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Correlation between two distant
quasiparticles in separate superconducting
islands mediated by a single spin

Juan Carlos Estrada Saldaña 1, Alexandros Vekris1,2, Luka Pavešič 3,4,
Rok Žitko 3,4 , Kasper Grove-Rasmussen1 & Jesper Nygård 1

Controlled coupling between distant particles is a key requirement for the
implementation of quantum information technologies. A promising platform
are hybrid systems of semiconducting quantum dots coupled to super-
conducting islands, where the tunability of the dots is combined with the
macroscopic coherence of the islands to produce states with non-local cor-
relations, e.g. in Cooper pair splitters. Electrons in hybrid quantum dots are
typically not amenable to long-distance spin alignment as they tend to be
screened into a localized singlet state by bound superconducting quasi-
particles. However, twoquasiparticles coming fromdifferent superconductors
can overscreen the quantumdot into a doublet state, leading to ferromagnetic
correlations between the superconducting islands. We present experimental
evidence of a stabilized overscreened state, implying correlated quasiparticles
over a micrometer distance. We propose alternating chains of quantum dots
and superconducting islands as a novel platform for controllable large-scale
spin coupling.

Chains of quantum dots (QD) and superconducting islands (SI) can be
fabricated by appropriately patterning and locally gating
superconductor-semiconductor hybrid nanowires. These systems are
excellent for exploring non-local properties of discrete states in
superconducting gaps (subgap states)1, qubits2–4, and non-local
processes5–11 for topological12,13 and non-topological chains14. The
subgap states in QD-SI heterostructures are induced by the spin
exchange (Kondo) interaction binding a Bogoliubov quasiparticle and
the QD magnetic moment into a singlet state15–23. This is a super-
conducting realisation of the Kondo effect – screening of a localized
impurity spin by itinerant particles fromabath.Withmultiple channels
coupled to the dot, more exotic spin states can arise. In the normal-
state two-channel Kondo effect, the ground state exhibits a phenom-
enon called overscreening24,25: electrons from two separate channels
compete to screen the spin, leading to a frustrateddoublet statewhere
the impurity is completely screened, but a many-body spin-1/2

remains, smeared across the system. This is an unstable fixed point of
the renormalization group flow which only exists for symmetric cou-
pling to both leads. In the case of an asymmetry, the system flows
towards the state where the screening comes completely from the
more strongly coupled channel25. For this reason, difficult fine-tuning
is required to demonstrate the overscreened state in QD devices26,27.

Overscreening is energetically disfavored in the superconducting
(SC) case as it requires the presence of two additional finite-energy
quasiparticles. However, SIs with large charging energy can be tuned
into an odd-occupancy regime where each SI contains one lone
quasiparticle22,28–31 and here a superconducting version of over-
screening emerges. In superconducting systems, the Kondo renor-
malization process is cut off at the energy scale of the gap32, and
overscreening is expected to exist even if the couplings to both SIs are
not strictly the same, i.e., the device does not need to be perfectly
mirror (left-right) symmetric. The theoretical model that we present
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indeed anticipates such a state and furthermore shows that the
screening of the QD comes from two quasiparticles: one occupying an
orbital that spans the two SIs and couples to the QD (“bonding” orbi-
tal), while a second decoupled orthogonal orbital carries the residual
free spin (“antibonding” orbital). The latter results in ferromagnetic
correlations between the SIs. In this paper, we show signatures of such
a superconducting overscreened state.

Results
Modelling the ground states of a chain
The system under study is an SI-QD-SI chain made from an InAs
semiconductor nanowire, Fig. 1a, that we will describe in more detail
below. Due to the complexity of the system, we first present a sim-
plified model30,33 as a theoretical framework for discussing the
experimental results. It is schematically represented in Fig. 1b and
involves two SIsmodelled by the Richardsonmodel29 as sets of energy
levels experiencingpairing attraction.Δ is the resulting SCgap28,29,31,34,35

and Ec is the charging energy. The SI filling is controlled by a gate
voltage, favoring the occupancy of n0 electrons. The QD is modelled
with the Anderson impurity model36 with on-site repulsion U37,38. The
QD is coupled to the SIs through single-electron hopping v, quantified
by the hybridization Γ∝ v2/U. See Methods for further details.

Figure 1e shows the low-energy spectra vs. Γ at odd SI filling n0.
The caseof Ec <Δ (top) is reminiscent of the standard superconducting
Kondo effect39. At small Γ the ground state is a decoupled doublet
(blue), where the two SIs contain condensates of Cooper pairs and the
free spin is localized at the QD. With increasing Γ two discrete states
decouple from the continuum of singlet excitations (red), the lower
being a gerade superposition of a single quasiparticle in each SI
completely screening theQD spin17,33,39. Due to its symmetrywedenote

this state the LR singlet; it is sketched in Fig. 1d. The doublet con-
tinuum is composed of excited states with a broken Cooper pair, with
an energy cost 2Δ, resulting in two Bogoliubov quasiparticles, free to
redistribute among the two SIs. For odd n0, each occupies one SI to
minimize the charging energy penalty, recovering 2Ec. The gap in the
doublet sector for Γ→0 is thus 2(Δ − Ec). The doublet states in such
systems are typically understood to contain a free or at most partially
screened QD spin40, with only the singlet subgap states exhibiting
strong screening of the QD spin. However, the charge configuration of
the excited states - namely the presence of unpaired quasiparticles -
enables QD spin screening in the doubletmanifold as well. This further
decreases the doublet gap with increasing Γ, but not to the point of
completely closing it.

When Ec >Δ (Fig. 1(e) bottom), it becomes energetically favour-
able to break a Cooper pair in the doublet ground state and distribute
the resulting quasiparticles across the two SIs, and thus have odd
occupation in both. Increasing Γ in this regime produces a discrete in-
gap doublet state - the ground state becomes the overscreened (OS)
doublet, sketched in Fig. 1c. The OS is a complex many body state
involving two quasiparticles in the two SIs and the electron on the QD.

Importantly, we find a striking difference between the Ec <Δ and
Ec >Δ cases. For Ec >Δ, we find that the ground states in the singlet (LR)
and doublet (OS) sector gain approximately the same binding energy
EB, which leads to the saturation of the OS→ LR excitation energy
(black arrows) at large coupling. This implies that the screening
mechanism in the OS doublet is very similar to that in the LR singlet
state (associatedwith a quasiparticle in the “bonding”orbital), with the
remaining spin-carrying quasiparticle occupying the orthogonal
ungerade (“antibonding) orbital decoupled from the QD24,26,27,32,41,42.
Importantly, we find that in the Ec >Δ regime the doublet→ singlet

Fig. 1 | Ground-state properties for Ec <Δ and Ec >Δ: model calculations.
aDevice used to realize the three-element chain consisting of a QD coupled to two
SIs on an InAs nanowire (dashed). Scale bar is 100nm.bModel sketch. Two SIs with
equal superconducting gap Δ and charging energy Ec, described by the Richardson
model, are coupled to a QD, modelled by the single-impurity Andersonmodel. The
SI occupation is enforced with Ecðn̂SC � n0Þ2 terms. See Methods for details.
c Sketch of the overscreened doublet state, the doublet GS at odd tuning. d Sketch
of the left-right singlet state, the singlet GS at even tuning. The GS is an equally
weighted linear superpositions of the two states shown. The squiggle represents
spin coupling that results in some degree of entanglement. e Energy spectrum vs.
hybridisation Γ at odd tuning (n0 = odd) for (top) Ec/Δ =0.5 and (bottom) Ec/Δ = 2,

both U/Δ = 3. Red: singlets with even total charge, blue: doublets with odd total
charge. The continuum is indicated by shading. To remove the overall linear
decrease of all energies with Γ, the energy of the singlet continuum is subtracted,
and thedoublet ground state at Γ→0set to zeroenergy. fNumberof localmagnetic
moments in the GS, quantified by χ = 4

3 χQD + χL + χR
� �

, in the plane of left and right
SIfilling (nL

0, n
R
0), for (top) Ec/Δ =0.5 and (bottom) Ec/Δ = 2.U = 5Δ, Γ =0.1U for both.

The number of local magnetic moments is computed from the spin-spin correla-
tions χβ =∑i,j∈βSi ⋅ Sj. For a free spin χβ =

3
4, thus the total is multiplied by 4

3 to obtain
the number of LMs.g Partial sums of the spin-spin correlationmatrix in the doublet
ground state for n0 = odd as a function of Ec. Here Sβ =∑i∈βSi. L +R refers to the
union of the left and right SI. Parameters are U/Δ = 3, Γ/U =0.1.
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phase transition, ubiquitous in this class of devices for low values of
Ec17,30,43, does not occur at any value of Γ.

The eigenstates of the system are complex many-body super-
positions of different distributions of charge and alignments of their
spins, with the dominant part changing with parameters. For example,
the doublet-singlet excitation energy actually slightly decreases at
small coupling, because the doublet GS in this regime is a super-
position of the decoupledQD and theOS state; the crossover to a pure
OS state occurs only at larger coupling Γ. When the OS state becomes
the dominant component the excitation energy indeed saturates. The
multitude of most relevant states in the system are shown in Supple-
mentary information Fig. S1.

The presence of two superconducting quasiparticles is a dis-
tinctive feature of the OS state. We gauge it by plotting the number of
local moments (LMs) χ = 4

3

P
β=QD,L,RhS2βi in the plane of the two SI

fillings ðnðLÞ
0 ,nðRÞ

0 Þ in Fig. 1f. For the decoupled doublet we expect χ ≈ 1
coming from the spin in the QD, while the subgap singlets with a single
quasiparticle have χ ≈ 2. For Ec >Δ and in the vicinity of odd n0s, a new
lobe emerges with χ ≈ 3. This is the OS ground state. We use the
emergence of the OS lobe at odd SI filling as an experimental signature
of the presence of overscreening in our device.

The spin properties of the ground states in the singlet anddoublet
sectors evolve very differently with increasing Ec. The LR singlet (not
shown) hardly changes. TheQDcarries a LM, so that hS2

QDi =3=4. This is
exactly matched by the total magnetic moment present in both
SIs, hS2

L+Ri.
In the doublet sector, shown in Fig. 1g, we find a striking transition

between the state with a lone LM in the QD at Ec <Δ and rich spin
properties of the OS state for Ec >Δ (see also Supplementary infor-
mation Fig. S2). In the OS state, two further LMs emerge, so that
hS2

Li= hS2
Ri≈ 3

4 (cyan curve in Fig. 1g). As in the singlet case, the screening
comes from both SIs. However, importantly, the spin states of the two
SIs are correlated. We find inter-island spin correlations hSL � SRi∼ 1

4,
while hS2

L+Ri approaches 2 (red and green curves in Fig. 1g, respec-
tively). Both are signs of ferromagnetic correlation, implying that the
spins of the quasiparticles collaboratively screening the QD are
aligned.

It is worth commenting on the differences between Kondo-type
Hamiltonians with no charge transfer processes, and more realistic
Anderson-type Hamiltonians that more adequately model quantum
dots. Even in the presence of charging energy on SIs, the Anderson
model does not behave in the same way as the Kondo model. This is
due to the hybridisation, which leads to the formation of bonding and
antibonding orbitals, as discussed above. For this reason, the physics
of the overscreened state in the Kondo case32 is different from that of

the overscreened state in the Anderson case discussed in this work. In
particular, there is no self-dual point and no universality of the energy
of the subgap state.

State emerges in experiment
Thepresence of overscreeneddoublet stateswasexplored in anSI-QD-
SI device, Fig. 1a. In this system both SIs are adjusted to have
approximately identical properties, which is possible because EcL/ΔL

and EcR/ΔR can be individually tuned by coarse changes in gate vol-
tagesVL andVR. Furthermore, for EcL >ΔL and EcR >ΔR, the occupations
of the SIs canbe accurately tuned by further fine adjustments ofVL and
VR. The QD occupancy is tuned with the top-gate voltage VN, while the
binding energies EBL, EBR to the two Al SIs are controlled by V3 and V5

(See Methods for details). Standard lock-in techniques are used to
obtain the differential conductance G, from which we extract excita-
tion energies.We tune the device to left-right symmetric Ec/Δ and EB by
comparingpairsof zero-biasGdiagrams, ofwhichanexample is shown
in Fig. 2. The high symmetry that we are able to achieve relies on high
device tunability and on designing the SIs to be nominally identical by
crystal growth and lithography, an advantage over gate-defined QD
chains44.

The competition between various ground states is experimentally
investigated by sweeping the gate voltages that control the number of
LMs and their distribution within the device. Phase diagrams in the
(VL, VR) plane are shown in Fig. 3 for a range of increasing Ec/Δ, with
superposed numbers indicating the number of unpaired spins in the
device. VN is tuned so that the QD is occupied by a single electron. The
initial 2e charging regime of the islands for low Ec/Δ (Fig. 3a; only 1 LM
on the QD) is broken for higher charging energy (Fig. 3b). When Ec >Δ,
and VL, VRboth fine tuned for odd occupation, a newdoublet lobewith
three spins emerges (Fig. 3c) as the overscreened state becomes the
ground state, in agreement with Fig. 1f. The appearance of this new

a b

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

(1,1,0)

(2,1,0)

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

(0,1,1)

(0,1,2)

Fig. 2 | Device tunability allowing high left-right symmetry. Zero-bias con-
ductance G versus gate voltages VN, and (a) VL or (b) VR. The resemblance in the
conductance patterns in the two diagrams reflects the high degree of left-right
symmetry of the device parameters in this gate configuration, with the differences
in ðEc=ΔÞ* and binding energy EB being 8% and 14%. Here ðEc=ΔÞ* and EB are para-
meters gauged from the charging diagrams as presented in Supplementary infor-
mation Fig. S3, while the relation to theoretical parameters Ec/Δ and Γ is shown in
Supplementary information Fig. S4. The numbers indicate the occupancy of left
island, dot, and right island.

Fig. 3 | Emergence of overscreened doublet regions with 3 LMs in charging
diagrams. a-c Zero-bias conductance G versus the two (left/right) SI gate voltages
VL, VR for three values of ðEc=ΔÞ*. Numbers in the diagram indicate the total number
of LMs in the device, supported by calculations in Fig. 1; schematic diagrams pre-
sent the character of these states (d).
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ground state for increased Ec (Fig. 3c), as predicted by theory, is amain
result of this study. Additional data allows us to trace the emerging
overscreened state; e.g. in bias spectroscopy the OS states are also
revealed, see Supplementary information Fig. S5.

Spectroscopy in field
Further evidence for thepresence of theOS state is obtainedbyusing a
magnetic field, B, to polarize the magnetic moments. This leads to
qualitative changes in the spectrumas the triplet andquadruplet states
come into play (see Supplementary information Fig. S1.) Bias spec-
troscopy plots for weak and strong binding at two B values in Fig. 4a-d
illustrate the extraction of the excitation energies that are presented in
Fig. 4e, accompanied by the model calculations in Fig. 4f to guide the
interpretation. The applied magnetic field is parallel to the nanowire
axis and much weaker than the in-plane critical field of the super-
conducting shell.

In the 1 LM regime (SIs tuned to even occupation, QD to odd), at
zero field the GS is a doublet with the LM in the QD (Fig. 4f). It splits in
the presence of B, while the subgap singlet remains unperturbed. The
excitation energy thus increases proportionally to gN/2, gN being the
g-factor of the QD (Fig. 4e). Simultaneously, a triplet state with one LM
in the QD and the other distributed symmetrically across the two SIs
descends in energy with a rate proportional to gN/2 + (gL + gR)/4, where
gL and gR are g-factors of the left and right SI. Since the triplet
decreases in energy at a higher rate than the doublet, the excitation
energy starts to decrease at this point (see red bullet). The model
predicts another changeof slopewhen the S = 3/2quadruplet becomes
the GS, but this regime is not reached in the experiment. The com-
parison with theory is made for a dataset corresponding to weak
binding, so that local moments in all subsystems are better defined.

In the 3 LM regime (SIs and QD tuned to odd occupation), at zero
field the OS doublet and the LR singlet are separated from the con-
tinuum of higher-spin excitations in their corresponding subspaces by
the same binding energy EB (Fig. 4f). Furthermore, in each subspace
the excitation energy decreases with B at the same rate relative to the
respective GS, meaning that the singlet-triplet and doublet-quadruplet
crossings (green circles) occur at roughly the same B. The excitation
energy thus has a constant linear dependence versus B despite the
level crossing. The slope is proportional to (gL + gR)/4, owing to the
odd-occupancy states differing by an additional spin-polarised quasi-
particle spread over both SIs (Fig. 4e). The comparison with theory is
here made for a strong-binding dataset in order to stabilize the
overscreened state. The slight disagreement of the experiment with
this simple interpretation is mostly due to unequal g factors. While in
the model we assume gL = gN = gR, we experimentally obtain gL = 8.7,
gN = 17, gR = 5.9 for the weak-binding dataset, and gL = 8.8, gN = 20,
gR = 5.7 for the strong-binding dataset. These aremeasured by loading
a single LM to the relevant device component by tuning appropriate
gate voltages, see Supplementary information Fig. S7. Additional data
is shown in Supplementary information Fig. S8.

Discussion
In conclusion, we presented experimental evidence for the existence
of a superconducting overscreened subgap state in a SI-QD-SI chain.
This is a doublet ground state in which the spin residing on the QD is
completely screened in the same way as in the singlet subgap states,
adding to the body of evidence of screening in the doublet state40.

Furthermore, the overscreened state is predicted to exhibit long-
distance spin correlations between the quasiparticles in the SIs. These
correlations occur on themicrometer scale (device size), in contrast to

S=0

S=1

S=1/2

S=3/2

S=0
S=1

S=1/2

S=3/2

VL

V
R

VL

V
R

Fig. 4 | Polarizing two bound Bogoliubov quasiparticles with magnetic field.
Bias spectra for approximately left-right symmetric parameters, with (a, b) EB/
2Ec = 0.04 (weak binding), Ec/Δ = 1.45 and (c, d) EB/2Ec = 0.32 (strong binding), Ec/
Δ = 1.65, recorded at different B indicated on each plot. The gate sweep, indicated
by a dashed line in the inset stability diagrams in (a, c) for B =0, alternates the total
number of LMsbetween 1 and 3,while keeping a LM fixed in theQD.AtB =0, the GS
is a doublet and the first excited state a singlet. These states are overran by higher-
spin states at larger B. e B dependence of excitation energy for weak (black sym-
bols) and strong (red symbols) binding, in the regime with either 1 LM (top plot) or

3 LM (bottom plot); in the latter case the GS is the OS state. The lines indicate
theory estimates, red dot marks the crossing point (see text for details).
f Calculation of the spectrum versus the Zeeman energy of the QD, Ez, assuming
equal g-factors in all parts of the device, in the regime with either 1 LM (top plot)
or 3 LM (bottom plot). States are labeled with total spin S. Black arrows indicate
the energy difference between the ground state in the sector with odd and even
number of particles; this is the excitation energy shown in (e). Green circles in
the bottom plot indicate the singlet-triplet and doublet-quadruplet crossings.
U/Δ = 4, Ec/Δ = 1.5 and Γ/U = 0.3.
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the nanometer scale of YSR chains of magnetic adatoms on Ec = 0
superconducting substrates45. We propose to utilize them as a source
of long-distance correlations in a condensed-matter system. The
ground state of an extended chain of alternating SIs andQDs, tuned to
odd occupancy and Ec >Δ, is a version of the OS state replicated across
all SIs. Preliminary calculations show that in this case, the ferromag-
netic correlations stabilized by large Ec extend throughout the whole
chain, see Supplementary information Fig. S9.

In this sense, the SI-QD-SI system considered here is a possible
building block for a longer device, and understanding it is an impor-
tant first step in the pursuit of this class of large-scale quantum
simulators. For example, a longer odd-length chain can be used to
demonstrate the self-similarity of the two-channel Kondo state on a
tight-binding chain24, where the central extended doublet is recur-
sively overscreened. The length dependence of the correlations can be
investigatedbyunloading LMs from the elements (QDorSI) of the long
chain, effectively shortening its length. Even-length chains of QD-SI
singlet dimers should instead lead to quasi-long-range anti-
ferromagnetic correlations between the end unpaired elements46.

The chain can be mapped to other well-known models by setting
its parameters to various special limits. For example, for Δ = 0 it maps
to the Hubbard chain (triple QD for 3 sites) and, for weak hopping (or
large U), to the Heisenberg chain. For EBL≠ EBR, it realizes the inter-
acting Su-Schrieffer-Heeger model47, and for Ec = 0, Δ =0 it simulates
theKondonecklace48. Extension to two-dimensional lattices is possible
by using nanowire networks49–51, enabling the pursuit of topological
spin liquids52.

Methods
Model and calculations
For calculations in Fig. 1, we describe the QD as a single non-
degenerate impurity level, as in the single-impurity Andersonmodel36.
The SIs are described by the Richardson model, as two sets of equi-
distant energy levels that represent time-reversal-conjugate pairs in
the momentum/orbital space29. These are coupled all-to-all by the
pairing interaction. This step beyond the BCS mean-field approxima-
tion allows for particle number conservation and is required to accu-
rately describe even-odd occupancy effects of the SI with large
charging energy Ec. The QD is coupled to all levels of both SIs with the
hybridisation terms. The Hamiltonian is

H =HQD +
X
β= L,R

HðβÞ
SC +HðβÞ

hyb

� �
, ð1Þ

where

HQD = εQDn̂QD +Un̂QD,"n̂QD,# + EZ ,QDŜz,QD

= U
2 ðn̂QD � νÞ2 + EZ ,QDŜz,QD + const:,

HðβÞ
SC =

PN
i,σ

εic
y
i,σ,βci,σ,β � αβd

PN
i,j
cyi,",βc

y
i,#,βcj,#,βcj,",β

+ EðβÞ
c n̂ðβÞ

SC � nðβÞ
0

� �2
+ EðβÞ

Z Ŝ
ðβÞ
z ,

HðβÞ
hyb = vβ=

ffiffiffiffi
N

p� �PN
i,σ

cyi,σ,βdσ +d
y
σci,σ,β

� �

Here εQD is the energy level and U the electron-electron repulsion on
theQD. TheQD termcan be rewritten in terms of ν = 1/2−εQD/U, theQD
level in units of electron number. dσ and ci,σ,β are the annihilation
operators corresponding to the QD and the two SIs labeled by β = L, R
(left and right). The spin index is σ =↑,↓. The N SI energy levels εi are
spaced by a constant separation d = 2D/N, so that εi = i(2D/N) for i = 1,
2,…,N. 2D is the bandwidth. The levels are coupled all-to-all by a pairing
interaction with strength α. It generates a superconducting gap

equivalent to the BCS value in the thermodynamic (N→∞)
limit29, Δ / 1= sinh 1=α

� �
.

The number operators are n̂QD =
P

σd
y
σdσ for the QD, and n̂ðβÞ

SC =PN
i = 1,σ c

y
i,σ,βci,σ,β for each SI; spin operators are Ŝz,QD = ð1=2Þðdy

"d"�
dy
#d#Þ, and similarly for Ŝ

ðβÞ
z . EðβÞ

c are the charging energies, with nðβÞ
0 the

optimal occupation of the SI in units of electron charge. The SIs are
coupled to the QD with the hybridisation strengths Γβ =πρv

2
β, where

ρ = 1/2D is the normal-state density of states in each bath. We consider
completely symmetrical channels where we drop the label β, so that

Γ = ΓL = ΓR, Ec = E
ðLÞ
c = EðRÞ

c , etc. We take D = 1 as the unit of energy.

The results were obtained for N = 100 levels in each SI and we set
α = 0.4, which in the absence of the QD gives Δ =0.16. This value is
chosen so that an appropriate number of levels is engaged in the
pairing interaction thus minimizing finite-size effects, while also
minimizing the finite-bandwidth effect. The calculations were per-
formed using the density matrix renormalization group method53

using the iTensor library54. The maximal bond dimension in our cal-
culations was 2000, and we truncate singular values smaller than 10−10.
However, we have noticed that reducing the bond dimension by an
order of magnitude does not change the results noticeably.

The conserved quantum numbers are the total number of elec-
trons n and the z-component of total spin Sz. The doublet→ singlet
excitation energy shown in Fig. 1 is thus given by the energy difference
between the ground states of the relevant singlet and doublet sectors
δE = E(n = 204, Sz = 0) − E(n = 203, Sz = 1/2).

The end-to-end spin correlations shown in Supplementary infor-
mation Fig. S9 were obtained by extending the model into an alter-
nating chain. Each SI is represented by a single level, N = 1.

Device fabrication
A 120-nm wide InAs nanowire with a 7-nm in-situ grown epitaxial Al
shell covering three of its facets was deposited with a micro-
manipulator on a Si/SiO2 substrate used as a backgate. The device was
defined by a series of electron-beam lithography steps. The Al was
patterned into two ≈ 300-nm long islands by Transene-D etching. The
nanowire was contacted by Ti/Au (5/200 nm) leads following a gentle
argon milling to remove the nanowire native oxide. A 5-nm thick layer
of HfO2 was deposited over the device to insulate it from seven Ti/Au
top gates deposited thereafter. Gates 1 and 7 were respectively short-
circuited to gates VL and VR.

Measurements
All measurements where performed in an Oxford Triton dilution
refrigerator at 30 mK. G was measured by biasing the source with a
lock-in voltage of 5 μV at a frequency 84.29 Hz on top of Vsd, and
recording the lock-in current at the grounded drain. Zero-bias G was
measured at -18 μV to account for an offset in the current amplifier. B
was aligned with the nanowire axis to maximize the critical field, Bc. Bc
was estimated at >1.5 T. A single QD was achieved by setting V3, V5 to
negative values. To achieve left-right symmetry, QD shells with
approximately left-right symmetric binding energy were further fine-
tunedwith VL and VR until EcL/ΔL ≈ EcR/ΔR. To achieve the electron-hole
symmetricfilling of theQD in Fig. 2, VNwas fine-tuned until the bottom
left and top right parts of the stability diagramwere symmetric. Tuning
of EcL/ΔL and EcR/ΔR was achieved by using two auxiliaryQDs, one each
to the left and right of the left and right SIs. EcL,R was reduced when
these QDs were put in resonance with the drain and source leads.
Though in reality a five element QD-SI-QD-SI-QD chain, the device
behaved as a shorter SI-QD-SI chain as intendedwith the outer QDs set
in cotunnelling.We speculate that this wasdue to low tunnel couplings
between the auxiliary QDs and the SIs, and/or due to the auxiliary QDs
having even occupation.
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Data availability
Data shown in the paper is available on Zenodo at https://doi.org/10.
5281/zenodo.10841053.

Code availability
Code for solving problems with superconducting islands is hosted on
the Github repository https://github.com/rokzitko/tensor and the
current release is also available on Zenodo55 at https://doi.org/10.5281/
zenodo.10804271.
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