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Probing Majorana localization of a phase-
controlled three-site Kitaev chain with an
additional quantum dot

Alberto Bordin 1,4, Florian J. Bennebroek Evertsz’1,4, Bart Roovers 1,4,
Juan D. Torres Luna1,4, Wietze D. Huisman 1, Francesco Zatelli 1,
Grzegorz P. Mazur 1, Sebastiaan L. D. ten Haaf 1, Ghada Badawy2,
Erik P. A. M. Bakkers 2, Chun-Xiao Liu 1, Rubén Seoane Souto3,
Nick van Loo 1 & Leo P. Kouwenhoven 1

Few-site implementations of theKitaev chain offer aminimal platform to study
the emergence and stability of Majorana bound states. Here, we realize two-
and three-site chains in semiconducting quantum dots coupled via super-
conductors, and tune them to the sweet spot where zero-energy Majorana
modes appear at the chain ends. We demonstrate control of the super-
conducting phase through both magnetic field and sweet-spot selection, and
fully characterize the excitation spectrum under local and global perturba-
tions. All spectral features are identified using the ideal Kitaev chainmodel. To
assess Majorana localization, we couple the system to an additional quantum
dot. The absence of energy splitting at the sweet spot is compatible with high-
quality Majorana modes, despite the modest chain size.

The Kitaev chain model is one of the simplest implementations of
topology in condensed matter1. It describes a spinless chain of N fer-
mionic sites (cn) with energies μn, nearest-neighbor hoppings tn, and
superconducting-like pairings Δn

2 (Fig. 1a, b):
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For N → ∞, Kitaev showed that the chain hosts two Majorana bound
states (MBSs), one at each end of the chain, which are exponentially
close to zero energy and topologically protected - meaning that no
local perturbation of the Hamiltonian can couple them1. This makes
the Kitaev chain a promising candidate for a robust quantummemory,
as the dephasing time would be inversely proportional to the energy
splitting of the MBSs3.

Remarkably, even minimal Kitaev chains of just two sites can host
unpaired MBSs, which are exactly at zero energy if ∣t1∣ = ∣Δ1∣ and

μ1 = μ2 = 04. However, they are not topologically protected as their
energy splits linearly with ∣t1∣ − ∣Δ1∣, motivating the label of poor man’s
Majoranas4. The transition from the poor man’s (N = 2) to the topo-
logical regime (N → ∞) is an active field of research2,5–11. The general
trend is an increase in the protection fromperturbations as the chain is
scaled up9, but the trajectory is not necessarily monotonic: in parti-
cular, three-site chains can potentially beworse than two-site ones due
to next-nearest-neighbor hoppings7,9,11 and four-site chains could be
worse than three-site ones due to even-odd effects6. Recently, two- and
three-site Kitaev chains were experimentally realized in hybrid
semiconducting-superconducting nanowires12,13 and two-dimensional
electron gases14,15; attracting substantial experimental16–21 and
theoretical22–35 attention to the understanding of the underlying
physics.

In this work, we realize two- and three-site chains in a single
device, describe their phenomenology, and test the Majorana quality
by coupling them to an additional quantum dot. This has both a
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practical and a fundamental purpose. For technological applications, it
is important to understand whether or not three-site Kitaev chains are
better than two-site ones and whether it is beneficial to scale up the
chain even further. For a fundamental understanding of the onset of
topology, it is insightful to investigate how the partial protection from
perturbations evolves in these finite-size Kitaev chains. In our previous
work13, we investigated the stability against internal perturbations of
the Hamiltonian terms (1). Here, we test the stability against the sim-
plest external addition to the Hamiltonian: one extra energy level,
provided by an additional quantum dot36,37. Theory predicts that if the
MBSs are well localized at the chain ends, then the additional quantum
dot can couple only to a singleMajoranamode and, therefore, nothing
happens to its energy; if, however, there is a finite overlap between the
MBSwavefunctions, so that the quantum dot can couple to both, then
the MBSs gain a finite energy splitting24,38,39.

Results
Realization of two- and three-site Kitaev chains
Our device consists of a semiconducting nanowire (InSb)40 deposited
on top of an array of bottom gates, separated by a dielectric layer
(Fig. 1c). Two aluminum strips induce superconductivity in two nano-
wire sections, forming semiconducting-superconducting hybrids.
They are connected in a loop geometry so that an out-of-plane mag-
netic field Bz can tune the relative phase difference φ. Besides the
aluminum, which is grounded, there are two additional contacts made
of gold, which we use to probe the local density of states via tunneling
spectroscopy12. They are connected to respective voltage sources
ðVL, VRÞ, current meters ðIL, IRÞ, and standard lock-ins to measure the

differential conductances ðgL � dIL
dVL

, gR � dIR
dVR

Þ. Further nanofabrica-

tion details are reported in Methods.

To form a Kitaev chain, we apply voltages to the bottom gates to
define three quantum dots separated by the two hybrid sections18. A
magnetic field Bx = 175mT parallel to the nanowire ensures spin
polarization of all quantum dots (verified in Fig. S7). The dot electro-
chemical potentials μn are controlled by the plunger gate voltages VD1,
VD2, and VD3, respectively, while the inter-dot couplings tn and Δn are
tuned with the hybrid gate voltages VH1 and VH2

16,22. There is also the
option of forming an additional quantum dot (labeled AD) to test the
Majorana localization. This additional quantum dot is used for Fig. 4;
otherwise, there is a single tunneling barrier separating the left gold

contact from D1. All bottom gate settings are available in the linked
repository41.

To define two-site Kitaev chains, we use the following procedure.
After forming the D1, D2, and D3 dots (their characterization is
reported in Fig. S7), we set D3 off-resonance by adding ~ 5mV to VD3. A
two-site chain comprising D1 and D2 is formed by balancing the t1 and
Δ1 couplings by fine-tuning VH1

12,16. The poorman’sMajorana sweet spot
∣t1∣ = ∣Δ1∣ is reached when the D1-D2 charge stability diagram of Fig. 2a
shows a cross shape. The spectrum at the center of the cross (corre-
sponding to μ1 = μ2 = 0) is reported in Fig. 2b and shows a
∣2t1∣ = ∣2Δ1∣ ≈ 30μeV energy gap between the zero-bias conductance
peak (ZBP) and the first excited state (see Fig. S8 for a fit of the spec-
trum). Similarly, a two-site chain on the right of the device can be
formed by setting D1 off-resonance and balancing the t2 and Δ2 cou-
plings between D2 and D3 by fine-tuning VH2. At the sweet spot
(Fig. 2c), we find a ∣2t2∣ = ∣2Δ2∣ ≈ 20μeV energy gap (Fig. 2d).With these
settings, the inter-dot couplings tn and Δn are much smaller than the
Zeeman splitting (EZ ≳ 200μV, Fig. S7) and theminimum energy of the
Andreev bound states (ABSs) located in the hybrid sections
(EABS ≳ 100μV, Fig. S17).

At this point, it is sufficient to bring D1 back on resonance to
obtain a three-site chainwithμn=0and ∣tn∣= ∣Δn∣ for alln.We recall that
the tn and Δn couplings are, in principle, complex numbers. Their
phase is irrelevant in two-site chains, whereas in three-site chains a
single non-trivial phase degree of freedom φ remains2,13. This can be
tuned with out-of-plane field Bz15, as shown in Fig. 2e (the corre-
sponding simulation is reported in Fig. S9j). We observe a periodic
spectrum with a period Tφ = 7.5mT. At Bz = 0 (mod Tφ), there is a
maximum gap separating the ZBP from the first excited state, whereas
theymerge atBz = Tφ/2 (mod Tφ). Thismeans that the phase difference
is ≈ 0 at zero flux. This does not seem to be a coincidence: previous
works predicted tn and Δn to be real when there is no magnetic field
component perpendicular to a hybrid Rashbananowire2,32,42. If all the tn
and Δn are real, then φ is either 0 or π. Indeed, we sometimes observe
φ ≈ 0 and sometimes φ ≈ π at Bz = 0. For instance, Fig. 2f shows an
example of φ ≈ π at Bz = 0 measured in another three-site sweet spot
using different QD and hybrid gate settings. Overall, we characterized
the phase of 11 different sweet spots. They are reported in
Figs. S6 and S18 and summarized in Fig. 2g: atBz =0,we observedφ ≈0
seven times and φ ≈ π four times. This bimodal nature of the observed
phase behavior has significant implications for scaling to long chains32.

Fig. 1 | Forming Kitaev chains in hybrid nanowires. a Schematic of a three-site
Kitaev chain coupled to two metallic leads (yellow). tn and Δn couple neighboring
quantum dots. b When all inter-dot couplings are real numbers, a three-site chain
can be represented in the Majorana basis with this simple diagram: μn couples the
Majoranaswithin the same site, whereas ðtn +ΔnÞ and ðtn � ΔnÞ coupleMajoranas of
neighboring sites. At the μn = 0, tn = Δn sweet spot, there is one unpaired Majorana
mode at each chain end. c A false-colored scanning electron micrograph of the

reported device, including circuit elements and gate voltage labels. An InSb
nanowire (green) is deposited on an array of bottom gates (pink), which can define
three quantum dots: D1, D2, and D3. They are coupled by two InSb-Al hybrids16,
which are connected by a superconducting loop (blue), grounded. There is also the
possibility of defining an additional quantum dot (AD) on either side. Two Cr/Au
contacts (yellow) can probe the local density of states on either side of the device
via tunneling spectroscopy.
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In three-site chains, tuning the phase is straightforward, as a single
parameter, Bz, suffices. However, in longer chains, each additional site
would typically require an extra phase-control parameter φn.
Remarkably, Fig. 2g suggests that the phase difference can be set to
≈ 0 at Bz = 0 by the sweet-spot choice, eliminating the need for addi-
tional tuning knobs: an arbitrarily long Kitaev chain can be fully tuned
electrostatically and at zero out-of-plane field by selecting, in
sequence, sweet spots that preserve φn ≈ 032,43. We note that in our
experiment, φn ≈ 0/π at Bz = 0 with finite deviations: the field uncer-
tainty is ~ 0.2mTwhile the standarddeviation from0or Tφ/2 is 0.5mT
(see also Fig. S6). This indicates a possible breaking of the complex
conjugate symmetry, which restricts the phases to be real in a hybrid
Rashba nanowire42. This symmetry breaking could stem frommagnetic
orbital effects on the QD or ABS orbitals or from an applied magnetic
field not precisely perpendicular to the Rashba spin-orbit field32,43.
Importantly, there is no need to tune to zero precisely for practical
applications: it was calculated that, as long as φn < π/2 ∀ n, the Kitaev
chain has a finite topological gap32. All seven sweet-spots where we
measured φn ≈ 0 at Bz = 0 are within this bound.

In the rest of themanuscript, we focus on the sweet spot of Fig. 2e
(number 4 in Fig. 2g) and setBz =0.Bx is still at 175mT to ensure that all
QDs are polarized. The spectra as a function of various QD detunings
are reported in Fig. 3. The first row shows tunneling spectroscopy from
the left lead, while the second row shows spectroscopy from the right
lead. Different columns show different types of QD detunings: in the
first three columns, each dot is detuned separately, in the fourth col-
umn, two dots are detuned simultaneously, and in the fifth column, all
dots aredetuned together. As observed inour previouswork13, the ZBP
persists for any local perturbation of one or even two QDs. Only the
global perturbation of three QDs altogether is able to split the ground
state degeneracy (Fig. 3i, j).

Turning our attention to the excited states, we highlight a feature
that might go unnoticed: in the first and third columns (Fig. 3a, b, e, f),
there is a single excited state per panel. This reflects the behavior of an

ideal three-site Kitaevmodel, illustrated in the schematics below. Every
site is representedby twoMajoranas that couple locallywith amplitude
μn, while tn +Δn couple neighboring sites and lead to the excited states
marked in dark and light blue15. As long as μ2 = 0, the excited states are
disconnected: a local probe on the leftmost site cannot sense the
t2 + Δ2 state (light blue), whereas a local probe on the rightmost site
cannot sense the t1 +Δ1 state (dark blue). This separationof the excited
states breaks down as soon as μ2 ≠ 0 and, indeed, we observe the
appearance of a second excited state in each panel where VD2 is
detuned (c, d, g, h, i, and j). In all panels, the second excited state
disappears as δVD2 approaches 0mV. We note that this disappearance
of the second excited state can happen only at φ = 0 (mod 2π). All
spectra are reproduced by the numerical conductance simulations
with φ = 0 reported in Fig. S9a–h.

Here, having the t1 + Δ1 state visible only from the left and
the t2 + Δ2 state visible only from the right is direct evidence of the-
localization of the excited states. Unfortunately, it does not prove
the ground state localization as well. Therefore, to investigate
the localization of Majorana modes, we rely on another
technique: probing the chain with an additional quantum dot24,38,39.
This can lift the ground-state degeneracy when coupled to two
MBSs, while the system remains degenerate if it couples to one
Majorana only.

Assessing Majorana localization
We form an additional quantum dot on the left of the device (shown in
red in the schematics of Fig. 4). Its energy levels are controlled by VAD.
When theQD levels are far fromzero energy, theQDacts as a tunneling
spectroscopy barrier36; instead, when a level is close to zero energy, it
can couple to the Majoranas localized in the first dot of the chain, D1.
Therefore, a simple QD-test involves sweeping VAD so that one QD
energy level is brought on- andoff-resonance. If the unpairedMajorana
modes γ1 and γ2N are perfectly localized at the chain ends, then the ZBP
should not be perturbed. If, instead, there is a finite Majorana overlap

Fig. 2 | Tuning process. a–d. Two-site chains at the Poor Man’s Majorana sweet
spot. The left chain is measured while keeping D3 off-resonance, whereas the right
chain is measured while keeping D1 off-resonance. Panels (a) and (c) show the D1-
D2 and D2-D3 charge stability diagramsmeasuredwith standard lock-in techniques
at zeroDC voltage bias (VL = VR = 0). The blue dotsmark the points where the finite-
bias spectroscopy reported in panels (b) and (d) ismeasured.e–gThree-site chains.
e, f Examples of tunneling spectroscopy as a function of the out-of-plane magnetic
field Bz. Both panels show a periodic spectrum with a 7.5mT period. However,
opposite behavior is seenatBz=0: inpanel (e), there is an energygap,while inpanel

(f) the gap is nearly closed. This suggests that at zeroout-of-plane field, the phase is
close to zero in panel (e) and close toπ in panel (f). The same analysis is repeated at
multiple Kitaev chain sweet spots (see Fig. S18 for a full inventory) and summarized
in panelg. Overall, atBz=0mTwemeasuredφ≈0 seven times andφ≈π four times.
The blue and redmarkers correspond topanels (e) and (f), respectively. The phases
shown in panel (g) are extracted by fitting the Kitaev chain Hamiltonian to the
tunneling spectroscopy data; details of the fitting procedure are provided in
Methods and in the Supplementary Information.
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in D1 then the Majoranas can couple through the additional dot and,
therefore, the ZBP should broaden or even split.

We first look at the scenario where the chains are detuned on
purpose (left side of Fig. 4), to make sure that we are able to resolve a
ZBP splitting. Starting from the two-site chain,weobserve in Fig. 4a, b a
clear splitting of the lowest energy state. As predicted in ref. 24, this
comes in two flavors known as “bow-tie” and “diamond”38. If both D1
and D2 are detuned (Fig. 4a), then the ZBP is already split when AD is
off-resonance, and there is a zero-energy crossing as AD passes
through a resonance (bow-tie shape). If only D2 is detuned (Fig. 4b),
there is no splitting when AD is off-resonance and a finite splitting
when AD is on-resonance (diamond shape). The diamond case is par-
ticularly insightful, as the ZBP wouldn’t split without the additional
quantum dot4: if a single QD is detuned from a poor man’s Majorana
sweet spot, the ZBP revealed by a standard tunneling spectroscopy
persists even though the MBSs overlap in one dot12,17. This stresses the
strength of this QD-test: it can reveal a local Majorana overlap even
where standard tunneling spectroscopy fails to detect it.

On the other hand, the right side of Fig. 4 shows the situation
where our Kitaev chain is tuned to the sweet spot: here, the QD-test
does not resolve any ZBP splitting within its linewidth, indicating a
strong localization of the Majorana modes. Theoretical simulations at
the sweet spot replicate the spectral dependence. Furthermore, they
can be used to extract microscopic parameters such as the coupling
between AD andD1. As discussed inMethods, we fit the spinlessmodel
of Eq. (1) as well as a larger, spinful model including a second spin
species at higher energies28,44. Bothmodels qualitatively reproduce the
VAD dependence. The values of the fitted parameters are reported in
the Supplementary Information (Tables I and II). In particular, we
extract a strong coupling between AD and D1, with tunnel amplitudes
of order ~ 50μeV and a non-local charging energy Unl ~ 20μeV.

Finally, we turn our attention to the three-site chain case
(Fig. 4e–h). With a global detuning of all QDs (Fig. 4e), we retrieve ZBP

splitting similar to the two-site case. However, if only one QD is
detuned (Fig. 4f), there is no splitting anymore; instead, a ZBP persists
over the fullVAD range.Wenote that this is not a special property ofD2:
a ZBP persists if any of the three-site chain dots is detuned (Fig. S3). In
this sense, the three-site chain is more resilient than two-site chains:
Majoranas with a high degree of localization persist even if one of the
QDs is off-resonance.

When all QDs are on resonance (Fig. 4g), the spectrum looks very
similar to the two-site case. In particular, it seems that next-nearest-
neighbor couplings are not able to split the ZBP in Fig. 4g, as far as this
QD-test can resolve, even when looking carefully at the variations of
theZBP linewidth asVAD is varied (Fig. S16).Wedonot observe anyZBP
broadening in any of the three-site chain sweet spots we tested: the
ZBP half-width at half-maximum is 7 ± 1μV, constantly (Fig. S16).

All the QD-test phenomenology shown here in Fig. 4 is repro-
duced in another Kitaev chain sweet spot within the same device,
having different quantum dot orbitals and hybrid gate settings. The
corresponding characterization and QD-tests are reported in Supple-
mentary Information (Figs. S11 to S15).

Discussion
Comparison to long nanowires
A popular strategy for Majorana research involves continuous hybrid
nanowires45,46 rather than QD-based Kitaev chains. However, the
material disorder in long nanowires complicates the unambiguous
identification of MBSs in such systems47–50. In contrast, the site-by-site
tunability of QD-based Kitaev chains can compensate for material
inhomogeneities51,52. This leads to discrete and localized excitation
spectra (Fig. 3), where every state can be interpreted with simple
models1,2,11,28.

With this tunability, we can even simulate disorder - in the form of
deliberate perturbations to the system - and study its impact on the
spectrum (Figs. 3 and 4). In short chains, such perturbations can split

Fig. 3 | Characterization of three-site chain spectra as a function of various QD
detunings. a–f Conductance spectroscopy of the three-site chain, measured from
the left and the right, as a function of each QD plunger gate. The schematics below
illustrate the corresponding Kitaev chainmodel in theMajorana basis. Color-coded

arrows indicate the excited states illustrated in the schematics. g, h Left and right
spectra as D2 and D3 are detuned simultaneously. i, j Left and right spectra while
detuning all QDs of the chain.
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the ground-state degeneracy. However, if the system isperfectly tuned
to the sweet spot, the Majoranas are localized in the outer QDs; thus,
their wavefunctions do not overlap11. This is a fundamental difference
compared to continuous nanowires, where the Majorana wavefunc-
tions decay over a characteristic length scale ξ1. This could lead to a
detrimental Majorana overlap even in μm-long nanowires53.

Limitations of our device
In Figs. 2 and 3, we note that the energy gap isn’t as large as in other
devices17, especially on the right side (∣2t2∣ = ∣2Δ2∣ ≈ 20μeV). This is
limiting the impactof possible next-nearest-neighbor couplings,which
scale as � Oðtn=EZ Þ13,54, but it makes the system more vulnerable to
thermal excitations � e�tn=kBT . Finding the best compromise between
suppressing next-nearest-neighbor couplings and avoiding thermal
excitations is an open question54.

Regarding the phase dependence, we note finite deviations from
0 or π phase at Bz = 0 with a standard deviation ≈ 0.5mT/Tφ ≈ 0.13π.
This does not affect three-site chains, but in long chains it can lead to a
≈ 50% reduction of the topological gap32. This can be prevented by
stricter sweet-spot selection to haveφn even closer to zeroor by better
understanding the causes of the deviations. For instance, they could be
due to Bx not being perfectly aligned or the system not being perfectly
one-dimensional. We also note anomalous phase dependences of two-
site chains (see Fig. S17).

Regarding the QD-test, we note the lack of a direct measurement
of the AD spin polarization. In Figs. S16, S14, and S15, the spin is
inferred from the theorymodel. Finally, we note the resolution limit of
the QD-test, given by tunneling spectroscopy techniques in state-of-
the-art dilution refrigerators. Considering the variations of the ZBP

width as an estimate of the splitting (Fig. S16), our resolution is limited
to ~ 1μV. Possible ways to go beyond such a resolution include the
implementation of cQED spectroscopy techniques or, directly, the
creation of a parity qubit made of two coupled Kitaev chains4,28,30.

Future directions
In this manuscript, we showed examples of φ ≈ 0 and φ ≈ π at Bz = 0,
but we haven’t yet attempted to switch this behavior
deterministically32. For instance, this could be implemented by
switching the QD spins43.

Regarding the QD-test, it would be illuminating to study the
energy splitting as a function of the Zeeman energy. Next-nearest-
neighbor hoppings should become relevant in the EZ ~ tn, Δn regime.

On the theory side, we limited the discussion to the qualitative
reproduction of the spectra, well captured by the spinless Kitaev
model of Eq. (1), and the extraction of the Hamiltonian parameters
reported in Tables I and II (Supplementary Information). In future
studies, it can be insightful to quantify theMajorana quality in terms of
the Majorana polarization23 or other quality measures9. This is parti-
cularly important with respect to braiding proposals, which have strict
Majorana polarization requirements28.

Conclusion
In summary, we realized two- and three-site Kitaev chains within the
same nanowire device. The relative phase φ is tuned by the out-of-
plane magnetic field Bz. We also show that it is possible to have either
φ ≈0 orφ ≈π at Bz = 0. This demonstrates the possibility of controlling
the phase of arbitrarily long Kitaev chains with appropriate sweet-spot
choices, eliminating the need for cumbersome flux control32. At φ = 0,

Fig. 4 | Assessing Majorana localization in two- and three-site chains (first and
second row, respectively). Here, the Kitaev chains are coupled to an additional
quantum dot, shown in red in the schematics. On the right side, the chains are
tuned to the sweet spot. On the left side, they are detuned on purpose in various
combinations of μn ≠ 0. This simple QD test - measuring the spectrum as a function
of the gate voltage VAD controlling the additional dot - can expose delocalized

Majoranas: if there is a finite Majorana overlap, the coupling to the additional QD
splits the ZBP (panels a, b, and e), otherwise, highly localized Majoranas result in
persistent ZBPs over the full VAD range (panels c, f, g). Panels (d) and (h) report a fit
of panels (c) and (g) data, respectively, with the spinlessmodel of Eq. (1) as well as a
spinful model discussed in Methods and in the Supplementary Information. The-
oretical simulations for all panels are reported in Figs. S2 and S3.
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wecharacterized the spectra of three-site chains under local andglobal
perturbation of the quantum dots, finding unprecedented corre-
spondence between the experiment and the Kitaev model, for the
ground state and all the excited states.

Finally, we investigated the robustness of Majorana bound states
formed at the chain ends against the simplest external perturbation of
the Kitaev Hamiltonian: one extra energy level provided by an addi-
tional quantum dot. This QD-test is sensitive to the overlap of the two
unpaired Majoranas on one side of the device, even when standard
tunneling spectroscopy fails to detect it. Potential overlap ofMajorana
wavefunctions can cause the ZBP to split, which we do not observe
unless the quantumdots of our Kitaev chains are deliberately detuned.

Methods
Nanofabrication
The device presented in this work is fabricated using the shadow-wall
lithography technique55,56. The nanowire was placed onto a pre-
patterned substrate, with Ti/Pd gates covered with an ALD-grown
dielectric (20 nm Al2O3 and 10 nm HfO2). A 17.5 nm layer of Al was
deposited on the nanowire at a 30-degree angle with respect to the
substrate, followed by a controlled in-situ oxidation at an O2 over-
pressure of 210 mTorr for 5 minutes. A more detailed description of
the Al deposition can be found in ref. 57. Transene D was used to
selectively remove the Al layer outside the nanowire region, whichwas
protected by a PMM layer during the etching. Finally, the Cr/Au ohmic
contacts were deposited following Ar milling.

Theoretical modeling
Wemodel the system using an extended spinless Kitaev chain coupled
to an additional quantum dot. The total Hamiltonian is written as

H =HN +HAD +Htunnel , ð2Þ

HAD = ðμ0 � μoffsetÞcy0c0, ð3Þ

Htunnel = tdc
y
0c1 +Δdc

y
0c

y
1 +Unln0n1 + h:c: , ð4Þ

whereHNdescribes the Kitaev chain. The additional dot is represented
by a single fermionic level c0 with chemical potential μ0, which is
controlled experimentally via the gate voltage VAD as
(μ0 − μoffset) = − eα0δVADwhere α0 is the lever arm. A small offset μoffset
is included to account for imperfect centering of the experimental
gate-voltage window. The dot is coupled to the first site of the Kitaev
chain through both normal tunneling td and an effective super-
conducting pairing Δd. In addition, we include a non-local Coulomb
interaction, Unl, between the dot and the adjacent chain site.

To assess the robustness of the spinless description, we also study
a spinful extension that includes Zeeman splitting, local charging
energy, and spin-orbit coupling, which introduce additional sources of
Majorana hybridization. The model incorporates spin-dependent
hopping and pairing terms parameterized by a spin-orbit angle θ, as
well as onsite and non-local interactions. For fixed Zeeman energy and
charging energy, the systemmustbe numerically tuned to a sweet spot
that depends on θ. Details of the Hamiltonian, parameter choices, and
tuning procedure are provided in the Supplementary Information.

Fit of experimental data
To fit the experimental differential-conductance spectra, we extract
peak positions as a function of the additional-dot gate voltage using a
numerical peak-finding algorithm and retain only continuous disper-
sing features. For a given set of microscopic parameters, we compute
the many-body excitation spectrum of the model and match it to the
extracted peaks, keeping only transitions with finite weight on the
additional dot. The optimal parameters are obtained by minimizing

the squared deviation between experimental and theoretical excita-
tion energies using a differential evolution optimizer. To avoid over-
fitting, most chain parameters are fixed based on the experimental
configuration, and we fit only a small subset of unknown parameters.
See Supplementary Information for additional details and tables of the
optimized parameter values.

Extraction of the zero-field phase shift
In Fig. 2e–gweextract the distributionof thephase shiftφ0 at zeroout-
of-plane magnetic field Bz = 0. To this end, we consider a three-site
Kitaev chain described by Eq. (1), tuned exactly to the sweet spot with
μi = 0, t1 = ∣Δ1∣, and t2 = jΔ2jeiðφ�φ0Þ. In this limit, the Hamiltonian can be
diagonalized analytically, yielding two non-trivial excitation energies
due to particle-hole symmetry:

E ± ,φðΔ1,Δ2,φ0Þ=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðΔ2

1 +Δ
2
2Þ±2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ4
1 � 2Δ2

1Δ
2
2 cosðφ� φ0Þ+Δ4

2

qr
:

We extractφ0 by fitting these analytical expressions to the two lowest
excited states obtained from the conductance spectra, minimizing a
least-squares cost function. The phase φ is inferred from the applied
out-of-plane field. Details of the spectral post-processing and full
fitting results are reported in the Supplementary Information.

Data availability
All the data used in this study are available in the Zenodo database
under accession code https://doi.org/10.5281/zenodo.15168550. This
includes all the transportmeasurements discussed in themain text and
Supplementary Information, as well as all other transport measure-
ments ever recorded on the reported device.

Code availability
The analysis code used to generate all figures of the publication is
available at https://doi.org/10.5281/zenodo.15168550.
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