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Enhanced Majorana stability in a three-site 
Kitaev chain
 

Alberto Bordin�  �1,5  , Chun-Xiao Liu�  �1,5, Tom Dvir�  �1,2, Francesco Zatelli�  �1, 
Sebastiaan L. D. ten Haaf�  �1, David van Driel1, Guanzhong Wang�  �1, 
Nick van Loo�  �1, Yining Zhang1, Jan Cornelis Wolff1, 
Thomas Van Caekenberghe�  �1, Ghada Badawy3, Sasa Gazibegovic3, 
Erik P. A. M. Bakkers�  �3, Michael Wimmer�  �1, Leo P. Kouwenhoven�  �1 & 
Grzegorz P. Mazur�  �1,4 

Majorana zero modes are non-Abelian quasiparticles predicted to emerge at 
the edges of topological superconductors. A one-dimensional topological 
superconductor can be realized with the Kitaev model�a chain of spinless 
fermions coupled via p-wave superconductivity and electron hopping�
which becomes topological in the long-chain limit. Here we realize a 
three-site Kitaev chain using semiconducting quantum dots coupled by 
superconducting segments in a hybrid InSb/Al nanowire. We investigate the 
robustness of Majorana zero modes under varying coupling strengths and 
electrochemical potentials, comparing two- and three-site chains realized 
within the same device. We observe that extending the chain to three 
sites enhances the stability of the zero-energy modes, especially against 
variations in the coupling strengths. This experiment lacks superconducting 
phase control, yet numerical conductance simulations with phase averaging 
align well with our observations. Our results demonstrate the scalability of 
quantum-dot-based Kitaev chains and its bene�ts for Majorana stability.

The pursuit of topological superconductivity is motivated by its poten-
tial to enable decoherence-free quantum computing and high-fidelity 
quantum gates1,2. Topological superconductors host zero-energy sub-
gap states known as Majorana zero modes (MZMs), which are predicted 
to exhibit non-Abelian exchange statistics. Unlike bosons or fermions, 
exchanging (braiding) MZMs alters their collective wavefunction in 
a manner that depends on the order of the exchanges, a key feature 
for topological quantum computation. However, naturally occurring 
topological superconductors are rare, making the ability to engineer 
such systems highly appealing. Over the past decade, numerous experi-
mental platforms have emerged as potential realizations of topological 
superconductivity. These include proximitized Rashba nanowires3�6, 
chains of magnetic atoms on superconductors7, two-dimensional 
van der Waals heterostructures8, phase-biased Josephson junctions9�11 

and iron-based superconductors12, among others13,14. Recently, a prom-
ising alternative approach has emerged, utilizing two quantum dots 
(QDs) coupled through a superconductor to form a minimal Kitaev 
chain15�18. Even the shortest, two-site Kitaev chain hosts a pair of MZMs19. 
While MZMs in long chains are expected to be resilient against local 
noise and chemical potential variations, MZMs in two-site Kitaev chains 
are different. Owing to their vulnerability against interdot coupling 
variations, they are referred to as poor man�s MZMs. In this work, we 
experimentally realize a three-site Kitaev chain in an array of three 
QDs coupled by two short InSb/Al hybrids. By setting one QD on- or 
off-resonance, we can switch from a three-site to a two-site chain 
configuration and compare the robustness of the emerging MZMs. 
Specifically, the three-site chain shows resilience to perturbations 
in coupling amplitudes and increased stability against variations in 
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Extended Data Fig. 1 | QD spin polarization. From the QD2 Coulomb diamonds 
shown in panel a, spanning two orbitals, we extract respectively charging 
energies of 3.3 and 2.5�meV and lever arms of 0.28 and 0.23. Using such lever 
arms, we can fit the g-factor from the Bx dependence at VS1 = 1�mV shown 
in panel b. The black dashed lines yield g = 45 – 7, on par with our previous 
measurements24. With magnetic field B = Bx = 200�mT, this gives a Zeeman 
splitting EZ = gµBB = 0.5�meV, which is much bigger than our temperature 
broadening (few µeV) and our interdot couplings tn and �n. If the QDs are strongly 
hybridized with the ABSs, then the g-factor is renormalized to lower values. Then, 
a lower bound to the QD g-factor is set by the ABS one, which is ~ 20, as estimated 

below in Extended Data Fig. 2 and in ref. 17 (a direct g-factor measurement of 
strongly hybridized QDs is reported in Ref. 30). This gives a lower bound  
EZ > 0.2�meV for all our QDs. We note that the Zeeman splitting might vary from 
dot to dot, but as long as EZ � kBT, tn, �n, the QDs are well polarized. Finally, two 
further independent checks are consistent with a high Zeeman energy: first, 
the QD spectra shown in Extended Data Fig. 4 show isolated lines for all the QD 
resonances used for the experiment, secondly, the poor man�s Majorana spectra 
measured when detuning individual QDs, reported in the linked repository,  
do not show the extra features predicted for low Zeeman energy18,55.
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Extended Data Fig. 2 | ABS spectroscopy. a. Spectroscopy of the left hybrid.  
b. Spectroscopy of the right hybrid. Both panels are measured at a fixed external 
magnetic field roughly parallel to the nanowire Bx = 200�mT and exhibit ABSs 
populating the spectrum. We chose a magnetic field intensity that is large enough 

to polarize the dots (� 100�mT) but small enough for the ABSs not to close the gap 
(� 300�mT). From the ABS energy, we estimate the ABS g-factor to be ~ 20. Both 
measurements are corrected for a dilution refrigerator line resistance of 7�k�.
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Extended Data Fig. 3 | QD-ABS charge stability diagrams. a. Left zero-bias 
conductance as a function of VQD1 and VH1. b, c, d. Right zero-bias conductance as 
a function of VQD2 and VH1 (panel c), VQD2 and VH2 (panel c), VQD3 and VH2 (panel d). All 
panels show how a pair of QD resonances is modulated by the neigbouring hybrid 
gates, indicating QD-ABS hybridization30. Panels b and c are measured before 

forming a QD on the right; here there is a single tunneling barrier separating 
the right normal lead and the right hybrid so that it is possible to perform 
spectroscopy of QD2 from the right normal lead as long as the right bias VR is 
smaller than the superconducting gap49,50.
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Extended Data Fig. 4 | QD Spectroscopy. a. QD1 spectroscopy. The QD state 
appears as an eye-shape, while the ABSs of the left hybrid are visible at higher 
energies30. b. QD2 spectroscopy taken from the left probe. Here QD1 is kept in the 
middle of the pair of charge degeneracy points shown in panel a: VQD1 = 0.396�V. 
QD1 states appear as persistent lines at � – 60�µV and mix with the ABS and QD2 
spectra. c. QD2 spectroscopy taken from the right probe. Here VQD3 = 0.232�V. 

QD3 states appear as persistent lines at � – 25�µV and mix with the ABS and QD2 
spectra. Both panels show zero energy crossings at � 0.246 and � 0.2615�V, which 
we attribute to QD2 charge transitions. d. QD3 spectroscopy. We note that the eye 
shape is smaller compared to QD1, which implies a lower lever arm. The lever arms 
�n are extracted for all QDs from the slopes of the fitted blue dotted lines; here we 
find �1 = 0.03, �2 = 0.025 and �3 = 0.014.

http://www.nature.com/naturenanotechnology


Nature Nanotechnology

Article https://doi.org/10.1038/s41565-025-01894-4

200 nm 200 nmDevice A Device Ba b

Extended Data Fig. 5 | Second Device. a, b. False-colored scanning electron 
micrographs of the two devices. InSb nanowires (green) are deposited on top of 
an array of bottom gates (pink) and contacted by superconductors (blue) and 
normal metals (yellow). The nanofabrication details are reported in ref.26. c-e, g-i.  
Left and right tunneling spectroscopy of a device B tuned to the double sweet-
spot condition of Eq. (2). Here, 2t1 = 2�1 � 30�µ�eV and 2t2 = 2�2 � 60�µ�eV. Such 
coupling strengths are tuned on purpose to values similar to the ones measured 

for the main text device (A). The remarkable similarity between this figure and 
panels a-f of Fig. 3 evidences the determinism and reproducibility of our tuning 
procedure across multiple devices. This device�s QDs, elastic co-tunneling and 
crossed Andreev reflection are characterized at zero external magnetic field in 
ref.26. f. Linecuts of panel c at �VQD3 = � 5�mV (blue) and 0�mV (pink) showing that 
when all QDs are on resonance there is no gap in the conductance (pink line) due 
to fast phase precession.
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Extended Data Fig. 6 | Simulation corresponding to Fig. 4. a-d. Theoretical simulation of Fig. 4 data with the spinless model of Eq. (1). All panels report the average 
conductance of 50 simulations with different phases on �2. The phase choices are uniformly distributed between 0 and 2�. Panel d displays linecuts at µ = 40�µ�eV.
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Extended Data Fig. 7 | Right zero-bias peak stability against chemical 
potential variations. a-c. Tunneling spectroscopy measured from the right lead. 
a. Spectroscopy of a two-site Kitaev chain located on the right side of the device 
as a function of simultaneous detuning of QD2 and QD3. QD1 is off-resonance. 
b. When the leftmost dot is brought on-resonance, a three-site Kitaev chain 

is formed and the zero-bias conductance peak persists as QD2 and QD3 are 
detuned. c. Spectroscopy of the three-site chain against simultaneous detuning 
of all constituent quantum dots. d-f. Theoretical simulations of each detuning 
scenario with phase averaging. It shows good consistency with the experimental 
measurements.
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Extended Data Fig. 8 | Zero bias peak persistence of a three-site chain while 
detuning any pair of QDs. Tunnelling spectroscopy from the left probe (top row) 
and the right one (bottom row). a, b. Symmetric detuning of QD1 and QD2.  
c, d. Anti-symmetric detuning of QD1 and QD2. e-l. Symmetric and anti-symmetric 

detuning of any other pair of QDs. Black arrows indicate which QDs are detuned 
together, and whether they are detuned in the same or opposite direction. All 
panels show a persistent zero-bias conductance peak over the full detuning 
range.
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Extended Data Fig. 9 | Stability against tn/�n perturbations. a, b. Tunneling 
spectroscopy of a 2-site chain (panel a) and 3-site chain (panel b) as a function 
of VH1, measured from the left lead. This measurement is a repetition of what is 
presented in Fig. 5 of the main text but with higher resolution and around the 
VH1 � 0.88�V sweet-spot. �VQD3 = � 4�mV in panel a and 0�mV in panel b. Theory 
simulations are reported in the Supplementary Information Fig. S4, varying only 
t1, only �1, or varying both as if a single ABS were mediating them. c, d. Tunneling 
spectroscopy of a 2-site chain (panel c) and 3-site chain (panel d) as a function 

of VH2. �VQD1 = � 4�mV in panel c and 0�mV in panel d. We note that the zero-bias 
conductance peak of panel c is more stable compared to the one of panel a, we 
speculate that this is due to accidental similar dispersion of t2 and �2 as a function 
of VH2 (see also Fig. S3, where higher stability regions appear for t1/�1 as well). 
Nevertheless, the 3-site zero-bias conductance peak of panel d is more persistent. 
We note that such peak broadens and its intensity fades at the edges of the scan, 
which may indicate the onset of splitting. This could be the result of imperfect 
centering of VQD1 at µ1 = 0.
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Extended Data Fig. 10 | Predicted qubit coherence times as a function of the number of sites, assuming charge noise on the gates to be the only source of noise. 
For a fair comparison, we assume homogeneity in the Hamiltonian parameters: t = � = 20�µeV, �D = 0.04, �t/�VH = 5 × 10�3.
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