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A chain of quantum dots (QDs) in semiconductor-superconductor hybrid systems
can form an artificial Kitaev chain hosting Majorana bound states (MBSs)' . These

zero-energy states are expected to be localized on the edges of the chain®, at the
outermost QDs. The remaining QDs, comprising the bulk, are predicted to host an
excitation gap that protects the MBSs at the edges from local on-site perturbations.
Here we demonstrate this connection between the bulk and edges in a minimal system,
by engineering a three-site Kitaev chainin atwo-dimensional electron gas. Through
direct tunnelling spectroscopy on each site, we show that the appearance of stable
zero-bias conductance peaks at the outer QDs is correlated with the presence of an
excitation gap in the middle QD. Furthermore, we show that this gap can be controlled
by applying a superconducting phase difference between the two hybrid segments
and that the MBSs are robust only when the excitation gap is present. We find a close
agreement between experiments and the original Kitaev model, thus confirming key
predictions for MBSsin a three-site chain.

The study of topology in condensed matter has generated interestin
engineering quantum phases hosting modes that are robust to exter-
nal perturbations®®. In particular, realizations of one-dimensional
topological superconductors®® are expected to host robust edge
modes known as Majorana bound states (MBSs), first predicted by
the Kitaev chain model*. These states are separated by a bulk region
with an excitation gap that prevents local perturbations from affect-
ing the zero-energy modes at the edges, resulting from the so-called
bulk-edge correspondence™™. Experimentally, much effort has gone
towards top-down approaches to engineer these systems by coupling
semiconductors with superconductors®. However, microscopic dis-
order in these systems complicates the study of MBSs'**. Alterna-
tively, bottom-up approaches aim to mitigate this, for example, by
constructing aKitaev chain atom-by-atom?>? or by engineering arrays
of quantum dots (QDs) in semiconductor-superconductor hybrids'>.
Animplementation of the latter approach with two QDs? was recently
demonstrated in nanowires* and two-dimensional electron gases
(2DEGs)®. However, in a two-site chain, neither QD site can be asso-
ciated with a bulk. By contrast, a chain with three QDs constitutes a
minimal system in which we can distinguish distinct edges (the outer
QDs) hosting MBSs and a bulk (the middle QD). Recent work demon-
strated stable zero-energy modes in such a system?, but was unable
to investigate the density of states of the middle QD.

In this work, we realize a three-site Kitaev chain in an InSbAs 2DEG
and perform a detailed study of the bulk and edge states in the sys-
tem. Crucially, ohmic contacts attached to each QD allow us to directly
probe the density of states at all three sites. By controlling the interdot
couplings and the superconducting phase difference, we can tune the

system such that robust zero-bias conductance peaks (ZBPs) arise on
the outer QDs. We demonstrate that these correlated ZBPs at the edges
are accompanied by an excitation gap in the middle QD. This gap can
be controlled by tuning the phase difference between the supercon-
ductors, allowing usto establish aclear correlation between the pres-
ence of isolated zero-energy edge modes and their robustness against
on-site perturbations. In particular, access to every QD allows us to
track how the weight of the Majorana wavefunction evolves across each
site as the device parameters are varied. Finally, we construct a phase
diagram of a finite Kitaev chain by identifying regions in parameter
space in which ZBPs are observed. Through continuous control over
the interdot couplings and the QD electrochemical potential ener-
gies, we show that this region grows when extending from a two-site
chainto athree-site chain. These findings are in close agreement with
the original Kitaev model and provide important insights for more
advanced experiments with MBSs.

TheKitaev model for a three-site QD chain

Implementing a Kitaev chain on a QD array requires control over the
electrochemical potential energy of each site and the amplitudes of
couplings between neighbouringsites. This can be engineered by cou-
pling spin-polarized QDs with Andreev bound statesin semiconductor-
superconductor hybrids®. Here a hopping interaction () occurs
through elastic co-tunnelling (ECT). Crossed Andreev reflection (CAR)
provides a pairinginteraction (4) by the creation or breaking of Cooper
pairsin the superconductor® %, Intrinsic spin-orbit coupling allows for
CAR between neighbouring sites with the same spin, or ECT between

'QuTech and Kavli Institute of NanoScience, Delft University of Technology, Delft, The Netherlands. Department of Physics and Astronomy, Purdue University, West Lafayette, IN, USA. °Elmore
School of Electrical and Computer Engineering, Purdue University, West Lafayette, IN, USA. “School of Materials Engineering, Purdue University, West Lafayette, IN, USA. ®e-mail: s.goswami@

tudelft.nl

Nature | www.nature.com | 1


https://doi.org/10.1038/s41586-025-08892-5
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-08892-5&domain=pdf
mailto:s.goswami@tudelft.nl
mailto:s.goswami@tudelft.nl

Article

a ¢ LM 152 0.03 € » .03 4t, = 44, ~ 80 peV
[-O- ~-O-] GEM (2e2/h) Gy (2e?/h) 1= %4
t t 1 ] 0.06
2.5 2
S‘ —_
PR CAE b i ol J E g oos
A, Age™ S 0 g 01 =3 g <
[ ] [ | 9 | > b N - 0.02
® 95 © 2 ©
v, Vi Ve > 7 |Vils = ~184 mV| Vs = -203 mV|Vils = -225 mV y A ‘ 0
Rl (Lt e SR
25 0 25 -25 0 25 -25 0 25 =100 0 100 -0 0 100
VoL (MV) VL mv) VL (V)
WA, 0O 003 f 0.03
[0~ -O-] GMP(2e%/h) Gon22) " 4ty = 4A, ~ 100 peV
0.06
. p 2
1 z Nf) 0.04
0 L = 0 o
\2 g / C;E 0.02
— Z=]
|vas=289mv | v V@, =245 mv -2 .
P B " L L e
25 0 25 25 0 25 25 0 25 100 0 100 00 0 100
Vapr (MV) Va@v) Va V)

Fig.1|Device, model and characterization of two-site pairs. a, Energy-level
diagram of the three-site Kitaev chain model, indicating the different interdot
couplingsinthe system.b, Scanning electron micrograph of acopy of the
device.Scalebar, 500 nm. Positions of gate-defined QDs are indicated. Two
superconducting strips are connected inaloop with adiameter of10 pm and
kept grounded (notdrawn to scale). The d.c. circuit diagram shows a four-
terminal measurement set-up (a full circuit diagram, including resonators for
reflectometry measurements, is shownin Extended DataFig.1). ¢, Measured
correlated conductance Giym = /Gy, - Gy as afunction of Vop, and Vopy,
onvarying Vf\lB)S. The notation 6V, refers to the voltage set withrespectto

neighbours with opposite spin, otherwise forbidden because of spin
conservation”. When the Zeeman energy ineach QD is large (E, > t, 4),
asingle spinspecies dominates transport at charge degeneracy points,
thus emulating the Kitaev model***. To distinguish different charge
configurations for the three QDs, the spin configuration is used as a
label. The energy-level diagram for a chain with three QDs is shownin
Fig.1a. Electrochemical potential energies are denoted as y;, where
ie{L, M, R} referstotheleft, middle or right QD, respectively. The effec-
tive couplings between the left and middle QD, ¢;and 4,, and between
themiddleandrightQD, t,and 4,, areindicated. Uncoupled MBSs arise
on the outer QDs at a so-called sweet spot in parameter space, when
all three QDs are aligned with the Fermi level of the superconductor
(1;=0) and the interdot couplings are equal in amplitude pairwise
(Il =141, It;l = 14,]). Notably, the coupling amplitudes are not neces-
sarily purely real in a system with more than two QDs****2, A gauge
degree of freedom allows us to take t;, t, and 4, to be real and assign a
complex phaseonlyto4,, denoted as ¢,. We compare our experimental
results to this three-site Kitaev model. Numerical simulations of the
conductance are performed using a scattering matrix approach with
experimentally extracted parameters. A more detailed description is
included in the Methods.

Device and measurement set-up

A scanning electron micrograph of a copy of the measured device is
showninFig.1b.Large gates (red) define a quasi-one-dimensional chan-
nel across two thin aluminium strips that are connected by a continu-
ous loop. An external magnetic field B, applied perpendicular to the
loop controls the superconducting phase difference ¢p;c between the
two strips, with a flux period of 28 pT (Extended DataFig.1). The energy
of the ABSs in the left and right hybrid regions can be tuned by volt-
agesV Dsand V2, respectively. Narrow gates define three QDs in the
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thenearest charge degeneracy point.d, Measured correlated conductance
GMR =[Gy * Gre as afunction of Vgpp and Vopy, onvarying V3. The
disappearance of the avoided crossing in ¢ (middle) and d (middle) signifies
satisfying the two-site sweet spot conditions. e, Finite bias spectroscopy
measurement of G, at theleft QD pair sweet spot, while varying Vq,, . f, Finite
bias spectroscopy of Gy, at the right QD pair sweet spot, while varying V. Line
traces taken at the minima of the higher-energy excitations allow for estimating
the experimental coupling amplitudes at the sweet spots (e,f (right)). Results
presented use the V1 spin configuration. Further characterization of the
two-site pairsis presented in Extended Data Fig. 4.

channel. Their electrochemical potentials are controlled by voltages
Vaou Voomand Vg, respectively. Voltages applied to a left, middle and
rightlead (V,, Vyand V) canbevaried, and the currentsineachlead (/,
lyand I) canbe measured independently. Lock-in amplifiers allow for
direct measurements of the local conductance at each probe (G; = STI/’-,-'
ie{L, M, R}). Tocapture features appearing simultaneously on multiple
sites, the correlated conductance Gig,,=. [G; - G is extracted when rel-
evant. Results in the main text are obtained using a single orbital in
eachQD, characterized in Extended Data Figs. 2 and 3. Allmeasurements
areperformed at B,=200 mT, applied perpendicular to the spin-orbit
field in these systems®.

Tuning the two-site pairs
Tuning a three-site Kitaev chain amounts to pairwise tuning of the
two-site sweet spots (t;=4,) (ref. 1). These conditions can be inferred
from zero-bias charge stability diagrams (CSDs) for the two pairs of
QD resonances?, using the methods used for two-site Kitaev chains?>?>*,
First, we obtain CSDs for the left and middle QDs, while keeping the
right QD in Coulomb blockade (Fig.1c). The measurementisrepeated
as V,ﬂgsis varied, tolocate when the avoided crossingin the CSD changes
direction. A diagonal avoided crossing indicates 4, > ¢, (Fig. 1c (left)),
whereas an antidiagonal avoided crossing results from ¢, > 4, (Fig. 1c
(right)). At anintermediate value of V), the desired ¢, = 4, condition
issatisfied, inwhich the avoided crossing disappears (Fig. 1c (middle)).
This procedure is repeated for the middle and right QDs, now varying
V3. ThisisseeninFig.1d, inwhicht, = 4, is satisfied in Fig. 1d (middle).
Ithasbeen shownthatrobust, correlated ZBPs arise at these two-site
sweet spots?*?***, These are manifestations of localized MBSs, in the
two-site case referred to as ‘poor man’s Majoranas’ as their stability is
limited to single QD perturbations®. We demonstrate this stability of the
ZBPsfor each pair of QDs. InFig.1e, we measure G;, as QDL is detuned,



a 0 005 o 0.03 0 0.04
G, (2e%/h) Guu (€ Grg (2€%/h)
100 — *
] \-i’ .
e
E: 50 + ‘ -
m
= S — .«
0 I = * I I I
-100 0 100 100 0 100 -100 0 100
VL v) Vi (V) Ve V)
b o et 0 0.05 o (ot 0 0.04 o (2% 0 005
an L (2e77h) MM(e_)}—h Rr(2e7h) | L
21 - -
? ¥ i -
= 0 - »
& ] ¢
27 » »
=31 —— T T T T T T T
-100 0 100 -100 0 100 -100 0 100
VL) Vi (1Y) Ve V)

Fig.2|Phase control at the three-site sweet spot.a, Measured conductances
Gy, Gynw and G at the sweet spot configuration obtained in Fig.1,asafunction
of magneticfield B,applied perpendicular to the superconductingloop. When
either of the outer QDs is set off-resonance, B,no longer affects the conductance
spectra (Extended DataFig. 4), indicating the observed behaviour here is

an effect onthe full three-site chain. b, Evolution of numerically calculated
conductancesinathree-site Kitaev chainon varying ¢,. Numerical parameters
usedarey, =puy=uy=0,t,=4,=20 peVandt,=4,=25peV (matching estimations

for the configuration in Fig. 1c (middle). Similarly, Ggg is measured
for the configuration in Fig. 1d (middle) on varying Vs (Fig. 1f). In
both cases, we find robust zero energy states. At the charge degen-
eracy point, the higher-energy excitations provide an estimate? for
t,=4,=20 peV (Fig.1e (right)) and ¢, = 4, =25 peV (Fig. 1f (right)). These
measurements are in good agreement with the theoretical spectrum
for well-polarized QDs***?¢, signifying that the ingredients for a full
three-site Kitaev chain are present.

Phase control and the bulk excitation gap

With tand 4 balanced for each QD pair, the full three-site chain can be
investigated. Now the phase difference between the superconductors
becomesarelevant parameter asit can affect the relative phase between
the interdot couplings">*. To investigate this, we set V\Js and V3 to
the sweet spot values obtainedin Fig.1and set the QDsto their charge
degeneracy points. The conductance spectrum of each QD is then
measured as afunction of B, (Fig. 2a). ZBPs are continuously observed
on the outer QDs (G,, and Ggg), whereas the middle QD (Gy,,) hosts
higher-energy excitations that move down to zero energy periodically.
This periodin B,is equal to the period of ¢sc (28 uT) measured for the
bare superconductingjunction. We compare this behaviour to numer-
ically calculated conductance spectra (Fig. 2b) of the three-site Kitaev
chainasafunction of ¢,, using the experimental coupling amplitudes
estimatedin Fig. 1. A clear correspondence to the experimental result
is obtained. When the phase is O (modulo 2m), ZBPs are presentin G,
and G, Whereas an excitation gap is present in Gyy. As the phase is
tuned towards T, finite-energy excitations lower in energy until the
excitation gap is closed.

The observed behaviour can be understood when considering the
Kitaev chain modelin the Majorana basis (Methods), shownin Fig. 2c.
Each QD site canbe represented by two Majoranas. For ¢, = 0,an uncou-
pled Majorana arises only on the left and right sites, while the middle
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inFig.1e,f).c, Visual representation of the three-site Kitaev chain Hamiltonian
atg,=0and ¢, =1, inthe Majoranabasis. Connectinglinesindicate non-zero
coupling terms between Majoranas for each case. Dashed circles highlight the
distribution of uncoupled Majoranamodes (further detailed in the Methods).
d, LinetracestakenfromaatB,=21.4 uT, corresponding to ¢, = 0. The finite
conductance atzerobiasind (middle) canbelargely attributed to thermal
broadening, shownin Extended DataFig.5.e, LinetracestakenatB,=35.4 uT,
correspondingto¢,=

siteis gapped. Experimental line traces (Fig. 2d) at the corresponding
magnetic field value areinagreement with this interpretation. AZBP is
presentin G,, and G (Fig. 2d, top and middle), whereas Gy, only shows
excitations at higher bias (Fig. 2d, middle). Thisis a direct indication of
the localization of the MBS wavefunctions on the outer QDs. In stark
contrast, atamagnetic field that corresponds to ¢, = T, ZBPs are found
on all three sites (Fig. 2e). Here, the coupling between neighbouring
Majoranasis rearranged (Fig. 2c), resulting in four uncoupled Majorana
modes: onelocalized on eachsite, and an additional delocalized mode
extending across all three sites. Consequently, every site has a finite
density of states at zero bias, leading to the observed conductances.

Shifting the Majorana wavefunctions

The presence or absence of the excitation gap in the middle QD has
direct consequences for the robustness of the ZBPs on the outer QDs.
In anideal system, the energy of each isolated MBS cannot be lifted
because of particle-hole symmetry. Only an overlap between the two
MBSs can achieve this, which is prevented by an excitation gap. As
shown above, the excitation gap is affected by ¢,. The robustness of
the ZBPsis, therefore, also expected to be phase-dependent. We com-
pare the conductance spectra obtained at B, values corresponding to
¢,=0and ¢, =1, inwhichthe excitation gapis either present or closed.

We first consider the spectra at ¢, = 0, on detuning QDL (Fig. 3a).
TheZBPin G,, remains at zero bias, whereas aZBP gradually appearsin
Guw- The conductances at zero bias are expected to be proportional to
the density of the Majorana wavefunction at each site (Extended Data
Fig. 8). Figure 3b shows extracted line traces at zero bias. As QDL is
detuned, G,, gradually reduces, whereas Gy, simultaneously increases.
This happens because the weight of the Majorana wavefunction shifts
from the left to the middle QD¥ (Fig. 3c). Finally, we see that the spec-
trum at QDR is hardly affected, a consequence of the isolation of the
MBS on this site.

Nature | www.nature.com | 3
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Fig.3|Bulk protection of the MBS wavefunctions. a, Measured conductances
with B,=21.4 uT (correspondingto ¢, = 0 inFig. 2) when sweeping V,, around
the charge degeneracy point. Measurements are performed with the same gate
configuration asinFig.2.The ZBPin G, gradually decreases in height, whereas
aZBPin Gyygradually appears. b, Zero-biasline traces of conductance along
indicated pathsina.c, Visual representation of the measurements inb, showing
the MBS wavefunctions when Vy, isonresonance (square) or off-resonance
(triangle). The bottom schematic shows the effect of introducing the coupling

Thespectraatg, =m,inwhichthegapin QDMis closed, have amark-
edly different behaviour (Fig.3d). The ZBPin G,, now splitsimmediately
in energy as QDL is detuned. This is expected because MBSs in the
systemnow directly overlap and are thus no longer robust to detuning.
Linetraces atzero bias (Fig. 3e) show twoimportant features. First, G,
now drops faster compared with those in Fig. 3b, because of the lack of
protection. Second, the ZBPs in both Gy, and Ggg are now unaffected by
the detuning of the left QD. This can again be understood interms of the
MBS wavefunctions (Fig. 3f), in which detuning the left QD now fuses
thelocalized MBS on QDL with the delocalized MBS extending across
the chain®**, These observations, and conductance spectra obtained
for additional combinations of QD detunings, again show a striking
agreement with numerical simulations (Extended Data Figs. 7 and 9).

ZBPs outside the sweet spot

In the previous sections, the system was characterized at fine-tuned
sweet spots at which ZBPs appear onthe outer QDs. Itis expected that
ZBPs should also be present away from these sweet spots. This fol-
lows from a key property of the Kitaev model, in which the region in
parameter space that hosts MBSs grows as the number of sites N is
increased. For finite chains, MBSs are fully localized at the edges only
atthet, = 4;sweetspot*’. However, ZBPs arising from delocalized MBSs
are expected away from this point. To study this, it is instructive to
extract zero-energy solutions of the Kitaev chain as a function of u
and ¢, for fixed 4. An exact analytical expression for the zero-energy
solutions exists for any N (ref. 40), shownin Fig.4a. For N=2, the solu-
tions lie on a single hyperbola, with a vertex at t =4, u=0 (that is, the
two-site sweet spot). For each odd N, u = 0 is always a solution* (see
N=3).AsNincreases, the number of solutions increases and gradually
fillsthe regioninwhich |u| < 2t. AsN > «, thisregionis filled with states
exponentially close to zero energy, ultimately creating a topological
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termy,, inthe pictureintroducedin Fig.2.d, Repetition of the measurement
inawithB,=35.4 uT (correspondingto ¢, =). The ZBPin G,, now splits from
zeroenergy as Vyp, is detuned. The ZBPs in Gy and Gge remain, asthe system
effectively becomes a two-site chainas V;, is detuned. e, Zero-biasline traces
of conductancealongindicated pathsind.f, Visual representation of the
measurementsin e, detailed in text. The smooth control over ¢, through B,
allows for comparing these conductance spectra at any intermediate phase,
showninExtended DataFig. 6.

phase within which the MBSs are always localized at the edges. The
zero-energy solutions can be studied by measuring zero-bias con-
ductances on each QD while varying both interdot couplings and the
QD electrochemical potential energies. Figure 4b,c shows numerical
simulations for N=2and N =3, respectively.

Experimentally, this parameter space is only indirectly accessible,
as t;and A; are not controlled independently. However, starting with
the hybrid gates at their sweet spot value (denoted § Vf{’gs =0)and sweep-
ing both simultaneously, the system can be smoothly tuned between
t;<A;and ¢;> A, regimes (full procedure in Extended Data Fig. 10).
Figure 4d shows this for the left and middle QD pairs. Here, the conduct-
ance features meeting at 5V )< = O agree qualitatively with the behav-
iour expected from Fig. 4b. Instead of extending linearly as ¢, > 4,, the
feature saturates in i, because ¢, does not increase independently of
A,inthese experiments. The finite conductance ‘tail’at ;= O hereis a
consequence of both tand 4 decreasing in amplitude (Extended Data
Fig.10), which is not captured by the theory model.

Next, the measurement is performed for the full chain, sweeping
simultaneously both hybrid gates against detuning all three QDs
(Fig.4e). The appearance of the additional conductance feature along
;= 0marks thefirst step of the growth into atopological phasein this
discrete system and agrees well with the Kitaev chain model in alarge
parameter space. Finally, these measurements allow us to qualitatively
visualize the increase in stability of the MBSs as the chain is extended®.
We find that conductance decays more slowly for the three-site chain
compared with the two-site chain as one moves away from the sweet
spot (marked by white ‘x’) in any direction.

Conclusions

In summary, we have realized a three-site Kitaev chain by coupling
three QDs via two semiconductor-superconductor regions. We find
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isused. Measurements are reproduced in Extended Data Fig. 11.

that the phase difference between the superconductors controls the
relative phase between the interdot couplings, and thereby the energy
spectrum of the system. This finding is particularly relevant for the
study of zero energy modes in longer chains***?, where control over
these phases becomes crucial**2. By appropriately tuning the phase, we
show that the appearance of ZBPs on the outer QDs is accompanied by
anexcitationgap inthe middle QD, evidence of the zero-energy modes
beinglocalized at the edges. We further demonstrate that detuning of
the QDs in the chain allows one to smoothly transfer the weight of the
Majorana wavefunction between different sites. This kind of spatial
manipulation of MBSs s a crucial requirement in gate-based braiding
proposals for realizing aMajorana qubit***. Overall, our experiments
agree well with the predictions of the Kitaev model inawide parameter
space and are animportant step towards studies that require areliable
way to produce robust, localized Majorana bound states***5,
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Methods

Fabricationand yield

Alldevices were fabricated using the techniques described in detailin
ref. 49 (Q.W., manuscriptin preparation). Aluminium loop structures
(Q.W., manuscript in preparation) are defined in an InSbAs-Al chip by
wet etching, followed by the deposition of three ohmic Ti/Pd contacts.
After deposition of 20 nm AlO, by 40 °C atomic layer deposition (ALD),
threelarge Ti/Pd depletion gates are evaporated: one large top deple-
tiongate and twobottom depletion gates, each extending halfway. The
bottom consists of two gates to independently form the left and right
halves of the channel, separated by athin channelin which the middle
leadis placed. This simplifies placing anadditional gate in front of the
middle ohmic contact, to have awell-defined tunnelling barrier for the
middle probe. Moreover, it simplifies finding a suitable active region
inwhichthe 2DEG is depleted below the gates, whereas a narrow con-
ductance channel remainsin between. The channel widthis designed
tobe 200 nm. Following asecond ALD layer (20 nm AlOQ,), afirst layer of
six Ti/Pd finger gates is evaporated. These are used for controlling the
electrochemical potential energies of the QDs and hybrid regions and
for defining the tunnelling barrier for the middle contact. A third ALD
layer (20 nm AlQ,) is deposited, followed by evaporation of the remain-
ing six Ti/Pd finger gates that define the three QDs. For radiofrequency
measurements, superconducting LC-resonator circuits are fabricated
onaseparate chip with asiliconsubstrate, by etching NbTiN. To apply
d.c. voltages, bias tees are created by depositing 20 nm Cr structures
with resistances of around 5 kQ.

For the investigation presented in this paper, 16 devices were fabri-
cated, with small variations in device dimensions. Of these, 12 had no
visible defects under optical/SEMinspection of the finished devices. We
faced some challenges in simultaneously connecting all 15gates to the
printed circuitboard and connecting all three ohmic contacts through
theresonator chip.Intotal, six devices were bonded and cooled down,
ofwhichinfiveinstances, fridge wiring and bonding issues caused gate
orohmic connections to be absent once reaching millikelvin tempera-
tures. Once these issues were resolved, the final device was used for
obtaining the measurements demonstrated in this paper. This device
was cooled down twice over the course of 5 months, in which we were
able to reproduce our findings when restarting from a ‘reset’ device.
The main text highlights results within a single cooldown; data from
the other sets of experiments are included here.

Transport measurements

Measurements are performed in a dilution refrigerator with a base
temperature of 20 mK. Transport measurements presented in the main
text are performed in a.c. and d.c. using a four-terminal set-up (three
ohmic contacts plus two aluminium strips connected in aloop). The
aluminium strips induce a gap of about 220 pV (Extended Data Fig. 1)
and are kept electrically grounded. Each ohmiclead is connected toa
current meter and biased through a digital-to-analog converter, and
bothd.c.anda.c.voltages canbe applied. Offsets of the applied voltage
biasoneachlead are corrected by independently measuring the Cou-
lomb peaksinthe QDs and looking at the change in sign of the current.
The voltage outputs of the current meters are recorded with three
digital multimeters and three lock-in amplifiers. When applyingad.c.
voltage to one lead (for example, V,), the other leads (that is, V,, and
V) are keptgrounded. The a.c. excitations are applied with amplitudes
around 5 pV RMS and a frequency of 23 Hz. In this way, a full conduct-
ance matrix G = % is obtained by measuring the response of 1, /;,and
I, toV,, Vyand V. fhree separate measurements are required, asonly
asingleleadisbiased at atime. Small offsets inmeasured conductances
arise using the lock-in amplifiers because of capacitances to ground
within the electronics. These offsets are calibrated using Coulomb
blockaded measurements and corrected. It should be noted that volt-
age-divider effects arise when applying biasesin afour-terminal set-up.

For three-terminal set-ups, the measured conductances and applied
biases are generally corrected®. For a four-terminal set-up, however,
this calculation gets cumbersome. Here, we focus on low tunnelling
regimes (G <« 2e%/h), in which the device resistance is large compared
with the resistances of the fridge lines and the current meters, such
that the multi-terminal effect is small. Nevertheless, this should be
kept in mind when, for example, interpreting the non-local conduct-
ances in Extended Data Fig. 9.

Magnetic fields are applied using a three-dimensional vector magnet.
Thefield perpendicular to the superconducting loop (B,) is generated
using a high-resolution current source, giving a B, resolution below
0.1 uT (providing sufficient resolution for the flux period of 28 uT).
A small (but significant) hysteresis of the order of 5 uT is observed
when sweeping B, in opposite directions. This is counteracted by set-
ting B, first to—100 pT and then sweeping this field back in the positive
direction, such that consecutive experiments where B, is varied are
consistent. To perform spin polarization of the QDs, a magnetic field
of 200 mTisapplied parallel to the channel (B,). Owing to animperfec-
tionin the alignment, this introduces a small B,component as well, of
the order of 80 flux quanta. It was not possible to accurately correct
this offset for this work, and so we do not determine the B, value that
corresponds to precisely O flux through the loop.

Radiofrequency-reflectometry measurements

The experiments require the tuning of 15 gate voltages to create the
three-site chain, which results in a large parameter space of gate volt-
ages. To speed up the tuning process, we use radiofrequency lead
reflectometry®, in addition to the d.c. conductance measurements.
Each ohmic contactis connected toaninductor, designed with varying
inductances., =0.2 Hz,L,,= 0.5Hzand Ly = 1.5 pH, that together with
a parasitic capacitance to ground by bond-wires result in resonators
withfrequencies of f, =723 Hz, f,, = 505 Hz and f; =248 MHz. A complete
circuit diagram, including the fridge wiring and filters, is provided in
ref. 52. Using a directional coupler, we obtain the reflected signal of
eachlead. We denote the normalized reflected signals of the left, mid-
dle and right lead as S}, S and Sy, respectively, which correspond
roughly linearly to conductance. All three signals can be measured
simultaneously through multiplexing®, using the circuit shown in
Extended DataFig.1.In combination with saw-tooth pulses on the QD
plunger gates, generated by arbitrary waveform generators, this allows
for scanning the parameter space many times faster thanthroughd.c.
measurements. For clarity, throughout the extended datafigures, the
data obtained with RF reflectometry are shown in a different colour
map from the d.c. conductance data.

Device tune-up

Here, we detail how the device was tuned toreach the point of obtaining
the measurements presented in the main text. Tostart, aconductance
channel has to be isolated by tuning the three large depletion gates.
Aregime is obtained in which the 2DEG is fully depleted below these
gates, but afinite current remains in the channel. Next, we perform
tunnel spectroscopy of the hybrid regions to verify the presence of
gate-tunable sub-gap states (Extended DataFig.1). Then, the remaining
gates are activated to form the three QDs. We find a regime in which
the QDs are stable and contain orbitals with alarge level spacing, such
that sufficient Zeeman energies can be induced through the exter-
nal magnetic field without mixing states in neighbouring orbitals.
The InSbAs heterostructure investigated in this paper does not have
a capping layer, such that the confinement layer is very close to the
surface®. Thus, the QDs can couple easily to disorder in the dielec-
tric, resulting in regimes in parameter space that are unstable. This
constitutes a challenge in tuning up all three QDs into stable regimes
(Extended DataFig.3).Once suchastable regimeis found, we tune the
interdot couplings by studying CSDs of the QDs and the ABSs in the
hybrid regions, following the protocols in refs. 34,36. An important
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requirement is that the interdot coupling amplitudes should exceed
the line width of the conductance measurements, to resolve the full
density of states. However, if the middle QD is too strongly coupled to
both hybrids, its chemical potential energy becomes dependent onthe
superconducting phase®. Inthis case, the interdot coupling amplitudes
(t,4) themselves become phase dependent and additional modulations
inthe conductance spectra are observed (Extended Data Fig. 5e). We
limited the coupling between the ABSs and the middle QD to stay away
from this regime (as verified by Extended Data Fig. 4d,h), to compare
the conductance spectraas afunction of B, directly to the Kitaev chain
modelinFig. 2. For the conductance spectra measurements shownin
Figs.2and 3, itis crucial that the QDs remain on resonance throughout
the measurements. The centre of each resonance was determined by
measuringindependently the Coulomb resonances for each QD in radi-
ofrequency reflectometry and fitting a Lorentzian line shape. This was
donedirectly before and after each measurement to verify that no gate
jump ordriftoccurred. Moreover, CSDs for the left and right QD pairs
were obtained before and after each set of measurements, to ensure
that the interdot couplings had not changed. In case any gate-jumps
occurred, the measurements were repeated.

Kitaev model and numerical calculations of conductance
The Hamiltonian of a three-site Kitaev chain is given by

H=pyny+ p,ny + pyns + (6c]c + e, + Aycyc, + 4,€%c,¢,+huel), (1)

where ¢;is the annihilation operator for the fermion on the ith site,
n; = ¢;'c;is the number operator, ;is the on-site energy, t;and 4;are the
normal and superconducting tunnelling amplitudes between neigh-
bouring sites, and ¢, is the phase difference between the two super-
conducting leads, which can be controlled by the magnetic flux
threading through theloop. The corresponding Bogoliubov-de Gennes
Hamiltonianis

o4 0 0 4, 0
4 on t, -4 0 A
0 ¢ uy, 0 -4 0
hs=\ o 4 0o - - 0 2)
1 Hy 4
4, 0 A - -p, -t
0 A% 0 0 -t -H,

inthebasisof(c,', ¢}, ¢4, ¢;, ¢5, c3) Tocalculate the differential conduct-
ance through the system, we use the scattering matrix method, where
the Smatrix can be obtained from the Weidenmuller formula as below
see Seh

. -1
EEST I Tt
e Shh]-l 174 [a) h,(3+2wwj w, 3)

S(w) = [

where W= diag ([}, [T, ...~ .[I;,= ][, ...) is the matrix describ-
ingthe dot-lead couplings, withI;being the coupling strength between
dotiandleadi. The zero-temperature conductance is thus

C9(w) =65~ Ses@)| + |ste (@) @)

in units of €’/h. The finite-temperature conductance is obtained by
a convolution between the zero-temperature conductance and the
derivative of the Fermi distribution

G (E)

. 5
4kgT cosh’[(E - w)/2ksT] ®

)= de

In the numerical calculations shown in the current work, we use
t;=4,=20 peV,t,=4,=25peV,whichare extracted from experimental

datainFig.1.Moreover,weset/,=I,=1;=0.7 peV,which does not affect
the simulations qualitatively, but were selected to give the same order
of magnitude of conductance. Finally, we set 7= 50 mK.

TheKitaev chainin the Majoranabasis

To guide the interpretation of the measurements, it is instructive to
consider the three-site Kitaev chain Hamiltonian in terms of Majorana
operators. This is done by introducing two Majorana operators for
each fermionic site:

=Wty )/N2, i =W = iV)/N2, Wop Vapd = OmnBup- (6)
As such, the Hamiltonian can be written as

H=i,0, Yt o gba, 3V V5, + 18+ AP Y,
(=t AVl t Vs V)~ aVaphg @
+i4,C080 (V3,05 + Vaphag) *142SIN@ (Vs 1V, ~ Vaplap)-

Therefore, at the sweet spot of a three-site Kitaev chain, that is,
n,=0,t,=4,t,=4, ¢=0,wehave

H(p=0) =i2t, W, + 1260, Vyp- (8)

By contrast,atu,=0,t;=4,,t,=4,, ¢ =1, the Hamiltonian becomes

H@=mn)= 260, V= 1263,V 9)

Abilinear term of Majorana operatorsindicates a coupling between
them. Thisis what is visualized through the schematics used in Fig. 2c.

Majorana zero modes for aKitaevchainat¢p=0and ¢p=m
We now calculate the wavefunctions of Majorana zero modes of the
Kitaev chain. To distinguish it from the Majorana basis using ys, we use
X.to denote the Majorana zero modes. The definition of a Majorana
zero-energy quasiparticleis
[H,x,1=0, xI=x,. (10)

For the Kitaev chain with ¢ = 0, the solutions are easily obtained: as
Yieand y,, do not appear in the Hamiltonian in equation (8), the wave-
functions of the two Majorana zero modes are

N=Ne Xo2=Vap 1n)

that is, one is completely localized at the left QD and the other at the
right QD, separated in space by the middle QD. By contrast, when¢ =,
there exist four Majorana zero modes, of which the first three are again
easy to find as shown below:

N=Nhe XNThy X35V (12)

They arelocalized at the left, middle and right QD, respectively. The
ansatz of the fourthMajorana zero modeis x, = Ay, + By,, + C¥V3,, Which
yields

X ey
4 Jt12+t22 1b ’Jt12+t22 3b

13)

Thatis, x, is delocalized at the left and right QDs (no wavefunction
weightinthe middle dot), with the relative weights determined by the
gap of the left and right pairs. We can note that once the left or right
QDisdetuned fromresonance, thatis, a finite y, or u;, x, would couple
with x; or x;, giving an energy splitting. This explains the splitting of
the zero-bias conductance peak observed in the t-phase Kitaev chain
studied in the main text (Fig. 3d).



The Majorana density

The maintext focuses on conductance spectraofthe three-site Kitaev
chainat ¢, = 0, when the left QD is detuned. Here we show that aniso-
lated zero-bias conductance peak reveals the Majorana wavefunction
profiles. Assuming equal dot-lead coupling strengths ;= /"and an
isolated zero-energy state of h,;, the S matrix can be simplified to

wu + oy, ...
uu + vy, ...

%)
=
S
<
u

—
I
S

I =(vu+uivy), ... (14)

_(Uzul* + UZ*Ul), .o

where u; and v; are the electron and hole components of the zero-
energy quasiparticle state on-site i. By definition u* = (§, + ié‘B)/ﬁ ,
v=(§,- iEB)/ﬁ, where §, and §; are Majorana wavefunctions. We thus
haveuu* +v*v =€, + &2, - 2u*v=— (§] + &).Furthermore, hy is real
at ¢ =0, giving real u and v. Thereby &, is purely real and &, is purely
imaginary, giving uu* + v*v=p, + ps, —2u'v=—(p, - ps), where p,;, = 1€, 5
are the local Majorana densities. As a result, the local conductance in
the zero-temperature limit is

(r/2)*
w>+(I/2)?

Here, the profile of the zero-bias conductance peak hasa Lorentzian
shape withitsbroadening width being fixed by the dot-lead coupling
strength. Although finite-temperature effects will change this prefac-
tor, akey finding hereis that the local zero-bias conductance of a multi-
terminal junction is proportional to the Majorana densities.

For a three-site Kitaev chain at its sweet spot, as considered
in the current work, the zero-energy eigenfunction is
(I): 1 1 -2a 1 -1 2a

2 \/1+4a2 ! \/1+4a2 T \/1+4a2 ! \/1+4a2 !

_1( 1 4a?
Ps=3

Gi%(w) = 4Dy + Py~ 40Py s

1j ,givingp,= (0, 0,1/2) and

i ,0 |wherea = u,/4tis the dot detuning with respect
1+4a%’ 1+4a?

to the gap. Therefore, the profiles of local zero-bias conductances as
afunction of dot detuning are

1
CulV=0) 205 = 1y 2

_ _ 4d 16)
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G33(V= O) o< 2pA =1.

Thus, the local conductance profiles as a function of dot detuning
indicate the moving of Majorana zero modes in a three-site chain. We
compare these findings with the experimental data in Extended Data
Fig. 8.

Line shape of conductance traces

When probing the excitation gap in the middle QD at the three-site
sweet spot (Fig. 2), a finite in-gap conductance remains. In part,
this can be expected because of thermal-broadening effects on the
higher-energy excitations. We address here the expected line shapes for
the conductances atathree-site sweet spot. The conductance measure-
ments are performed in the limit of low tunnelling between the leads
and the QDs, such that we can expect the QD-lead coupling I < kg T.
In this limit, the line shape of a single QD resonance as a function of
applied Vy,,is given by

V. -2
G(Vpiae) <A cosh[—b‘as] . 17)

2kgT

In conductance measurements of a three-site chain sweet spot, the
density of states depends on the site that is probed. For the left QD,
three conductance peaks are expected: one at zero bias, and two at
+2t,. We thus model the conductance G, as a function of V, to be the
sum of three contributions:

-2 -2
-2 4
G, (W) =A1cosh[LTtlj +A2cosh[7Lj

5 (18)
+A; cosh(vﬁTij ,

where wereplace the factor of 2k, Twithageneral broadening factory.
Similarly, the right QD has three conductance peaks: one at zero bias,
and two at +2¢,. We model the conductance Gy as afunction of Vi tobe

-2 -2
Grr(W) =B, cosh[wj +B,cosh [%j

S (19)
+
+B; cosh [@j .

From these fits, the values of t, and ¢, are determined. The conduct-
ance of the middle QD is then expected to have four peaks: at +¢, and
at +t,, giving the sum of the following four contributions:

-2 -2
W~ 2t Wt 2t
Gum(W) = G cosh(%j +C, cosh[%j

-2 -2
W2t Wt 2t
+C, cosh[%) +C cosh(%) .

These analytical expressions are in close agreement with the conduct-
ancetraces obtained from the numerical simulations, inthe parameter
regime described above. We compare the expressions to experimental
datain Extended Data Fig. 5.

(20)

Data availability

Allraw data obtained in this study and the scripts to produce the figures
areavailable at Zenodo®.
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Extended DataFig.1|Device descriptionand characterisation of hybrid
sections.a.Zoomed out SEMs of copies of the measured device obtained after
deposition of Ohmic contacts, showing the full structure of the superconducting
loop. b.Close-up SEM of the finished device, including the full circuit diagram.
Bottom leftin-set shows a cross-sectional schematic of the device along the
channel, adapted from Q.W. (manuscriptin preparation), to visualise the order
ofthe three gate layers. Resonators are formed by inductors in combination
witha parasitic capacitances to ground, which allows for fast radio-frequency
(RF) measurements, used in this work for tuning and characterisation of the
system. Voltage sources and current meters are attached to eachlead via= 5kQ
resistors, acting as bias tees, used to obtain the conductance measurementsin
the main text. Sub-figures (c-h.) show characterisations of the three possible
hybrid configurations, after al-D channelis formed with the large depletion

gates.Schematics ontheright display the activated tunneling gates and
relevant Ohmic contacts for each row. c. RF-spectroscopy of the Josephson
junction formed by the two superconducting fingers at the ends of the loop,
asafunction of the magnetic field B, perpendicular to the loop.d Measured
current/y with ;=100 1V, inawider range of B,. Fitting the oscillations witha
periodic Gaussian function provides an estimate for the flux periodicity (28 uT).
e Tunnelingspectroscopy of the left SC fingerinisolation, as afunction ofV,gB)S
applied tothe gate coveringtheleft hybrid region.f. Line-trace from (e) at V,“lgs =
-100 mV, toshow the presence of asub-gap state in the left hybrid. g. Tunneling
spectroscopy of theright SCfingerinisolation, asafunctionof the gate covering
theright hybrid region (VZ). h. Line-trace from (g) at V2 =125 mV to show the
presence of asub-gap statein the right hybrid.
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therightbarrier gateistuned below-2.02V. c. Thisbecomes apparent when
comparingrepeated RF measurements for (i) unstable and (ii) stable regimes.
d.Inaddition, charge-jumpsinthe gate voltages can affect the charge-stability
diagrams. Panel (i) shows an example of a CSD for QDL and the left hybrid gate,
where charge jumps occur inboth Vs and Vo, (indicated by the red arrows).
By fine-tuning the barrier gates forming QDL, we canreach astate where these
jumpsareavoided intheregion of interest, shownin panel (ii).



Article

a 0.04 0.04
GLL (2e2/h) GMM (2e2/h)
< -222 1 o
1= 4
2 —204 ' : ['§' o]
S ]
-226
T T T T T I T T T
-100 0 100 -100 0 100
VL (uV) Vi (HV)
b 0.03 0.04
GLL (2e2/h) GMM (2e2/h)
< 222 F 4
g ‘. o
5 -224 [o- -%—]
>Ci i 1
-226
T . = T T T T . T
-100 0 100 -100 0 100
VL (uV) Vi (uV)
0.03 0.04
(o3 G (2e2/h) Gum (Zez/h)
E -222 : | o
2 224 % (}
N 1 o
-226
T T T T T T T T T T
-100 0 100 -100 0 100
Vi (pV) Vi (pV)
d 0.04 0 004
G (2e2/h) Gum (2e2/h)
] ® B,

40 I ’I
s ® 8o
= [0 -]

o 20
0 T T = T T T
-100 0 100 -100 0 100
Vi (1Y) Vi (pV)

Extended DataFig. 4| Conductance spectraoftwo-site QD pairs. Studying
CSDs for pairs of QDs provides information about the interdot couplings and
allows onetoreachthe sweet spot conditions showninFig.1c,d. Inaddition,
finite bias conductance spectraat the two-site sweet spots should be obtained*
for all possible combinations of QD detunings. This is shown here for the charge
configurationin Fig.1. Adjacent schematics represent the configurations of
the QDs and the parameters varied. Left column: tunneling spectroscopies of
theleft QD pairatasweetspot (i.e.t,=4,), with the right QD keptin Coulomb
blockade. G,, and Gy, are measured as afunction of a. detuning V,, b. detuning
Vooms €. detuning both V, and Vi simultaneously and d. Applying amagnetic

0.04 0.03
GMM (2e2/h) GRR (2e2/h)
T>E\ -208 o
= 1 [0 <]
5 _210
= ]
-212 4 T T T T T T T
-100 0 100 -100 0 100
Vi (UV) Ve (HY)
0.03 0.04
GMM (2e2/h) GHR (2e2/h)
222 /
E i
£ -O-
E -224 — ’ . ! [-é- -o-]
>O 4
-226
T T T T T T T T T
-100 0 100 -100 0 100
Vi (uV) Ve (BV)
0.03 0.03
g Gum (292/h) GRrr (292/h)
_ 222+
S
E ] / /' o
= -224 > [ |
>O 4
-226 &
T T T T T T T T T T
-100 0 100 -100 0 100
Vu (HV) VR (pV)
h 0 003 0.03
Gum (Zez/h) GRrr (292/h)
] ®8,
= 40 [N
_ -O-
= [0 o]
o' 20
0 T T T T
-100 0 100 -100 0 100
Vi (HV) VR (V)

field B, perpendicular to the superconducting loop. Right column: tunneling
spectroscopy of theright pair of QDs at asweet spot (i.e. t,=4,), with the left
QD keptin Coulombblockade. Gy, and Gy are measured as a function of e.
detuning Vipif. detuning Vipy, g. detuning both Vi and Ve and h. Applying
amagnetic field B, perpendicular to the superconducting loop. Itisimportant
tonotethat (d) and (h) are obtained for the same configuration as the flux-
dependence measurementsin Fig.2, with the only difference being that here
theouter QD iskeptin Coulomb blockade. The lack of response to B, rules out
more trivial origins of the flux dependenceinFig.2, such as oscillations of the
middle QDs electrochemical potential energy.
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Extended DataFig. 5|Fitting of conductanceline-traces. The
measurements in Fig. 2 show afinite in-gap conductancein Gy, when ¢, =0.
Possible origins for thisinclude thermal broadening, and small deviationsin
the QD plunger gate voltages frombeing precisely at u;= 0. Here we address
the former, by comparing the conductance bias-traces with the theoretically
expected shapesin the smalllead-QD coupling limit (/" < kgT) described in
Methods. a. Repetitions of conductance spectrafor G, and Gy as afunction
of B,,asshowninFig.2a.b. Line-cuts taken from the indicated positionin (a),
atB,correspondingto ¢,=0.G,, isfitted to Eq. (18) and Gy, is fitted to Eq. (19),
yielding estimates for ¢, and ¢,. We find the conductances are well described
by the temperature-limited fits and find both are described by the same
broadening parameter (y=15.6). c. Repetition of conductance spectrafor Gyy
asafunctionof B,fromFig.2a.d. Usingthet,and ¢, values extracted in (b), we fit

theindicated Gy line-cutfrom (c) to Eq. (20).In (i), yis fixed to be the same
value as extracted in (b), whilein (i) yisincluded as fitting parameter. (iii) uses
thesamefitting as (ii), for aline-cut taken at adifferent 2m period as indicated
in(c). The conductanceis again well-described by the temperature-limited fit.
Alarger broadening parameter is however required, the origin of whichis
unclear and not captured by the numerical simulations. In (ii) and (iii) the
measured conductanceat V,=0is =3 mG,larger than explained by the fits.
From Eq. (16), this remainder would correspond to offsets in i, /uz on the order
of +5ueV. The plunger gate voltages are set with aresolution of 60 uV, which
combined witha QD leverarm of = 0.05 would translate to potential offsets on
theorderof 3 ueViny, and p,. e-h. shows arepetition of the outlined procedure,
for measurements using the charge configuration shownin Extended Data
Fig.11. Asimilar behaviouris observed.
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maintext, Fig. 3 shows measurements of conductance spectraatathree-site
sweet spot, obtained at two B, values correspondingto¢,=0and ¢, =T.

The ability to control the flux allows us to perform such measurements at

any intermediate value of ¢,. a. RF-spectroscopy measurements of S5, and
corresponding numerical simulations, upon detuning Vqp,, for seven values of
B, correspondingto ¢,=0and ¢, =m. The experimental evolution corresponds
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wellto the numerical simulationateach stage. Recent work on a three-site Kitaev
chainwith two separately grounded SCs** concludes thatasmall voltage
difference between the SCs (on the order of uV) may give rise to rapid phase
oscillations. Hence, itis assumed their (slow) measurementsreflectan

average over many periods of ¢,. b. Shows averaged RF-spectroscopy for
25measurementsinthe samerange as (a), and the corresponding numerically
averaged simulation, finding good agreement with the reported behaviour in?.
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.Figure 3 only demonstrates theresponse to detuning V. Here, four

other possible detuning combinations are highlighted, for the same device
configuration. Accompanying numerical simulations use the same set of

parameters as shownin the main text. Plunger gate voltages have been
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converted to chemical potential energies using the QD leverarms. a.andb.
show repetitions of the conductance spectrashowninFig.3, where ¢, =

and ¢, =T respectively, including acomparison to the numerical simulation.
Furthermore, we show theresponseat ¢, =0 to c. Detuning Vo (1v),

d. detuning Vg (13), €. detuning both Vi, and Viypp and f. detuning all three
QDs simultaneously. When ¢, =0, the ZBP measured in G,, and Ggg only splits
fromzero-energy whenall three QDs are detuned.
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Extended DataFig. 8| Shifting the MBS wavefunction - comparison to
analyticalresult. At athree-site Kitaev chain sweet spot, with ¢, =0, detuning
either of the outer QDs shifts the MBS wave-function to the middle QD. In
Methods, we derive that thisreflectsin the zero-bias conductance of eachsite
and depends only on the coupling parameters ¢,/t, (=4,/4,) (see Egs. (16)). Todo
this analysis experimentally, first the chemical-potential energies u,, 11, of QDL
and QDRare measured as afunction of a.V,, and b.Ve, by measuring each
QD spectrumwith the unused QDs in Coulomb blockade. With all parameters
tuned to the sweet spot values, we detune Vq, around charge degeneracy and
measurec. G, andd. Gyy, asshowninFig.3a. Additionally, we detune V,z and
measuree. Ggrandf. Gyy. As visualiseding. and h., these experiments result
inthe shifting of the MBS wave-function from the outer QD to the inner QD.
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In (c,d), the conductances measuredat V,,V,,=0 depend onlyony, and¢,.
Similarly for (e,f) they scaleaccording to ugand ¢,.i. We extract G, and Gy
along V,,Vy=0from (c) and (d) and convert V, toy, using (a). Fitting the
analytical formulas shownin (g), with an additional scaling factor, an estimate
fort,0f17.6 ueVis obtained. This can be compared to the width of the excitation
gapaty, =0,whichtheory predictstobe 2¢,.j. shows the line-trace, with the
dashedlinesindicating the expectedlocation of the excited states based on
theextractionin (i). k. We repeat this procedure for Ggg and Gy, along Vi, Vy=0
from (e) and (f), converting Vp, to ug using (b). Now fitting the formulates
shownin (h), we canestimate ¢,0f23.7 ueV.l. This again agrees with the
excitationgapatu,=0.
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Extended DataFig. 9| Fulllocal and non-local conductance matrix
measurements. The main text focuses on measurements of local conductances
probed through each of the three normal contacts. For such measurements, the
non-local responsesare recorded in addition, not shown due to size constraints.
Here two measurements are highlighted, for the charge configurationshownin
Extended DataFig.4g.a. Localand non-local conductances when detuning Vypy,
compared tob. numerical simulations of detuning py,. Strikingly, the ZBPs do not
appearinthe non-local measurements, as expected due to arising from MBSs
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localised onthe outer QDs. Additionally, the same patterns of positive and
negative non-local conductancein Gy, and G,,,are observed, with the sign
invertingat u=0. Unlike the simulations, signals appear in Ggy,, Gz, G, and Ggy,
thatarenot captured by the effective model. We note that amore complete
modelincorporating explicitly the hybrid regions such asin* may be needed
to fully describe all non-local effects. c. Local and non-local conductances
when ssimultaneously detuning Vip,, Vopwand Vypg, compared tod. numerical
simulations of detuning all z;.
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Extended DataFig.10 | Details of measurement procedure for Fig.4.Inthe
main text, Fig. 4 highlights zero-bias conductance measurements atathree-
site sweet spot, when simultaneously varying Vqp,, Vopy and Vopg against
simultaneously sweeping Vb and V3. Here, we detail how these measurements
are performed. a.shows arepetition of the dataasshowninFig. 4e.First, the

sweetspot values for V,glgs and V,@s were determined from measuring CSDs,

through the process showninFig.1. We denote these values 6V ) = 0and
6!4%)5: Orespectively. Next, weapply 15mV to each, withrespectto these sweep
spotvoltages, inthe direction that resultsinanavoided crossing signifying
t>A.Duetocross-coupling, the resonance value for each QD needs to be
re-determined. Thisis done by measuring the zero-bias Coulomb resonance for

each QD, with the two other QDs set offresonance, and fitting a Lorentzian
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line-shape to determine the centre. b. and c. show CSDs measured at these

V,ps values for the left-middle and middle-right pairsrespectively, taken for
verification of the interdot coupling. Both sides show an antidiagonal avoided
crossing signifying ¢, > A,. The centers as obtained by the centering procedure
are marked by the crosses. After centering, all three QDs are brought on
resonance and swept simultaneously, accounting for differencesinleverarms
(seeExtended DataFig. 8). Here the orange line-tracein (a) is obtained, shownin
d.Thesameprocedureisrepeated for every set-point, until reaching V,ilgs, V,%)f
+15mV.Now both CSDs show a clear diagonal avoided crossing, shownine.and
f.The new centers are marked, differing within afew mV from those in (b)/(c).
Thegreendashedlines mark the paths taken by the simultaneous sweep for the
greenlinein (a), plotteding.
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Extended DataFig.11|Reproduction of mainresultsinaseparate cooldown. correspondingto ¢,=0was determined fromthe spectroscopy measurements
The measurementsin Fig. 4 were repeated for validation during aseparate shownin Extended DataFig. 5g. c. In this configuration, the measurement
cooldown ofthe same device. First, two-site sweet spots were obtained for showninFig.4 wasrepeated, using the same procedure as detailed in Extended
both two-site pairs, asin Fig.1.a. CSDs for resonances in the left and middle DataFig.10. Additionally, we reproduce here the conductance spectraat the
QD, varying VAgsin arange where the avoided crossing changes direction to sweet spotasafunction of d. detuning Vi, €. detuning both Vi, and Vpr and f.
determine the sweet spot (panelii). Similarly, asweet spot was obtained for the detuning simultaneously all3 QDs.

middle and right QD, upon varying V2, shown inb. The magnetic field B,
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