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The physics and operating principles of hybrid

superconductor-semiconductor devices rest ulti-

mately on the magnetic properties of their ele-

mentary sub-gap excitations, usually called An-

dreev levels. Here we report a direct measure-

ment of the Zeeman effect on the Andreev levels

of a semiconductor quantum dot with large elec-

tron g-factors, strongly coupled to a conventional

superconductor with large critical magnetic field.

This material combination allows spin degeneracy

to be lifted without destroying superconductivity.

We show that a spin-split Andreev level cross-

ing the Fermi energy results in a quantum phase

transition to a spin-polarized state, implying a

change in the fermionic parity of the system. This

crossing manifests itself as zero-bias conductance

anomaly at finite magnetic field whose properties

resemble those expected for Majorana modes in

a topological superconductor. While this resem-

blance is understood without evoking topologi-

cal superconductivity, the observed parity transi-

tions could be regarded as precursors of Majorana

modes in the long-wire limit.

When a normal-type (N) conductor is connected to a
superconductor (S), superconducting order can leak into
it giving rise to pairing correlations and an induced su-
perconducting gap. This phenomenon, known as the su-
perconducting proximity effect, is expected also when
the N conductor consists of a nano-scale semiconduc-
tor whose electronic states have a reduced dimensionality
and can be tuned by means of electric or magnetic fields.
This hybrid combination of superconductors and low-
dimensional semiconductors offers a versatile ground for
novel device concepts [1]. Some examples include sources
of spin-entangled electrons [2–4], nano-scale supercon-
ducting magnetometers [5], or recently proposed qubits
based on topologically protected Majorana fermions [6–
8]. Such concepts, which form an emerging domain be-
tween superconducting electronics and spintronics, rest
on a rich and largely unexplored physics involving both
superconductivity and spin-related effects [5, 9–12]. Here
we address this subject by considering the lowest dimen-
sional limit where the N conductor behaves as a small
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quantum dot (QD) with a discrete electronic spectrum.
In this case, the superconducting proximity effect com-
petes with the Coulomb blockade phenomenon, which fol-
lows from the electrostatic repulsion among the electrons
of the QD [13]. While superconductivity priviliges the
tunneling of electron pairs with opposite spin, thereby
favoring QD states with even numbers of electrons and
zero total spin (i.e. spin singlets), the local Coulomb re-
pulsion enforces a one-by-one filling of the QD, thereby
stabilizing not only even but also odd electron numbers.

In order to analyse this competition, let us consider the
elementary case of a QD with a single, spin-degenerate
orbital level. When the dot occupation is tuned to one
electron, two ground states (GSs) are possible: a spin-
doublet (S = 1/2), |D⟩ = | ↑⟩, | ↓⟩, or a spin-singlet
(S = 0), |S⟩, whose nature has two limiting cases. In the
large superconducting gap limit (∆ → ∞), the singlet is
superconducting-like, |S⟩ = −v∗| ↑↓⟩+ u|0⟩, correspond-
ing to a Bogoliubov-type superposition of the empty-
state, |0⟩, and the two-electron state, | ↑↓⟩. By contrast,
in the strong coupling limit, where the QD-S tunnel cou-
pling, ΓS , is much larger than ∆, the singlet state is
Kondo-like, resulting from the screening of the local QD
magnetic moment by quasiparticles in S. Even though the
precise boundary between the superconducting-like and
Kondo-like singlet states is not well-defined [14], one can
clearly identify changes in the GS parity, namely whether
the GS is a singlet (fermionic even parity) or a doublet
(fermionic odd parity), as we show here. The competi-
tion between the singlet and doublet states is governed
by different energy scales: ∆, ΓS , the charging energy, U ,
and the energy ϵ0 of the QD level relative to the Fermi
energy of the S electrode (see Fig. 1a) [14–23]. Previous
works addressing this competition have focused either on
Josephson supercurrents in S-QD-S devices [11, 24] or on
the sub-gap structure in S-QD-S or N-QD-S geometries
[25–33]. Although the QD-S GS could be inferred in some
of the above studies, a true experimental demonstration
of the GS parity requires its magnetic properties to be
probed.

Here we report a tunnel spectroscopy experiment prob-
ing the magnetic properties of a QD-S system. With the
aid of suitably large magnetic fields, we lift the degen-
eracy of the spinful states (i.e., |D⟩) and measure the
corresponding effect on the lowest-energy, sub-gap exci-
tations of the system (i.e., |D⟩ ↔ |S⟩ transitions). This
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FIG. 1. Andreev levels in a hybrid N-QD-S system

and device description. (a) (Upper panel) Schematics of
a N-QD-S device with asymmetric tunnel couplings to the
normal metal (Au) and superconductor (V) leads, ΓN and ΓS ,
respectively. ∆ is the superconducting gap, U is the charging
energy, µi is the chemical potential of the i lead, and ϵ0 is the
QD energy level relative to µS (in the ΓS → 0 limit, the QD
has 0, 1 or 2 electrons for ϵ0 > 0, −U < ϵ0 < 0, ϵ0 < −U ,
respectively). The sub-gap peaks located at ±ζ represent
the Andreev levels. In tunnel spectroscopy measurements the
alignment of µN to an Andreev level yields a peak in the
differential conductance. This process involves an Andreev
reflection at the QD-S interface, transporting a Cooper pair
to the S lead and reflecting a hole to the N contact. (Lower
panel) Qualitative phase diagram [16–19, 21] depicting the
stability of the magnetic doublet (|D⟩ = | ↑⟩, | ↓⟩) versus that
of the spin-singlet (|S⟩). (b) Low-energy excitations of the
QD-S system and their expected evolution in a magnetic field,
B. Doublet GS case (left): | ↑⟩ is stabilized by B and Andreev
levels related to the transition | ↑⟩ → |S⟩ are observed. Singlet
GS case (right): at finite B, the excited spin-split states | ↑⟩
and | ↓⟩ give rise to distinct Andreev levels with energy ζ↑ and
ζ↓, respectively. EZ = |g|µBB is the Zeeman energy, where
|g| is the g-factor and µB is the Bohr magneton. (c) Device
schematic. The N and S leads were made of Ti(2.5 nm)/Au
(50 nm) and Ti(2.5 nm)/V (45 nm)/Al (5 nm), respectively.
The QD system is tuned by means of three gates: a plunger
gate (pg), a barrier gate (sg) close to the S contact, and a
back gate (bg). B is applied in the (x, y) device plane (x
being parallel to the NW). (d) Scanning electron micrograph
of a N-QD-S device.

experiment was carried out on a N-QD-S system, where
the N contact is used as a weakly coupled tunnel probe.
In this geometry, a direct spectroscopy of the density of
states (DOS) in the QD-S system is obtained through a
measurement of the differential conductance, dI/dV , as
a function of the voltage difference, V , between N and S.
In such a measurement, an electrical current measured
for |V | < ∆/e is carried by so-called Andreev reflection

processes, each of which involves two single-electron tran-
sitions in the QD. For example, an electron entering the
QD from N induces a single-electron transition from the
QD GS, i.e. |D⟩ or |S⟩, to the first excited state (ES), i.e.
|S⟩ or |D⟩, respectively. The ES relaxes back to the GS
through the emission of an electron pair into the super-
conducting condensate of S and a second single-electron
transition corresponding to the injection of another elec-
tron from N (the latter process is usually seen as the
retroreflection of a hole into the Fermi sea of N). The
just described transport cycle yields a dI/dV resonance,
i.e. an Andreev level, at eV = ζ, where ζ is the en-
ergy difference between ES and the GS, i.e. between |D⟩
or |S⟩, or vice-versa (see Fig. 1a). The reverse cycle,
which involves the same excitations, occurs at eV = −ζ,
yielding a second Andreev level symmetrically positioned
below the Fermi level.

In a magnetic field, the spin doublet splits due to the
Zeeman effect. Remarkably, since Andreev levels are as-
sociated with low-energy transitions between states with
different parity, a corresponding splitting of the Andreev
levels is expected only for a spin-singlet GS (Fig. 1b,
right). In the case of a spin-doublet GS, the spin-flip
transition does not generate any measurable sub-gap res-
onance, and the Zeeman splitting of |D⟩ results simply
in an increase of ζ (Fig. 1b, left). The main goal of this
work is to reveal the Zeeman effect on the Andreev lev-
els of a QD-S system and to investigate its experimental
signatures as a function of the relevant energy scales and
the corresponding GS properties.

We used devices based on single InAs/InP core/shell
nanowires (NWs), where vanadium (gold) was used for
the S (N) contact [34]. A device schematic and a rep-
resentative image are shown in Figs. 1c and 1d, re-
spectively. The fabricated vanadium electrodes showed
∆ = 0.55 meV and an in-plane critical magnetic field
Bx

c ≈ 2 T (x ∥ NW axis). The QD is naturally formed in
the NW section between the S and N contacts. We find
typical U values of a few meV (i.e., U/∆ ≈ 3− 10). The
QD properties are controlled by means of two bottom
electrodes crossing the NW, labeled as plunger gate and
S-barrier gate, and a back gate provided by the conduct-
ing Si substrate. To achieve the asymmetry condition
ΓS ≫ ΓN (ΓS/ΓN ≈ 100), the S-barrier gate was posi-
tively biased at Vsg = 2 V. We used the plunger gate volt-
age Vpg to vary the charge on the QD, and the back-gate
voltage Vbg to finely tune the tunnel coupling. Transport
measurements were performed in a dilution refrigerator
with a base temperature of 15 mK.

Figure 2a shows a series of dI/dV (Vpg, V ) measure-
ments for three different ΓS . The top row refers to the
weakest ΓS . In this case, the spanned Vpg range corre-
sponds to a horizontal path in the phase diagram that
goes through the doublet GS region (see right diagram).
Let us first consider the leftmost plot taken at magnetic
field B = 0. On the left and right sides of this plot,
the QD lies deep inside the singlet GS regime. Here the
doublet ES approaches the superconducting gap edge,
yielding an Andreev-level energy ζ ≈ ∆. By moving to-
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FIG. 2. Andreev levels in different coupling regimes and their magnetic-field dependence. (a) Experimental plots
of dI/dV vs. (Vpg, V ) for different QD-S couplings, ΓS (increasing from top to bottom), and different B values (increasing
from left to right). Top-left panel: along the Vpg range, the system GS changes from singlet (|S⟩) to doublet (|D⟩) and back to
singlet, following the red trajectory in the qualitative diagram on the right side of the same row. We find that increasing Vbg

results in larger ΓS , thereby leading to an upward shift in the phase diagram. Eventually, the red trajectory is pushed into the
singlet region (mid and bottom diagrams). Experimentally, this results in the disappearance of the doublet GS loop structure,
as shown in the mid-left and bottom-left panels. The middle and right columns show the B-evolution of the Andreev levels in
the three coupling regimes. For relatively weak coupling (top row), the Andreev levels for a singlet GS split due to the Zeeman
effect, whereas those for a doublet GS simply move apart. At intermediate coupling (middle row), B induces a quantum-phase
transition from a singlet to a spin-polarized GS, as denoted by the appearance of a loop structure (right panel). At the largest
coupling (bottom row), the Zeeman splitting of the Andreev levels is clearly visible all over the Vpg range. The splitting is
gate-dependent with a maximum in the central region.

wards the central region, the two sub-gap resonances ap-
proach each other and cross at the singlet-doublet phase
boundaries, where ζ = 0. In the doublet GS regime be-
tween the two crossings, the sub-gap resonances form a
loop structure with ζ maximal at the electron-hole sym-
metry point. Increasing ΓS corresponds to an upward
shift in the phase diagram. The middle row in Fig. 2a
refers to the case where ΓS is just large enough to sta-
bilize the singlet GS over the full Vpg range (see right
diagram). At B = 0, the Andreev levels approach the
Fermi level without crossing it. A further increase in ΓS

leads to a robust stabilization of the singlet GS (bottom
row). At zero-field, the sub-gap resonances remain dis-
tant from each other coming to a minimal separation at
the electron-hole symmetry point (ϵ0 = −U/2).

We now turn to the effect of B on the Andreev lev-
els (middle and right columns in Fig. 2a). Starting
from the weak coupling case (top row), a field-induced
splitting of the sub-gap resonances appears, yet only in
correspondence of a singlet GS. This is due to the fact
that these resonances involve excitations between states
of different parity. For a singlet GS, the spin degeneracy
of the doublet ES is lifted by the Zeeman effect resulting
in two distinct excitations (see Fig. 1b). By contrast,
for a doublet GS, no sub-gap resonance stems from the
| ↑⟩ → | ↓⟩ excitation, because these two states have
the same (odd) number of electrons. The energy of the
only visible Andreev level, associated with the | ↑⟩ → |S⟩
transition, increases with B. The formation of a loop
structure in the rightmost panel of the middle row shows
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at fixed gate voltage and the level repulsion effect.

(a) dI/dV (Vpg, V ) measurement at B = 0 corresponding to
a singlet-doublet-singlet sweep.(b) Left panel: Qualitative B-
evolution of the low-energy states of a QD-S system as ex-
pected for a doublet GS. Right panel: Corresponding experi-
mental data measured at position 1 in (a). ζ increases linearly
with B until it approaches the edge of the superconducting
gap. The levels then move towards zero following the B sup-
pression of ∆. (c) same as (b), but for singlet GS. The exper-
imental plot in the middle panel was taken at position 2 in
(a). It shows an asymmetric splitting of the ζ↑ and ζ↓ peaks.
The weak B dependence of ζ↓ is due to the level repulsion
between | ↓⟩ and the continuum of quasiparticle states above
∆.

that a quantum phase transition (QPT) from a singlet
to a spin-polarized GS can be induced by B when the
starting ζ is sufficiently small. Importantly, this QPT is
indicative of a change in the fermion parity of the ground
state. In the bottom row, Zeeman-split Andreev levels
can be seen all over the spanned Vpg range. At Bx = 0.4
T, the inner levels overlap at the Fermi level, indicating a
degeneracy between the | ↑⟩ and |S⟩ states. The full phe-
nomenology explained above is qualitatively reproduced
by a self-consistent Hartree-Fock treatment of a N-QD-S
Anderson model (see Suppl. Information), thus support-
ing our interpretation in terms of spin-resolved Andreev
levels and a QPT.
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anisotropy. (a) Left panel: dI/dV (B, V ) taken at the po-
sition of the vertical line in the inset (same device as in Fig.
3). Right panel: line traces at equally spaced B values as ex-
tracted from the data in the left panel (each shifted by 0.005
×2e2/h). The QPT induced by the field is observed as a ZBP
extending over a B range of about 150 mT. This apparently
large extension is a consequence of the finite width of the An-
dreev levels. (b) dI/dV (V ) traces taken with |B| = 0.6 T,
at different angles. This field magnitude corresponds to the
QPT field when B is aligned to the NW axis at θ = 0 Owing
to the g-factor anisotropy, the ZBP associated with the QPT
is split and suppressed when B is rotated away from the NW
axis. The peak splitting has a maximum at θ = π/2

Interestingly, the splitting of Andreev levels appears
to be gate dependent. It tends to vanish when the sys-
tem is pushed deep into the singlet GS, and it is max-
imal near the phase boundaries. To further investigate
this behaviour, we have measured dI/dV (B, V ) for fixed
values of Vpg. These measurements were carried out on
a second similar device (see Suppl. Information). The
mid-panel of Fig. 3b displays the Bx dependence of the
sub-gap resonances measured at position 1 in Fig. 3a.
Initially, the energy of the Andreev levels increases, as
expected for a doublet GS (see left panel). From a lin-
ear fit of the low-field regime, i.e. ζ(Bx) = ζ(0) + EZ/2,
where EZ = |gx|µBBx is the Zeeman energy and µB is
the Bohr magneton, we obtain a g-factor |gx| ≈ 5.6. For
Bx > 0.7 T, the field-induced closing of the gap bends the
Andreev levels down to zero-energy. Finally, above the
critical field, a split Kondo resonance is observed, from
which |gx| ≈ 5.5 is estimated, consistent with the value
extracted from the Andreev level evolution. The mid-



5

panel of Fig. 3c displays a similar measurement taken
at position 2 in Fig. 3a, where the GS is a singlet. The
splitting of the Andreev levels is clearly asymmetric. The
lower level decreases to zero according to a linear depen-
dence ζ↑(Bx) = ζ(0) − EZ/2, with |gx| ≈ 6.1, which
is close to the value measured in the normal state. The
higher energy level, however, exhibits a much weaker field
dependence. Both the non-linear field dependence for
Bx > 0.7 T in Fig. 3b and the asymmetric splitting in
Fig. 3c can be explained in terms of a level-repulsion
effect between the Andreev levels and the continuum of
quasiparticle states. This interpretation is corroborated
by numerical and analytical modeling, as discussed in the
Suppl. Information. In the right panel of Fig. 3c, the
inner sub-gap resonances cross around 1.5 T, denoting a
field-induced QPT where the GS fermion parity changes
from even to odd. Above this field, however, they re-
main pinned as a zero-bias peak (ZBP) up to Bx

c ≈ 2
T. This peculiar behavior can be attributed to the level-
repulsion effect discussed above, in combination with the
rapid shrinking of ∆ with Bx.
In order to observe a clear B-induced QPT from a sin-

glet to a spin-polarized GS, we reduced ζ(0) by tuning
Vpg closer to the singlet-doublet crossing in Fig. 3a. The
corresponding data are shown in Fig. 4a. Contrary to
the case of Fig. 3c, the Andreev level splitting is rather
symmetric, owing to the reduced importance of the level
repulsion effect at energies far from ∆. The inner sub-
gap resonances split again after the QPT, which occurs
now at Bx ≈ 0.5 T. As expected, the outer sub-gap res-
onances get simultaneously suppressed (left panel of Fig.
3c). The suppression is not complete though, suggesting
a partial population of the |S⟩ ES, possibly favored by
thermal activation.
We note that the ZBP at the QPT appears to extend

on a sizable field range ∆Bx ≈ 150 mT. This range is con-
sistent with the ΓN -dominated lifetime broadening of the
Andreev levels, i.e. |gx|µB∆Bx ≈ peak width ≈ 50µeV.
In Fig. 4b we show how the ZBP depends on the in-plane
B angle, θ, relative to the NW axis. As θ varies from 0
to π/2, the ZBP splits into two peaks with decreasing
height. This angle dependence is an effect of the g-factor
anisotropy. For θ = π/2, we find a g-factor |gy| ≈ 3, i.e.

a factor of 2 smaller than for θ = 0 (see Suppl. Infor-
mation). As a result, the QPT only occurs at a higher
field (see Suppl. Information, By

QPT ≈ 1 T), and the split
peaks correspond to ζ↑ transitions on the singlet-GS side.
Figure 4b shows also a pair of small outer peaks associ-
ated with the ζ↓ transitions. Their oscillatory position is
as well due to g-factor anisotropy.

Noteworthy, the B dependences discussed above mimic
some of the signatures expected for Majorana fermions
in hybrid devices [7, 8, 35–43]. A ZBP extending over a
sizable B range is observed for θ = 0, and it is suppressed
for θ = π/2, i.e. when B is presumably aligned to the
Rashba spin-orbit field, BSO [39, 40]. While in Fig. 4 the
field extension of the ZBP is limited by the ratio between
the Andreev-level linewidth and the g-factor, Fig. 3b
shows a ZBP extending over a much larger B range. This
stretching effect is linked to the field-induced suppression
of ∆ and the consequently enhanced level repulsion with
the continuum of quasiparticle states. In larger QDs or
extended nanowires, a similar level-repulsion effect may
as well arise from other Andreev levels present inside the
gap [35, 36, 38, 44].

A more detailed discussion of the relation between the
results of this work and existing experiments on Ma-
jorana fermions is given in section VII of the Supple-
mentary Information. Interestingly, a recent study has
shown that zero-energy crossings of Andreev levels asso-
ciated with a change in the ground state parity, similar to
those presented here, adiabatically evolve towards zero-
energy Majorana modes, upon increasing the nanowire
length to the infinite-length limit [44]. This evolution
might be experimentally investigated in semiconductor-
nanowire systems by studying the B-evolution of An-
dreev levels in nanowires of increasing length. Along sim-
ilar lines, recent proposals have discussed the possibility
of a gedanken experiment investigating the short-to-long
wire evolution in chains of magnetic impurities deposited
on superconducting surfaces [45–49]. In such proposals,
the Yu-Shiba-Rusinov bound states induced by the indi-
vidual magnetic impurities (similar to the Andreev levels
discussed here), evolve towards a band when the length of
the chain increases and may ultimately lead to Majorana
modes localized at the edges of the atom chain.
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Methods

Device fabrication. The N-QD-S devices used in
this study were based on individual InAs/InP core/shell
nanowires grown by thermal evaporation [50] (diameter
≈ 30 nm, shell thickness ≈ 2 nm). The NWs were de-
posited onto Si/SiO2 substrates on which arrays of thin
metallic striplines [Ti(2.5 nm)/Au(15 nm), width ≈ 50
nm] covered by a 8 nm-thick atomic layer deposition
(ALD) HfO2 film had been previously processed. During
the measurements, the degenerately-doped Si substrate
was used as a global backgate, whereas the striplines were
used as local gates. Normal metal [Ti(2.5 nm)/Au(50
nm)] and superconductor [Ti(2.5 nm)/V(45 nm)/Al(5
nm)] leads were incorporated to the devices by means

of standard e-beam lithography techniques (lateral sepa-
ration ≈ 200 nm).
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