-splitting and TRSB still needs further study.

The hybrid device (Fig. 1(a)) is based on an ultra-thin
InAs nanowire with a thin aluminum (Al) half shell deposited
via in-situ molecular beam epitaxy (MBE).[?!-??] The island
is defined by two fine-tuned tunnel gates (TG1, TG2) that
modulate the transparency of the barriers and tunnel coupling
between the island and two normal-metal leads (Au). The
plunger gate (PG) can be used to tune the charge number on
the island, as well as the chemical potential in the hybrid re-
gion. A global backgate (BG) via the doped silicon substrate
with SiO; layer can also modulate the chemical potential of
the nanowire. A bias voltage, Vg, is applied between source
(S) and drain (D). All transport measurements were performed
in a dilution refrigerator at a base temperature of ~ 10 mK us-
ing standard lock-in techniques.

Figure 1(c) illustrates the differential conductance spec-
troscopy (dI/dV) as a function of Vpg and bias voltage Vi
at zero field, which shows a typical 2e periodic Coulomb
oscillation. The Coulomb diamond, outlined by the yellow
dashed line, indicates the Cooper pair transport, which al-
lows us to determine the charging energy ~ 45ueV (e?/2C,
for a single electron, C is the total capacitance) as detailed
in supplementary Section I. Above the charge degeneracy
points, the quasiparticle transport generates a blockade of An-
dreev reflection, resulting in negative differential conductance
(NDC),!':141 whose upper boundary aligns with induced gap
A. Figure 1(d) shows the spectroscopy with 1T parallel mag-
netic field. Within the same parameter range, the oscilla-

tion period is halved, signaling the emergence of le-periodic
Coulomb oscillations. The transition is further elucidated by
the energy level schematic in Fig. 1(e). We consider a single
lowest-energy subgap state (an ABS) with energy Ey

Ey = Ec(N —Ng)*+ 8y x Ey, (1)

where Ec is the Coulomb charging energy ¢?/2C, and Ng =
Ci Vi /e represents the dimensionless gate-induced charge (Vi
is the gate voltage, Cg is capacitance of gate). The key term
Oy captures the parity dependence of the system: dy = 1 when
N is odd, and 6y = 0 when N is even. At B = 0 T, the lowest-
lying ABS with energy Ej is spin-degenerate (Ey > Ec, green
parabola) leading the parity of ground state to be even. As
Bjp, | increases, one spin branch is lowered below Ec (repre-
sented by the blue parabola) because of the Zeeman energy
corresponding to the parallel magnetic field and subsequently
reaches the Fermi level (purple parabola), causing the system
to transition into an odd-parity ground state. This is a quite
typical transition induced by the applied magnetic field.

Since electron transport is permitted only at the cross
points of the lowest-energy parabolas, the initial 2e peri-
odicity oscillation first evolves into one with even-odd par-
ity peak spacing asymmetry and then finally transitions to
a uniform le periodicity oscillation once Eq reaches zero
(Fig. 1(e) bottom panel). We define the ground state spacings
as Se = é(EC +Ep) and S, = é(Ec — Ey), which is consistent
with the extraction of individual peak spacings from Coulomb

oscillations, 11-20]

« is the lever arm of Vpg, which is extracted
from the slope of Coulomb diamonds (see supplementary Sec-

tion I). Then we can derive

fo_ S )
EC Se+So.

In Fig. 1(g), we can see how the oscillating peaks evolve
with applied parallel magnetic field, as well as gate voltage.
Because the parallel critical magnetic field is above 1 T for this
thin AL ! the oscillating peaks at relatively high magnetic
field up to 1 T (the maximum of outer magnetic field in our
diluted refrigerator) are still in 1e superconducting regime. In
particular, in Fig. 1(f), we can see obvious zero-bias conduc-
tance peaks in the diamond of Fig. 1(d), meaning the existence
of an isolated zero-energy state.

Spontaneous ABSs with energy E( below E¢ can produce
even-odd parity Coulomb peak spacings without a magnetic
field. However, under specific conditions, as demonstrated by
Shen et al. (2018),"?! Ey can cross the zero-energy thresh-
old and reach negative values. Conventionally, such transi-
tions are driven by an external magnetic field or the incorpo-
ration of magnetic materials,!?%?3! as breaking time-reversal

symmetry is typically required to lift the Kramers degeneracy
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of the subgap states. In our experiment, however, we demon-
strate a robust parity transition at a strictly zero magnetic field,
as the following figures will show. This observation suggests
that the chemical potential tuning via the plunger gate alone is

of large and small Coulomb diamond regions, and a distinct
parity switch is captured between —1.3 V and —1.2 V, where
the charge periodicity switches. The parity switch at other gate

voltages is shown in supplementary Fig. S2.

sufficient to drive Ey across zero energy, mirroring the effects To further validate these observations, we performed

typically reserved for Zeeman-field-driven regimes. Coulomb-blockaded spectroscopy on device 2 (see supple-
mentary Fig. S3a for SEM image) in Figs. 2(c) and 2(d).

The spectroscopy reveals a prominent NDC in the diamond

In Fig. 2(a), at zero bias, the Coulomb oscillations exhibit
a stable 2e periodicity for gate voltages below —2.0 V, sig-

nifying an even ground-state parity. Subsequently, a splitting in Fig. 2(d), the upper boundary of which aligns with the in-
of the oscillation peaks emerges as E( drops below the charg- duced superconducting gap A, so it is always 2e-periodic.!!!
i , marking the onset of -0dd (S > So) parit Lo E T . -
1ngdenle?;y m:: ne (? ontsel © zllnzzvin t(l)l ( : o) p}im y A ground-state parity switch, consistent with the behavior of
modulation. At approximately —1. , the system reaches a
. . Pp. Y Y device 1, can also be identified clearly through the Coulomb
uniform le periodicity (Se ~ S,), where Eq reaches zero. Upon .

further tuning, the periodicity transitions into an odd-even par- peak pattern, where the condition S, ~ S, at around Ve =
. ' S 1.36 V marks the parity switch point in Fig. 2(c). Furthermore
ity pattern (S < So). This indicates that Ey has crossed zero : ' ' ' : o ’
into negative energies, see also the case but when applying the Coulomb diamonds associated with even-parity and odd-

magnetic field in Shen ef al. (2018).1'2! The peak spacings, parity periods exhibit distinct energy scales — a characteristic

S. and S, are extracted from the subtraction of the gate volt- ~ asymmetry previously observed in superconducting hybrid is-

age positions (horizontal coordinates) of consecutive Coulomb lands. This asymmetry of energy scale between diamonds of

peaks. According to Eq. (2), we can obtain the ratio Eg/Ec, ~ even parity and odd parity signifies the presence of a spin-
marked by the green dotted line, which confirms that the sub-

gap state has been lowered into the negative energy regime.

polarized ABS,?*24! in particular without Zeeman effect at
zero-field in our case. A detailed explanation will be provided

The 2D mapping in Fig. 2(b) shows a clear alternating pattern  later.
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Fig. 1. Device configuration and Coulomb-blockaded characterization of the InAs—Al hybrid island. (a) False-color scanning electron micrograph (SEM) of a
typical InAs—Al nanowire island device. (b) Schematic of the setup. (c) Coulomb diamonds showing differential conductance G as a function of Vg and Vpg
without Zeeman field (B, = 0 T). The upper bound of NDC represents the induced gap A ~ 220 peV. The charging energy Ec ~ 45 eV is extracted from
the Coulomb diamond. (d) Coulomb diamonds under an applied parallel magnetic field (B, || = 1 T, bottom). (e) Top panel: Schematic of the energy parabolas
Ey for even (black) and odd (green,blue,purple) parity as a function of induced gate charge Ng. The 2e periodic diamond suggests the Ey (Eg = A) is above
Ec without the magnetic field (green parabola). Zeeman splitting drives the lowest subgap state approaching the Fermi level. Bottom panel: Corresponding
Coulomb-blockaded peak traces, illustrating the evolution from 2e to le periodicity. The odd-state regions are highlighted in red background shading. The
same coloring applies to subsequent figures. “e” means even-parity and “0” means odd-parity here. (f) Vertical linecuts taken at two charge degeneracy points
in (d) showing zero-bias conductance peaks. (g) Differential conductance G plotted as a function of Vpg and in-plane parallel magnetic field By, |, displaying
the evolution of Coulomb oscillations with magnetic field. The white dashed box indicates the same gate voltage range as the Coulomb diamond shown in
panels (c) and (d).
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Fig. 2. Observation of gate-induced parity switch without Zeeman field. (a) Top panel: Conductance G as a function of plunger gate voltage Vpg for
device 1 at B=0T, Vgg = 5.9 V. The periodic Coulomb peaks spaces exhibit a clear transition around —1.28 V. Bottom panel: Extracted peak spacings
and the corresponding subgap state energy Eq derived from the spacing asymmetry. The oscillation pattern shifts from even-odd parity to odd-even
parity, passing through a spacing degeneracy point where S. ~ S, (Vpg ~ —1.28 V), indicating Ej crosses zero energy. (b) High-resolution 2D map
(Vg vs. Vpg) of the transition region. The evolution of the shape of Coulomb diamond reflects the ground state parity switch from even to odd. (c),
(d) Similar measurements for device 2, demonstrating the reproducibility of the zero-field parity switch. The spacing analysis shows a characteristic
sawtooth-like evolution of the addition energy, consistent with a gate-tunable ABS.

We fabricated a third device (device 3, see SEM image
in supplementary Fig. S3b) and observed a similar ground-
state parity switch, as demonstrated in supplementary Fig. S4.
Charge stability diagrams as a function of Vpg versus Vrgy 2
(supplementary Fig. S5) reveal crosstalk among the gates.
Consequently, the ground-state parity can also be tuned via
the tunnel gates (supplementary Fig. S6).

The observed spin polarization in zero field may be at-
tributed to residual magnetic fields or magnetic impurities. >
To verify the intrinsic nature of the observed zero-field par-
ity switch, we performed systematic magnetic field sweeps in
both negative-to-positive and positive-to-negative directions in
Fig. 3.123

The device exhibited a characteristic evolution with By, |
that was entirely independent of the sweep history. Without a
Zeeman field — consistent with our primary observations —
the parity switch persisted within the established gate voltage
range, marked on Fig. 3(a). As the magnetic field strength in-
creased by sweeping up, the subgap state energy Ey continued
its monotonic downward shift, driving the system deeper into
the negative-energy regime.

Correspondingly, the conductance structure is essentially
symmetric about zero magnetic field in both sweep directions.

The conductance peak evolution with By, || remains the same

whether the field is swept from negative tf) |positive in Fig. 3(a)
or vice versa in Fig. 3(b). These exclude the presence of any
measurable residual magnetic fields. The absence of any ob-
servable hysteresis or horizontal shift in the peak positions

rules out the involvement of magnetic impurities. Further-

more, it validates that the parity switch observed without Zee-
man field is an intrinsic feature of our hybrid system. The
same features are also confirmed in another two orthogonal
directions verification, which are in-plane perpendicular Bj, |
and out-of-plane B , as shown in supplementary Fig. S7.

G (1072 2¢2/h) 0 1 2

__:i
1.0
= 0.5
= 0
iy
A_05
—1.0
-15 —-14 -13 -12 -11 -1.0
Ve (V)
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= 0.5
= 0
1=
Q0.5
—1.0
-15 —-14 -13 -12 -11 -1.0
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Fig. 3. Verification of zero remanent magnetic field via hysteresis scans.
(a) Evolution of Coulomb peak positions as the parallel magnetic field
Bip,| is swept from —1 T to +1 T (up-sweep). (b) Corresponding evolu-
tion during a down-sweep from +1 T to —1 T . The sweep directions are
marked by the black arrow. The two datasets overlap precisely without
any observable horizontal offset.

We further modeled the gate-induced parity switch using
the fundamental energy-parabola framework for a supercon-
ducting nanowire island. The simulation results demonstrate

qualitative agreement with the experimental data, accurately
reproducing the evolution of the Coulomb oscillation peaks

097304-4
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during ground-state transport, as shown in Fig. 4. First, assum-
ing that the gate-induced modulation of the chemical potential
is approximately linear over a small gate range, and that the
downward shift of the subgap state energy is proportional to
the change in chemical potential, thus, Eq in the Hamiltonian
becomes a variable dependent on Ng. We found that within
this straightforward model, increasing Ng causes Ej to cross
zero and reach negative values, resulting in a change in oscil-
lation periodicity (Se > S, to Se < So) that aligns well with the
experimentally observed parity switch. While the modulation
of the chemical potential and energy by the gate is not always
perfectly linear — explaining why the peak spacings in Fig. 2
do not exhibit ideal linearity — this simulation still achieves
a high degree of consistency with the parity switch observed
over small gate intervals.

2

[ R

— Eeven — Eoaa
- .

G (arb. units) En/Ec
i

151
1.0
oS
0.5
0 5 10 15 20 25
u, Na (e)

Fig. 4. Theoretical simulation of the gate-induced parity switch. Top
panel: Calculated ground-state energy parabolas as a function of the
chemical potential p (or charge number Ng). Black and red curves
represent even and odd parity states, respectively. The evolution of
Ey shifts the relative offset of the parabolas. A ground state parity
switch occurs when the ABS crosses the Fermi level (Ey = 0), where
the odd-state parabola becomes the global ground state. Middle panel:
Coulomb-blockaded peak positions derived from the energy parabolas.
Bottom panel: The peak spacing evolves from even-odd parity (EO)
periodicity to odd-even parity (OE) periodicity as Ey approaches and
crosses zero, replicating the experimental observations in Fig. 2.

Building on prior research,?”! spin-polarized ABSs in
EuS-nanowire systems were identified by correlating experi-
mental results with theoretical models. Experimentally, this
is manifested as a distinct size asymmetry between Coulomb
diamonds corresponding to even and odd parity. On the en-
ergy scale, these features align with the positions of A + Ey
and A — Eo,?Y providing strong evidence for the emergence
of spin-polarized ABSs.

Consistent with this prior finding, our data reveal a
pronounced size disparity between even-parity and odd-
parity Coulomb diamonds, supporting the emergence of spin-
polarized ABSs in our system. Crucially, while previous re-
ports on EuS nanowires rely on the Zeeman effect to induce
this polarization, our observations demonstrate that these spin-
polarized features persist at zero magnetic field. Because,
given the large g-factor of the InAs—Al system (~ 10), any
Zeeman-induced spin polarization would inevitably manifest
as a discernible zero-field offset or hysteretic splitting in bidi-
rectional scans. However, Fig. 3 shows no such evidence; the

conductance traces remain perfectly symmetric around zero
field and are independent of the sweep direction. Conse-
quently, it can be determined that the system exhibits intrinsic
spin polarization in the absence of the Zeeman field, thereby
ruling out the Zeeman effect as the primary mechanism.

It has been reported that in superconductor—quantum dot
(SC-QD) coupled systems, a proximitized quantum dot can
host Andreev bound states (ABSs) whose energy can be tuned
via the chemical potential. Under specific coupling condi-
tions, these ABSs can acquire negative energy at zero mag-
netic field,[*6-28) leading to a singlet-doublet transition. In
semiconductor—superconductor hybrid devices, the formation
of an end dot between the superconducting island and the
lead is a very common phenomenon. Although large—bias
Coulomb blockade spectroscopy (supplementary Fig. S8) ex-
hibits relatively regular oscillations, the measurement resolu-
tion may be insufficient to completely rule out the presence of
an end-dot. Therefore, in our device, it is possible that the cou-
pling between the end-dot and the superconductor gives rise
to a singlet—doublet transition at zero magnetic field, which in
turn causes the observed parity switching.

Furthermore, a multi-band effect?*33] likely occurs in
our system, where transport involves multiple hybridized sub-
bands within the 1D channel.
the Rashba spin—orbit coupling initially splits the dispersion.
Subsequently, the two lowest transport-active subbands further
hybridize with each other.3>34! But still, a source of TRSB
needs to be involved. A plausible reason is that a parallel
circuit exists between the half-shell Al film and the proxim-

A plausible scenario is that

itized nanowire. In this scenario, a magnetic field fluctuation
(approximately on the order of 107> T to 1072 T, the size of
the loop is 1 pm x 40 nm) could induce a subtle phase bias,
thereby lifting the degeneracy of the ABSs.3>3¢! But such
a value of magnetic field should be distinguishable from our
measurement. Therefore, the core for TRSB is still unknown.
A mixture of s-wave and p-wave superconducting states might
need to be considered here.37-38!

In conclusion, in an InAs—Al hybrid Coulomb island, we
observed a parity switch without a Zeeman field, character-
ized by the evolution of Coulomb oscillation patterns from
a 2e periodicity to an even-odd parity (EO) pattern, and fi-
nally crossing a le periodicity to an odd-even parity (OE) se-
quence. This progression indicates that the energy of a sub-
gap state (Ep) can be tuned across the zero-energy threshold
to a negative value by adjusting the chemical potential via the
plunger gate without a Zeeman effect. Our experimental ob-
servations, supported by energy parabola modeling and the ab-
sence of magnetic hysteresis, demonstrate that this transition
is driven by electrostatic tuning rather than external magnetic
effects and magnetic impurities. While the observed energy
scale asymmetry suggests a potential role for ABS spin po-
larization, the underlying mechanism for the zero-field TRSB
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remains an area for further study. This work provides an ex-
perimental demonstration of controlling ground parity through
purely electrostatic means, offering insights into the behavior
of subgap states in hybrid superconductor-semiconductor sys-
tems and the further parity readout for new qubits.
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