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Majorana bound states constitute one of the simplest examples of emergent non-

Abelian excitations in condensed matter physics. A toy model proposed by Kitaev
shows that such states can arise at the ends of a spinless p-wave superconducting chain’.
Practical proposals for its realization®* require coupling neighbouring quantum dots
(QDs) inachain through both electron tunnelling and crossed Andreev reflection®.
Althoughboth processes have been observed in semiconducting nanowires and carbon
nanotubes®3, crossed-Andreev interaction was neither easily tunable nor strong
enough toinduce coherent hybridization of dot states. Here we demonstrate the
simultaneous presence of all necessary ingredients for an artificial Kitaev chain: two
spin-polarized QDs in an InSb nanowire strongly coupled by both elastic co-tunnelling
(ECT) and crossed Andreev reflection (CAR). We fine-tune this system to a sweet spot
where a pair of poor man’s Majorana states is predicted to appear. At this sweet spot,
the transport characteristics satisfy the theoretical predictions for such a system,
including pairwise correlation, zero charge and stability against local perturbations.
Although the simple system presented here can be scaled to simulate a full Kitaev
chainwithan emergent topological order, it can also be used imminently to explore
relevant physics related to non-Abelian anyons.

Engineering Majoranabound statesin condensed matter systemsisan
intensively pursued goal, both for their exotic non-Abelian exchange
statistics and for potential applicationsin building topologically pro-
tected qubits"*°. The most investigated experimental approach looks
for Majoranastates at the boundaries of topological superconducting
materials, made of hybrid semiconducting-superconducting hetero-
structures . However, the widely-relied-upon signature of Majorana
states, zero-bias conductance peaks, is by itself unable to distinguish
topological Majorana states from other trivial zero-energy states
induced by disorder and smooth gate potentials' 2. Both problems
disrupting the formation or detection of a topological phase origi-
nate fromalack of control over the microscopic details of the electron
potential landscape in these heterostructure devices.

Inthis work, we realize aminimal Kitaev chain using two QDs coupled
by means of a short superconducting-semiconducting hybrid® By
controlling the electrostatic potential on each of these three elements,
we overcome the challenge imposed by random disorder potentials.
At a fine-tuned sweet spot where Majorana states are predicted to
appear, we observe end-to-end correlated conductance that signals
emergent Majorana properties such as zero charge and robustness
against local perturbations. We note that these Majorana statesina
minimal Kitaev chain are not topologically protected and have been
dubbed ‘poor man’s Majorana’ (PMM) states>.

Realization of a minimal Kitaev chain

The elementary building block of the Kitaev chain is a pair of spin-
less electronic sites coupled simultaneously by two mechanisms: ECT
and CAR. Both processes are depicted in Fig. 1a. ECT involves a single
electron hopping between two sites with an amplitude ¢. CAR refers
totwo electrons from bothssites tunnelling back and forthintoacom-
mon superconductor with an amplitude A (not to be confused with
the superconducting gap size), forming and splitting Cooper pairs*.
To create the two-site Kitaev chain, we use two spin-polarized QDs, in
which only one orbital level in each dotis available for transport. In the
absence of tunnelling between the QDs, the system is characterized by
awell-defined charge state on each QD: |n,, ngy), in which n,;, ng, € {0, 1}
are occupations of the left and right QD levels. The charge oneach QD
dependsonly onitselectrochemical potential i, or iz, schematically
showninFig.1b.

Inthe presence of interdot coupling, the eigenstates of the combined
system become superpositions of the charge states. ECT couples |10}
and |01), resulting in two eigenstates of the form a|10) - §|01) (Fig.1c),
both with odd combined charge parity. These two bonding and anti-
bonding states differin energy by 2¢ when both QDs are at their charge
degeneracy, thatis, i, = t1zp = 0. Analogously, CAR couples the two even
states |00) and [11) to produce bonding and antibonding eigenstates
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Fig.1|Coupling QDs through ECT and CAR. a, Illustration of the basic
ingredients of aKitaev chain: two QDs simultaneously coupled by means of
ECT with amplitude tand by means of CAR withamplitude A through the
superconductorinbetween. b, Energy diagram of aminimal Kitaev chain. Two
QDswith gate-controlled chemical potentials are coupled throughboth ECT and
CAR.Thetwoohmicleadsenable transport measurements fromboth sides.

¢, Energy diagram showing that coupling the |01) and |10) states through ECT
leads to abonding state (]10) - |01))/+/2 and antibonding state (]10) + [01))//2.
d, Same as cshowing how CAR couples |00) and [11) to form the bonding state
(|00) - [11Y)/+/2 and antibonding state (J00) + |11))//2. e, lllustration of the
N-QD-S-QD-N device and the measurement circuit. Dashed potentialsindicate
QDsdefined inthe nanowire by finger gates. f, Charge-stability diagram of the

of the form u|00) - v|11), preserving the even parity of the original
states. These states differ in energy by 2A when y, , = ppp = O (Fig. 1d).
If the amplitude of ECT is stronger than CAR (¢ > A), the odd bonding
state has lower energy thanthe even bonding state near thejoint charge
degeneracy i, = [y = 0 (see Methods for details). The system thus fea-
turesan odd ground stateinawider range of QD potentials, leading to
acharge-stability diagram shown in Fig. 1f, i (ref. ). The opposite case
of CAR dominating over ECT, that is, ¢ < A, leads to a charge-stability
diagram shown in Fig. 1f, ii, in which the even ground state is more
prominent. Fine-tuning the system such that ¢ = A equalizes the two
avoided crossings, inducing an even-odd degenerate ground state
at 1, p = Uyp = 0 (Fig. 1f, iii). This degeneracy gives rise to two spatially
separated PMM states, each localized at one QD>.

Figureleillustrates our coupled QD system and the electronic meas-
urementcircuit. AnInSb nanowireis contacted ontwo sides by two Cr/Au
normal leads (N). A 200-nm-wide superconducting lead (S) made of
a thin Al/Pt film covering the nanowire is grounded and proximitizes
the central semiconducting segment. The chemical potential of the
proximitized semiconductor can be tuned by the gate voltage the V.
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coupled-QD system, inthe casesof t > A (i), = A (i) and ¢ < A (iii). Blue marks
regionsinthe (up, tzp) plane where the ground state is even and orange where the
ground stateis odd. g, False-coloured scanning electron microscopy image of the
device, before the fabrication of the Nleads. InSb nanowire is coloured green. QDs
aredefined by bottom finger gates (inred) and their locations are circled. The
gates controlling the two QD chemical potentials are labelled by their voltages,
Vipand Vyp. The central thin Al/Pt film, in blue, is grounded. The proximitized
nanowire underneathis gated by V;,. Two Cr/Au contacts are marked by yellow
boxes. The scale baris300 nm. h, Right-side zero-bias local conductance Gy in
the (V,p, Vo) planewhen the systemistunedto¢>A (1) and t< A (2). Thearrows
mark the spin polarization of the QD levels. The DC bias voltages are kept at
zero, V, = Vy=0and an ACexcitation of 6 uvV RMSis applied on the right side.

This hybrid segment shows a hard superconducting gap accompanied
by discrete, gate-tunable Andreev bound states (Extended Data Fig.1).
Two QDs are defined by finger gates underneath the nanowire. Their
chemical potentials p, , and g, are linearly tuned by voltages on the
corresponding gates V,and Vy,,. Bias voltages onthe two Nleads, V; and
Vi areappliedindependently and currents through them, /, and /;, are
measured separately. Transport characterization shows charging ener-
gies of 1.8 meV on the left QD and 2.3 meV on the right QD (Extended
Data Fig. 1). Standard DC+AC lock-in technique allows measurement
of the full conductance matrix:

i di
G, G dy dW

G= LL LR — L R . (1)
Gu Guw) | dh dhe
dy dv

Measurements were conducted in a dilution refrigerator in the
presence of a magnetic field B=200 mT applied approximately
along the nanowire axis. The combination of Zeeman splitting £,
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Fig.2|Tuning therelative strength of CARand ECT for the ¥ spin
configuration. a-c, Conductance matrices measured with V,,;=198,210 and
218 mV, respectively.d-f, G,y and Gy, as functions of V, when V,,and Vy, are set
tothe centre of each charge-stability diagramin panels a-c, indicated by the
black dotsinthe corresponding panels above them. g, Local (Ggy) and nonlocal

and orbital level spacing allows single-electron QD transitions to be
spin-polarized. Two neighbouring Coulomb resonances correspond to
opposite spin orientations, enabling the QD spins to be either parallel
(™ and Vv V) or antiparallel (* 4 and ¥ 1). We report on two devices,
Ainthe main text and B in the extended data (Extended Data Figs. 7
and 8). Ascanningelectron microscopy image of device Ais shownin
Fig.1g.

Transport measurements are used to characterize the charge-stability
diagram of the system. In Fig. 1h, (1), we show Gy as a function of QD
voltages V,pand Vy, whenboth QDs are set to spin-down (¥ V). The meas-
ured charge-stability diagram shows avoided crossing, whichindicates
the dominance of ECT. InFig. 1h, (2), we change the spin configuration
to V1. The charge-stability diagram now develops the avoided crossing
ofthe opposite orientation, indicating the dominance of CAR for QDs
with antiparallel spins. This s, to our knowledge, the first verification
ofthe prediction that spatially separated QDs can coherently hybridize
through CAR coupling to asuperconductor?. Thus we have introduced
all the necessary ingredients for a two-site Kitaev chain.

(G.r) conductance as afunction of Vyand Vg while keeping u1, , = i, = 0, showing
the continuous crossover from¢>Atot<A.h, Greendots: peak-to-peak distance
(Vpp) between the positive-bias and negative-bias segments of Ggg, showing the
closing and reopening of QD avoided crossings. Purple dots: average G, ({G,))
asafunction of V5, showing achangein the sign of the nonlocal conductance.

Tuning the relative strength of CARand ECT

Majorana states in long Kitaev chains are present under a wide range
of parameters owing to topological protection'. Notably, evena chain
consisting of only two sites can host a pair of PMM states despite a
lack of topological protection, if the fine-tuned sweet spot ¢t = A and
Iin = Hro = O can be achieved?. This, however, is made challenging by
the above-mentioned requirement to have both QDs spin-polarized. If
spinis conserved, ECT can only take place between QDs with v\ or M1
spins, whereas CAR is only allowed for MV and ¥ 1. Rashba spin-orbit
coupling in InSb nanowires solves this dilemma***%, allowing finite
ECT even in antiparallel spin configurations and CAR between QDs
with equal spins.

Afurther challenge is to make the two coupling strengths equal for
agiven spin combination. References® ¢ show thatboth CARand ECT
in our device are virtual transitions through intermediate Andreev
bound statesresidinginthe short InSb segment underneath the super-
conducting film. Thus varying V¢ changes the energy and wavefunction
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Fig.3|Conductancespectroscopy atthe¢t = Asweetspot for the ** spin
configuration. a, /yversus V,pand Vypunder V, =0and V, =10 pV. The spectra
in panelbare taken at values of V,,and V, marked by corresponding symbols.
The gate versus bias sweeps are taken along the dashed, dotted and dashed-
dottedlinesin panelsc,d ande, respectively. Dataare taken with fixed

Vg =215.1mV.b, Spectrataken under the values of V,, and V,, marked in panel
a.Thedashedlines are theoretical curves calculated witht=A =12 peV,

of said Andreev bound states and, thereby, t and A. We search for the
Ve range over which A changes differently from ¢t and look for a cross-
over inthe type of charge-stability diagrams.

Figure 2a-cshows the resulting charge-stability diagrams for the ¥
spin configuration at different values of V,¢. The conductance matrix
GV, =0, Vy=0)at V,;=198 mVisshowninFig.2a. Thelocal conduct-
ance on both sides, G, and Ggg, exhibit level repulsion indicative of
t>A. We emphasize that ECT can become stronger than CAR even
thoughthe spins of the two QD transitions are antiparallel because of
theelectric gating mentioned above. The dominance of ECT over CAR
canalsobeseenin the negative sign of the nonlocal conductance, G ;
and Gy,. During ECT, an electron enters the system through one dot
and exits through the other, resulting in negative nonlocal conduct-
ance. CAR, by contrast, causes two electrons to enter or leave both
dots simultaneously, producing positive nonlocal conductance?.
The residual finite conductance in the centre of the charge-stability
diagram can be attributed to level broadening resulting from finite
temperature and dot-lead coupling (see Extended Data Fig. 10). In
Fig. 2d, we show the conductance spectrum measured as a function
of Vi, with V,p and Vg, tuned to p, , = pigp = 0 (black dots in Fig. 2c¢, ii
and iv). A pair of conductance peaks or dips is visible on either side
of zero energy.

Figure 2c shows G at Vg =218 mV (the Gz component is also used
for Fig. 1h, (2)). Here all the elements of G exhibit CAR-type avoided
crossings. The spectrum shownin panel f, obtained at the joint charge
degeneracy point (black dots in panel ¢, ii and iv), similarly has two
conductance peaks surrounding zero energy. The measured nonlocal
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I =Ty=4peV, T=45mKand at QD energies converted from V ,and V, using
measured lever arms (see Methods for details). ¢,d, Gas afunction of the
applied biasand V, (c) or V,, (d), taken along the paths indicated by the dashed
bluelineandthe dotted greenlinein panel a, respectively. e, Gasafunction of
theapplied bias and along the diagonal indicated by the dashed-dotted pink
linein panela. This diagonal represents 500 pV of changein V,,and 250 pV of
changein Vp.

conductance is positive, as predicted for CAR. The existence of both
t>Aandt < Aregimes, together with continuous gate tunability, allows
ustoapproachthet= Asweetspot. Thisis shownin panelb, taken with
Ve =210 mV. Here Gy and G, exhibit no avoided crossing, whereas
G rand Gy, fluctuate around zero, confirming that CARand ECT arein
balance. Accordingly, the spectrum in panel e confirms that the even
and odd ground states are degenerate and transport can occur at zero
excitation energy by means of the appearance of azero-bias conduct-
ance peak. The crossover fromthe ¢t > Aregime to the ¢ < Aregime can
be seen across several QD resonances (Extended Data Fig. 9).

To show that gate-tuning of the t/A ratio is indeed continuous, we
repeat charge-stability diagram measurements (Extended Data Fig. 3)
and bias spectroscopy at more V,; values. As before, each bias sweep
isconducted while keeping both QDs at charge degeneracy. Figure 2g
shows theresulting composite plot of Gy (i) and G, (i) versus bias volt-
ageand V,¢. The X-shaped conductance feature indicates a continuous
evolution of the excitation energy, with alinear zero-energy crossing
agreeing with predictionsin ref. *. Following analysis described in Meth-
ods, we extract the peak spacing and average nonlocal conductancein
Fig. 2h to visualize the continuous crossover from¢>Atot<A.

PMM sweet spot

Next we study the excitation spectrumin the vicinity of the t = A sweet
spot. The predicted zero-temperature experimental signature of the
PMM statesis a pair of quantized zero-bias conductance peaks on both
sides of the devices. These zero-bias peaks are persistent evenwhen one
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Fig.4|Calculated conductance and Majoranalocalization. a, Numerically
calculated Gasafunctionof energy w and pzp at the t = A sweet spot.

b, Numerically calculated Gas afunction of energy w and y,, at the t = A sweet
spot.c, Numerically calculated Gas afunction of energy w and yz, and p1, p along

of the QD levels deviates from charge degeneracy®. We focus on the M
spin configurationbecause it exhibits higher tand A values when they
areequal (see Extended DataFig.4). Figure 3ashows the charge-stability
diagram measured through /y under fixed V, =0 and V=10 pV. No
level repulsionisvisible, indicating ¢ = A. Figure 3b, i shows the excita-
tion spectrum when both dots are at charge degeneracy. The spectra
on both sides show zero-bias peaks accompanied by two side peaks.
The values of tand A can be read directly from the position of the side
peaks, which correspond to the antibonding excited states at energy
2t=2A =25 peV. The height of the observed zero-bias peaks is 0.3 to
0.4 x 2€/h, probably because of a combination of tunnel broadening
and finite electron temperature (Extended Data Fig. 2). Figure 3b, ii
shows the spectrum when the right QD is moved away from charge
degeneracy while p, is kept at 0. The zero-bias peaks persist on both
sides of the device, as expected for a PMM state. By contrast, tuning
both dots away from charge degeneracy, shown in Fig. 3b, iii, splits
the zero-bias peaks.

In Fig. 3¢,d, we show the evolution of the spectrum when varying
Vo and V,p, respectively. The vertical feature appearing in both G,
and Gy, shows correlated zero-bias peaks in both QDs, which persist
when one QD potential departs from zero. This crucial observation
demonstrates the robustness of PMM states against local perturba-
tions. The excited states disperse, in agreement with the theoretical
predictions®. Nonlocal conductance, on the other hand, reflects the
local charge character of abound state on the side where current is
measured®*°, Near-zero values of G, in panel cand Gy, in panel d are
consistent with the prediction that the PMM mode on the unperturbed
side remains an equal superposition of an electron and a hole, and
therefore chargeless.

Finally, when varying the chemical potential of both dots simultane-
ously (panel e), we see that the zero-bias peaks split away from zero
energy. This splitting is not linear, in contrast to the case when A # ¢
(see Extended DataFig. 5). The profile of the peak splitting is consist-
ent with the predicted quadratic protection of PMM states against
chemical potential fluctuations®. This quadratic protection is

the diagonal corresponding to y,, = izpat t = A. All of the numerical curves
usethesamevalueoft, A, I, andasthoseinFig.3.d, Illustrations of the
localization of two zero-energy solutions for the following set of parameters:
t=A, 5= g =0, t= A, t1gp =0, 1,5 > O (i) and £ < A, gt == = VA2 = £ 2 (iii).

expected to develop into topological protection in along-enough
Kitaev chain?.

Discussion

Tofacilitate comparison with data, we develop atransport model (see
Methods) and plot in Fig. 4a-c the calculated conductance matrices
as functions of excitation energy, w, versus pyp (panel a), 4, , (panel b)
and u =y, = p (panel ¢). These conditions are an idealization of those
in Fig. 3 (amore realistic simulation of the experimental conditions is
presented in Extended Data Fig. 6). The numerical simulations capture
the main features appearing in the experiments discussed above.

Particle-hole symmetry ensures that zero-energy excitations in this
system always come in pairs. These excitations can extend over both
QDs or be confined to one of them. In Fig. 4d, we show the calculated
spatial extent of the zero-energy excitations for three scenarios. The
first, in Fig. 4d, i, illustrates Fig. 3b, i and shows that the sweet-spot
zero-energy solutions are two PMM states, each localized on a different
QD. Thesecondscenario, Fig.4d, ii, illustrating Fig. 3b, ii, is varying 1,
while keeping = 0. This causes some of the wavefunction localized
onthe perturbed left side, y,, to leak into the right QD. Because the
right-side y, excitation has no weight on the left, it does not respond
to this perturbation and remains fully localized on the right QD. As the
theory confirms?, it stays azero-energy PMM state. Because Majorana
excitations always come in pairs, the excitation on the left QD must
alsoremainatzero energy. This provides anintuitive understanding of
theremarkable stability of the zero-energy modes at the sweet spotin
Fig.3c,d when moving the chemical potentials of one of the QDs away
from zero. Finally, zero-energy solutions can be found away from the
sweet spot, t # A, asillustrated in Fig. 4d, iii. These zero-energy states
areonly found when both QDs are off-resonance and none of them are
localized Majorana states, extending over both QDs and exhibiting
no gate stability. Measurements under these conditions are shown
in Extended Data Fig. 5, in which zero-energy states can be foundin a
variety of gate settings (panels a, c therein).
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Conclusion

In summary, we realize a minimal Kitaev chainin whichtwo QDs inan
InSb nanowire are separated by a hybrid semiconducting-supercon-
ducting segment. Compared with past works, our approach solves three
challenges: strong hybridization of QDs through CAR, simultaneous
coupling of two single spins through both ECT and CAR, and continu-
ous tuning of the coupling amplitudes. This is made possible by the
two QDs as well as the middle Andreev bound state mediating their
couplings all being discrete, gate-tunable quantum states. The result
isthe creation of anew type of nonlocal state that hosts Majorana-type
excitations at afine-tuned sweet spot. The zero-bias peaks at this spot
are robust against variations of the chemical potential of one QD and
quadratically protected against simultaneous perturbations of both.
This discrete and tunable way of assembling Kitaev chains shows good
agreement between theory and experiment by avoiding the most con-
cerning problems affecting the continuous nanowire experiments:
disorder, smooth gate potentials and multi-subband occupation®. The
QD-S-QD platformdiscussed here opens up anew frontier to the study
of Majorana physics. In the long term, this approach can generate topo-
logically protected Majorana states in longer chains?. A shorter-term
approach s to use PMM states as an immediate playground to study
fundamental non-Abelian statistics, for example, by fusing neighbour-
ing PMM states in a device with two such copies.
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Methods

Device fabrication

Thenanowire hybrid devices presented in this work were fabricated on
prepatterned substrates, using the shadow-walllithography technique
described in refs. *>*, Nanowires were deposited onto the substrates
using an optical micromanipulator setup. Eight nanometres of Al was
grown at a mix of 15° and 45° angles with respect to the substrate.
Subsequently, device A was coated with 2 A of Pt grown at 30°. No Pt was
deposited for device B. Finally, all devices were capped with 20 nm of
evaporated AlO,. Details of the substrate fabrication, the surface treat-
ment of the nanowires, the growth conditions of the superconductor,
thethickness calibration of the Pt coating and the ex situ fabrication of
the ohmic contacts canbe found inref. **. Devices Aand Balsoslightly
differin thelength of the hybrid segment:180 nmfor Aand 150 nm for B.

Transport measurement and data processing

We have fabricated and measured six devices with similar geometry.
Two of them showed strong hybridization of the QD states by means
of CAR and ECT. We report on the detailed measurements of device A
in the main text and show qualitatively similar measurements from
device Bin Extended Data Figs. 7 and 8. All measurements on device A
were doneinadilution refrigerator withbase temperature 7 mK at the
coldplateand electron temperature of about 40-50 mK at the sample,
measured inasimilar setup using an NIS metallic tunnel junction. Unless
otherwise mentioned, the measurements on device A were conducted
inthe presence of amagnetic field of 200 mT approximately oriented
along the nanowire axis with a3° offset. Device B was measured similarly
inanother dilution refrigerator under B=100 mT along the nanowire
with 4° offset.

Figure 1e shows a schematic depiction of the electrical setup used
to measure the devices. The middle segment of the InSb nanowire
is covered by a thin Al shell, kept grounded throughout the experi-
ment. On eachside of the hybrid segment, we connectthe Nleadstoa
current-to-voltage converter. The amplifiers on the left and right sides
ofthe device are each biased through a digital-to-analogue converter
that applies DC and AC biases. The total series resistance of the volt-
age source and the current meter is less than 100 Q for device A and
1.11 kQ for device B. Voltage outputs of the current meters are read
by digital multimeters and lock-in amplifiers. Current amplifier off-
sets are calibrated using known zero-conductance features when the
deviceis pinched off or in deep Coulomb blockade. When DC voltage
V, is applied, Vi is kept grounded and vice versa. AC excitations are
applied on each side of the device with different frequencies (17 Hz
on the left and 29 Hz on the right for device A, 19 Hz on the left and
29 Hz on the right for device B) and with amplitudes between 2 and
6 LV RMS. In this manner, we measure the DC currents /, and /y and
the conductance matrix G in response to applied voltages V, and V;
on the left and right N leads, respectively. The conductance matrix
is corrected for voltage-divider effects (see ref. ** for details) taking
into account the series resistance of sources and meters and in each
fridge line (1.85 kQ for device A and 2.5 kQ for device B), except for
the right panels of Figs. 1h and 2d. There, the left half of the conduct-
ance matrix was not measured and correction is not possible. We
verify that the series resistance is much smaller than device resist-
ance and the voltage-divider effect is never more than about 10% of
the signal.

Characterization of QDs and the hybrid segment

To form the QDs described in the main text, we pinch off the finger
gates next tothe three ohmicleads, forming two tunnelbarriersineach
N-S junction. V,, and Vi applied on the middle finger gates on each
side accumulate electrons in the QDs. We refer to the associated data
repository for the raw gate voltage values used in each measurement.
See Extended Data Fig. 1a-f for results of the dot characterizations.

Characterization of the spectrumin the hybrid segmentis done using
conventional tunnel spectroscopy. In each uncovered InSb segment,
we open up the two finger gates next to the N lead and only lower the
gate next to the hybrid to define a tunnel barrier. The results of the
tunnel spectroscopy areshownin Extended Data Fig.1g,h and the raw
gate voltages are available in the data repository.

Determination of QD spin polarization

Control of the spin orientation of QD levels is done by means of select-
ing from the even versus odd charge degeneracy points following the
method detailed inref. *. At the charge transition between occupancy
2n and 2n +1(nbeing an integer), the electron added to or removed
from the QD is polarized to spin-down (¥, lower in energy). The next
level available for occupation, at the transition between 2n +1and
2n + 2 electrons, has the opposite polarization of spin-up (1, higher in
energy). To ensure that the spin polarization is complete, the experi-
mentwas conducted with £, =400 peV > |eV,], |eV;| (see Extended Data
Fig.1for determination of the spin configuration).Inthe experimental
data, a change in the QD spin orientation is visible as a change in the
range of V,p or Vgp.

Controlling ECT and CAR through electric gating

Reference? describes a theory of mediating CAR and ECT transitions
between QDs by means of virtual hopping through an intermediate
Andreev bound state. Reference? experimentally verifies the appli-
cability of this theory to our device. To summarize the findings here,
we consider two QDs both tunnel-coupled to acentral Andreevbound
state in the hybrid segment of the device. The QDs have excitation
energies lower than that of the Andreev bound state and thus transi-
tion between them is second order. The wavefunction of an Andreev
bound state consists of a superposition of an electron part, u, and a
hole part, v. Both theory and experiment conclude that the values of
tand A depend strongly and differently on u and v. Specifically, CAR
involves converting anincomingelectron to an outgoing hole and thus
depends on the values of u and vjointly as |uv|*. ECT, however, occurs
over two parallel channels (electron-to-electron and hole-to-hole) and
its coupling strength depends on u and v independently as |u? - v*|.
As the composition of u and vis a function of the chemical potential
of the middle Andreev bound state, the CAR-to-ECT ratio is strongly
tunable by V;¢. We thus look for arange of V¢ at which Andreev bound
states reside in the hybrid segment, making sure that the energies of
these statesare high enough so as not to hybridize with the QDs directly
(Extended Data Fig. 1). Next we sweep V; to find the crossover point
between tand A, as described in the main text.

Further details on the measurement of the coupled QD
spectrum

The measurement of the local and nonlocal conductance shown in
Fig.2gwas conducted in aseries of steps. First, the value of V;,; was set
and a charge-stability diagram was measured as a function of V/,, and
Vro- Representative examples of such diagrams are shown in Extended
DataFig. 3. Second, each charge-stability diagram was inspected and
thejoint charge degeneracy point (i, = tgp = 0) was selected manually
V2, V). Last, the values of V;;, and V, were set to those of the joint
degeneracy point and the local and nonlocal conductance were meas-
ured as afunction of V;.

The continuous transition from ¢> A to t <A is visible in Fig. 2g
through both local and nonlocal conductance. Gy shows that level
repulsionsplits the zero-energy resonance peaks both when ¢ > A (lower
values of V) and when ¢ < A (higher values of V). The zero-bias peak
isrestoredinthevicinity of t= A, in agreement with theoretical predic-
tions®. The crossover is also apparent in the sign of G, ;, which changes
from negative (£ > A) to positive (£ < A).

To better visualize the transition between the ECT-dominated and
CAR-dominated regimes, we extract V,, the separation between the
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conductance peaks under positive and negative bias voltages, and plot
them as a function of V,¢ in Fig. 2h. When tuning V,,;, the peak spacing
decreases until the two peaks merge at V,,; =210 mV. Further increase
of Vg leads to increasing V. Furthermore, to observe the change in
signofthe nonlocal conductance, we follow (G, ), the value of G, aver-
aged over the bias voltage V; between -100 and 100 pV at a given V.
We see that (G, ) turns from negative to positive at Vp; =210 mV, in
correspondence to a change in the dominant coupling mechanism.

Figure 3c-e presents measurements at which the conductance was
measured against applied biases along some paths within the
charge-stability diagram (panel a). Before each of these measurements,
a charge stability-diagram was measured and inspected, on the basis
ofwhichtherelevant pathinthe (V,, Vp) plane was chosen. Following
eachbiasspectroscopy measurement, another charge-stability diagram
was measured and compared with the one taken before to check for
potential gate instability. In case of noticeable gate driftsbetween the
two, the measurement was discarded and the process was repeated.
The values of i, and pp required for theoretical curves appearing in
panel b were calculated by y, = a,(V; - V9, inwhichi=LD,RD and ;is
thelever arm of the corresponding QD. The discrepancy between the
spectrameasured with G, and Gg, probably results from gate instabil-
ity, asthey were not measured simultaneously. Finite remaining G, in
panel c and Gy, in panel d probably result from small deviations of i, ;,
and py, from zero during these measurements.

Model of the phase diagrams in Fig. 1f

To calculate the ground state phase diagram in Fig. 1f, we write the
Hamiltonianin the many-body picture, with the four basis states being
|00y, |11, 110y and |01):

0O A 00O
A g+ 0 O

Hw=lo 0 ¢ ¢ (2)
0O O t &

in block-diagonalized form. The two 2 x 2 matrices yield the energy
eigenvalues separately for the even and odd subspaces:

gte a-&)’
o= R (u} +p2 3)
+ +£,)\2
Ee'i:ngR; (LZSRj + A2 (4)

The ground state phase transition occurs attheboundary £,_=E, _.
Thisis equivalent to

£eg=t2— A2 (5)

Transport modelinFigs.3and 4
We describe in this section the model Hamiltonian of the minimal
Kitaev chain and the method we use for calculating the differential
conductance matrices when theKitaev chainis tunnel-coupled to two
external N leads.

The effective Bogoliubov-de-Gennes Hamiltonian of the double-QD
systemis

H = gcfc +epcleg+tcfcg+tehe, + Acicg + Acke]
SL t O _A
1 t & A O (6)
=yl R v,
210 A -5 -t
A0 -t -&

inwhichW=(c,, g, cf, c})' is the Nambu spinor, g, r is the level energy
in dot-L/Rrelative to the superconducting Fermi surface and tand A
are the ECT and CAR amplitudes. Here we assume t and A to be real
without loss of generality’. The presence of both tand A in this Hamil-
tonian implies breaking spin conservation during QD-QD tunnelling
by means of either spin-orbit coupling (as done in the present exper-
iment) or non-collinear magnetization between the two QDs (as pro-
posed inref. ). Without one of them, equal-spin QDs cannot recombine
intoaCooper pair, leading to vanishing A, whereas opposite-spin QDs
cannotsupport finitet. The exact values of tand A depend on the spin—
orbit coupling strength and we refer to ref. > for a detailed discussion.
To calculate the differential conductance for the double-QD system,
we use the S-matrix method”. In the wide-band limit, the S matrix is

e

-1
Y S,
s@)=[ %) o1-iwtw-m+ Liwwt] w, @)
She  Shh 2

inwhichW = diag{,[I; , [Ty, - /I, - [Ty} is the tunnel matrix, with I,
being the tunnel coupling strength between dot-a and lead-a. The
zero-temperature differential conductance is given by

2 2 2
Gy(w) = dl,/dV = %[5.4; - [st(@)| +|sih(w)| j (8)

inwhicha, §=L/R.Thefinite-temperature effectisincluded by aconvo-
lution between the zero-temperature conductance and the derivative
of Fermi-Dirac distribution, that is,

G°(E)
4kgT cosh’[(E - w)/2kgT]

G () =f dE ©9)

The theoretical model presented above uses five input parameters
to calculate the conductance matrix under given pp, tgp, Vi and Vg,
Theinput parametersare: ¢, A, T, [y and T. To choose the parameters
inFig.3b, i, we fix the temperature to the measured value =45 mK and
make the simplificationt=Aand =T, =I. Thisresultsinonly two free
parameterstandTl, whichwe manually choose and compare with data.
Although oversimplified, thisapproach allows us to obtain areasonable
match between theory and data taken at y, , = pgp, = O without the risk
of overfitting. To obtain the other numerical curves showninFig.3, we
keep the same choice of tand I'and vary y, ,, tzp, V; and Vz along various
paths in the parameter space. Similarly, to model the data shown in
Extended DataFig.5, wekeep T=45mKandI thesameasinFig.3.The
free parameters to be chosen are thus ¢ and A. The theory panels are
obtained with the same tand A, and only ,,, tizp, V,, and V are varied
inaccordance with the experimental conditions.

Finally, we comment on the physical meaning of the theory predic-
tionsin Fig.4a-c. Tuning iy leads to symmetric G,, and asymmetric Ggg,
aswellas zero G,z and finite Gy, withanalternating pattern of positive and
negative values. As discussed in the main text, these features, also seen
inthe measurements, stemfromthe local charge of the system: keeping
i p =0 maintains zero local charge on the left dot, whereas varying pgp
createsfinitelocal charge on the right dot. The complementary picture
appearswhenvarying i, ,in panelb. The asymmetryinboth G;, and Gy,
and the negative nonlocal conductance when tuning simultaneously
Hip = Hgp are also captured in the numerical simulation in panel c. We
notethat, althoughthereis a qualitative agreement between the features
inFigs.3eand4c, they were obtained under nominally different condi-
tions. As mentioned, the theoretical curve follows g, ;, = 11z, Whereas the
experimental curve was taken through a path along which V,, changed
twice as much as V;p, although the lever arms of both QDs are similar.
InFig. 4c, we calculate the conductance along a path reproducing the
experimental conditions. We speculate that the discrepancy between
Fig.3eandFig. 4ccouldarise from some hybridization between the left
QD and the superconducting segment as seen in Extended Data Fig. 1.
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Extended DataFig.1|Characterization ofthe QDs. a, Coulombblockade
diamonds of the left QD when the right QD is off-resonance. /, ismeasured as a
function of V, and V.. The data are overlaid with a constant interaction model*®
with1.8-meV charging energy and gatelever arm of 0.32.b, A high-resolution
scanofawithasymmetriclogarithmic colourscale to show the presence of a
smallamount of Andreev current at sub-gap energies. Thisisbecause of the
left QD being weakly proximitized by local Andreev coupling to Al. ¢, Field
dependence of the Coulomb resonances. /, is measured as a function of V,, and
Bwithaconstant V, =600 pV. The resonances of opposite spin polarization
evolveinoppositedirections with ag-factor of about 35, translating to Zeeman
energy of 400 peV at B=200 mT.d-f, Characterization of the right QD, as
described inthe captions of panels a-c. Overlaid model ind has charging
energy 2.3 meVand gate leverarmof 0.33. No sub-gap transportis detectable

ine.Bdispersioninfcorrespondstog=40.g,h, Biasspectroscopy results of
the proximitized InSb segment under the thin Al/Pt film./ and /; are measured
asafunction of V, and V,. G, and Gy, are obtained by taking the numerical
derivative of I, and Iy along the bias direction after applying a Savitzky-Golay
filter of window length15and order 1. The sub-gap spectrum shows discrete,
gate-dispersing Andreevbound states. The presence of nonlocal conductance
correlated with the sub-gap states shows that these Andreev bound states
extend throughout the entire hybrid segment, coupling to both leftand right N
leads®. Parts of this dataset are also presented in ref.**. (Reproduced under the
terms of the CC-BY Creative Commons Attribution4.0 International license
(https://creativecommons.org/licenses/by/4.0). Copyright 2022, The Authors,
published by Wiley-VCH.).
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Extended DataFig.2|Theoretical temperature dependence of the height
of Majorana zero-bias conductance peaks. The height of the Majorana
zero-bias peaksis only quantized to 2e*/h at zero temperature. At finite
electrontemperature 7, the peak heightis generally lower, with the exact value
dependingon Tand tunnel broadening ', and I'; owing to coupling between
QDsand Nleads. Thelocal zero-bias conductance G,, at the sweet spot (¢=A
and p,, = pgp = 0) is calculated and shown in this plot as a function of T, using the
parameters presented inFig.3:t=A =12 peV. Three curvesare calculated
assuming three different values of tunnel coupling ' =I', =I';. The orange curve
assumesal value that matches the experimentally observed peak width (both

: ; + LA
100
T (mK)

ofthe zero-bias peaks and of generic QD resonant peaks at other conductance
features), showing that conductance approaching quantization would only
berealized atelectron temperatures <5 mK, unattainable in our dilution
refrigerator. The blue curve, calculated with lower ' =2 peV, shows even lower
conductance. Increasing I' would not lead to conductance quantization either,
asthe zero-bias peaks would merge with the conductance peaks arising from
the excited states (pink curve). The green dot marks the experimentally
measured electron temperature and peak height (averaged between the values
obtained onthe left and rightleads).
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Extended DataFig. 3 | Evolution of the charge-stability diagram for the vt
spin configuration. Each panel shows/, (nonlocal) and / (Iocal) as functions of
Vipand Vi, measured under fixed biases V, = 0 and V=10 pV. V¢ is tuned from

196.5 mV, showing signatures of the ¢ > Aregimeinbothlocal and nonlocal

T T T T
253 254 253 254
Vip (mV)

T T T T
253 254 253 254
Vip (mV)

currents, to 220 mV, featuring the opposite ¢t < Aregime.
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Extended DataFig.5|Conductancespectroscopy whent < A.a,/lyversusy,,
and pgp With V=10 pV. The evolution of the spectrum with the chemical potential
istakenalongthe dashed, dashed-dotted and dotted linesin panelsb,candd,
respectively. Datatakenatthe V1 spin configuration with fixed V,c =218 mV.

b, Local conductance spectroscopy taken at gate setpoints marked by
corresponding symbolsin panel a. c, Conductance matrix as a function of bias
and V,, taken along the dashed blue linein panel a, thatis, varying the detuning
betweenthe QDs 6 = (u,, — Hrp)/2 While keeping the average chemical potential

T =(u, , + ppp)/2close to 0.d, Conductance matrix as a function of biasand V;,
takenalongthe dotted greenlinein panela, keepingthe detuning between the
QDsaround 0. e, Conductance matrix as afunction of bias and V,,,, taken along
the dashed-dotted pinklinein panel a, keeping roughly constant non-zero
detuning betweenthe QDs. f-h, Numerically calculated Gas afunction of
energy wand u,, and ppp along the paths shownin panel a. All of the numerical
curves assume the same parameters as thosein Fig. 3, except with A =23 peV
andt=6peV.
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Extended DataFig.7|Reproduction of the mainresults with device B.a-c, Conductance matrices measured at V,,; = (976,979.6 and 990 mV, respectively.

d, Conductance matrix asa function of V, and Vyand Vg while keeping z1, , = iy, = 0. This device shows two continuous crossovers from¢>Ato t < Aand againto ¢t > A.
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Extended DataFig. 8 |Device Bspectrum versus gates. a, Charge-stability around the sweet spotisclearly reproduced in Gy of panel b. The quadratic
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zero-bias conductance peak feature when only one QD potential is varied
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Extended DataFig.9|CAR-induced and ECT-induced interactions across
several QD resonances. a,b, Local (/) and nonlocal (/) currents as afunction
of V,pand Vypy measured with V=200 mV and fixed V,. Allresonances show an
ECT-dominated structure and anegative correlation between the local and the
nonlocal currents. ¢,d, Local (/) and nonlocal (/y) currents as a function of V,,
and Vi, measured with V=218 mV and fixed V,. Some resonances show the

structure associated with the t = A sweet spot, showing both positive and
negative correlations between thelocaland nonlocal currents.e,f, Local
(1) and nonlocal (/) currents as a function of V,,and Vyp, measured with

Ve =200 mV and fixed V,. All orbitals showa CAR-dominated structure and

apositive correlation between the local and the nonlocal currents. All
measurements were conductedwith ¥/, =10 pV, Vy=0and B=100 mT.
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Extended DataFig.10|Theoretical effect of tunnelbroadening on the
charge-stability diagrams. In some charge-stability diagrams in which level
repulsionisweak, such as Fig.2aand Extended DataFig. 4, some residual
conductanceisvisible even when i, , = iz, = 0. This creates the visual feature of
the two conductance curves appearing to ‘touch’ each other at the centre.
Inthe main text, we argued that this is owing to level broadening. Here we plot
the numerically simulated charge-stability diagrams at zero temperature
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under various dot-lead tunnel coupling strengths. We use coupling strengths
t=20pVand A =10 pVasanexample. From panelsa-c, increasing the tunnel
coupling and thereby level broadening reproduces this observed feature.
Whenthelevel broadeningis comparable with the excitation energy, |t — A|,
finite conductance cantake place at zero bias. This featureis absentin, for
example, Fig.2c,inwhich|¢ - Alisgreater than the level broadening.
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