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Artificial Kitaev chains can be used to engineer Majorana bound states (MBSs) in
superconductor-semiconductor hybrids' ™. In this work, we realize a two-site Kitaev

chaininatwo-dimensional electron gas by coupling two quantum dots through
aregion proximitized by a superconductor. We demonstrate systematic control
over inter-dot couplings through in-plane rotations of the magnetic field and via
electrostatic gating of the proximitized region. This allows us to tune the system to
sweet spots in parameter space, where robust correlated zero-bias conductance
peaks are observed in tunnelling spectroscopy. To study the extent of hybridization
between localized MBSs, we probe the evolution of the energy spectrum with
magnetic field and estimate the Majorana polarization, animportant metric for
Majorana-based qubits>. The implementation of aKitaev chain on ascalable and
flexible two-dimensional platform provides a realistic path towards more advanced
experiments that require manipulation and readout of multiple MBSs.

Superconductor-semiconductor hybrid systems have beenintensively
investigated as a potential platformto engineer topologically protected
Majorana bound states (MBSs). In particular, significant efforts have
beendedicated to studying one-dimensional systems coupled to s-wave
superconductors’®. However, uncontrolled microscopic variations
in hybrid devices have complicated the study of MBSs'® 2, A poten-
tial way to mitigate the effects of disorder is to create a Kitaev chain®
using an array of quantum dots (QDs) with controllable couplings'.
Infact, achain consisting of only two QDs, although not topologically
protected, is sufficient to create localized MBSs> These so-called poor
man’s Majoranas have recently been realized in nanowires*, which has
led to proposals®™* ¢ to study non-Abelian statistics by fusing or braid-
ing MBSs in multiple two-site chains. However, to perform these studies
and move towards a Majorana-based qubit with integrated readout
and control, it is vital to have a scalable and flexible two-dimensional
(2D) architecture.

In this work we realize a two-site Kitaev chain by coupling two
spin-polarized QDs in an InSbAs 2D electron gas (2DEG). By tuning
the couplings between the QDs to so-called sweet spots, we dem-
onstrate correlated zero-bias conductance peaks (ZBPs) that are
resilient to local perturbations. In addition to electrostatic control,
we show that the planar 2DEG geometry allows one to reach such
sweet spots through an in-plane rotation of the magnetic field. An
important prerequisite to produce localized MBSs is that the Zeeman
splitting in the QDs is sufficiently large®. Surprisingly, however, we
find that several features used to identify ‘sweet spots’ (such as cor-
related ZBPs) actually persist down to zero magnetic field. We show
that the evolution of the energy spectrum with magnetic field pro-
vides complementary information, which allows us to estimate the

Majoranapolarization, ametric quantifying the extent of hybridization
between MBSs**Y.

Model with strongly coupled dots

TheKitaev model®™ can beimplemented by coupling spin-polarized QDs
viaAndreev bound states (ABSs) in asemiconductor-superconductor
hybrid*. Coupling between the QDs is mediated by two types of
coherent tunnelling processes, as illustrated in Fig. 1b. A hopping
interaction arises through elastic co-tunnelling (ECT) and a pairing
interaction arises via the creation or breaking of a Cooper pair in the
superconductor through crossed Andreev reflection (CAR). To emu-
late a Kitaev chain, the relative amplitudes of these processes must
be controlled™ . Furthermore, large inter-dot couplings are desired
toisolate zero-energy MBSs from higher-energy excitations?. This
can be achieved by increasing tunnelling rates between the QDs and
the proximitized region, additionally inducing superconducting cor-
relations in the QDs??. In this regime the QDs can be described as
Yu-Shiba-Rusinov (YSR) states 2,

Anenergy-level diagram of the system is shown in Fig. 1c, where, at
finite magnetic field, the ground state of each proximitized QD is either
adoubletstate|V) orasinglet state|S). The electrochemical potential
of the QDs are denoted y, and u,. We consider the combined state of
the QDs|o;, 0g), where 0, 0z € (|S),|1)). In this description, ECT and
CAR processes give rise to two types of effective couplings. States
with total odd parity (|S, V) and|V, S)) have the same total spin (%) and
therefore couple through a spin-conserving term I',. States with total
even-parity (IS, S)and|{, V)) have different total spin (O or 1) and cou-
ple through a spin non-conserving term I.. Similar to a system with
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Fig.1|Device, model and CSDs. a, False-coloured scanning electron micrograph
ofdevice A.Inset axis shows coordinates of the external magnetic field and the
expected spin-orbit field direction with respect to the device orientation. The
gate-defined QDs (QDL and QDR) areindicated. Scalebar:100 nm. b, Sub-gap
transport processes between the QDs and the superconductor. ECT exchanges
anelectronbetweenthe QDs, while CAR allows for pairwise exchange of two
electronswith the superconductor. ¢, Energy-level diagram showing two
spin-polarized YSR states in two QDs that are coupled through ahybrid section.

non-proximitized QDs"?, MBSs should arise when these couplings are
equal (I, =I,)%, as further described in Methods. Figure 1d shows the
numerically obtained conductance G, considering the local transport,
asafunction of i, and i, (details of the model canbe found in Methods).
This charge-stability diagram (CSD) reveals avoided crossings at the
charge degeneracy points, indicative of strong inter-dot coupling. In
the absence of spin-orbit interaction, only the spin-conserving cou-
pling I, is relevant, thus strongly hybridizing the odd-parity states.
Horizontal and vertical conductance features are visible between
avoided crossings as a result of local Andreev reflection, typical for
YSR states.

Device description

Ascanningelectron micrograph of atypical device (device A) is shown
in Fig. 1a. Gate-defined QDs are created on the left (QDL) and right
(QDR) of aregion proximitized by aluminium (green). The QDs are
strongly coupled to the superconductor, resulting in the formation of
sub-gap YSRstates (detailed in Extended DataFig.1). Biases applied to
theleftandrightleads (V, and V) canbe varied and the currentsinthe
left and right leads (/, and /) can be measured simultaneously. Using
standard lock-intechniques, we measure local conductances G, (%L)

and Ggy (%),denoted G, andnon-local conductances G, (ﬂ) and

d diR
dj - . .
Gro (le_) ,denoted G,,,. Wereporton two similar devices. Device Awas

used for measurements in Figs. 1, 3 and 4. Device B (image shown in
Extended Data Fig. 2a) was used to obtain the measurements in Fig. 2.
Allmeasurements are performed inadilution refrigerator, with abase
temperature of 20 mK.

By applying a magnetic field B along the spin-orbit field B, the
effect of the spin-orbit interactionis suppressed (Extended DataFig.2),
aspreviously observed in similar devices”. We measure G, as V,p, and
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AnAndreevbound state (atenergy £ ,55) mediates two types of virtual tunnel
couplings between the QDs, denoted by /. and . d, Numerically calculated
CSD of two coupled QDs, in the absence of spin-orbit coupling. Dashed lines
indicate which states are expected to be hybridized through each type of
coupling. e, Measured CSD across two charge degeneracy pointsin QDL

and QDRwith 6= 0° (B||Bs,), corresponding to the numerical conductanceind.
f,Measured CSD with =75° Dataineand fare taken at V,;s=-624 mV and
B=100mT.

Voprare sweptacross two charge degeneracy pointsin each QD, result-
ing in the CSDs shown in Fig. 1e. Similar to the simulations (Fig. 1d),
we find avoided crossings that indicate a strong coupling between
odd-parity states, thatis, [, > .. Next, we rotate the external magnetic
field away from the spin-orbit field, allowing spin non-conserving pro-
cesses to occur. This is reflected in the avoided crossings in the CSDs
(Fig. 1f), where we indeed see that even-parity states can now hybrid-
ize, indicating a sizeable I.. In particular, the top-left and bottom-left
avoided crossings have changed direction, indicating an even-parity
ground state at these charge degeneracy points. The evolution from
Fig. 1e,f suggests that the field angle can be used to tune the system
into the sweet spot (I, =) where MBSs emerge.

Tuning tothe Majorana sweet spot

We demonstrate this control in Fig. 2. Figure 2a shows a CSD obtained
with BB, around the charge transition corresponding to the lower
left corner of Fig.1d. The diagonal avoided crossing here indicates that
I.>T,.Rotating the field to align with B¢, results in an antidiagonal
avoided crossing, as now I', > I', (Fig. 2¢c). The separation between the
branches of the avoided crossing is proportional to ./ [I'2 - I'?| (detailed
inMethods), which canbe used to quantify the relative strength of the
couplings. Measuring this quantity for several angles (Fig. 2d) shows
asmooth evolution of the coupling strength as a function of the field
angle. Importantly, atanintermediate angle the avoided crossing dis-
appears (Fig.2b), indicating I = I,. Under these conditions, the odd-and
even-parity ground states are degenerate at the charge degeneracy
point, thatis, 8y, = 51, = 0,leading to localized MBSs on each QD*. We
refer to this point in parameter space as the Majorana sweet spot. At
the sweet spot, simultaneous tunnelling spectroscopy on the left and
right QD demonstrates correlated ZBPs (Fig. 2e). Higher-energy exci-
tations are visible at +40 pV, providing an estimate of the effective
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Fig.2| Tuningl,and I, with magneticfield angle. Measurements obtained
fordeviceB, characterized in Extended Data Fig.2.a, CSD showing adiagonal
avoided crossing (I, > I), obtained with B_LBs,. ¢, Rotating the field such that
B||Bs, the avoided crossing changes direction (/. <I,).b, At 55° the the avoided
crossing disappears (I, =TI,).d, Extraction of /|2~ 2| from CSDs measured at
various magnetic field angles. e, G, measured at the centre of the CSD in

b, showing correlated zero-bias peaks. f, G;and G,, measured upon detuning
Voo While keeping Vi on resonance. Correlated zero-bias peaks persistacross
alargevoltage range. Raw data and the extraction procedureis presentedin
Extended DataFig.3. Measurements are taken at B=80 mT.

couplings at the sweet spot to be /=7, =20 peV. These ZBPs are
expected to persist when only a single QD is perturbed, as they result
from MBSs localized on each of the QDs. To confirm this, we measure
G,and G, upon detuning V., while keeping Vi constant (Fig. 2f). The
ZBPsindeed persistin G, while higher-energy excitations are observed
todispersewhen QDL is detuned. Further,in G, only the higher-energy
excitations are visible while the ZBPs themselves do not appear, a sig-
nature of the localized nature of these zero-energy states. These obser-
vations are consistent with experiments on nanowires* and theoretical
predictions®.

The above procedure for tuning to the sweet spot is guaranteed to
work if one starts with a field angle where I', > I, as I', can always be
decreased by rotating the field towards B, If a field rotation reveals
that such an angle cannot be found, one can reach the sweet spot via
electrostatic control over the hybrid section*, as I, and I’ are affected
by the charge and energy of the ABSs™®*. In our devices the ABS ener-
gies are controlled by the voltage V., applied to the gate above the
proximitized region. With the magnetic field directed away from the
spin-orbit field (as in Fig. 1f), we study the evolution of the CSDs with
V,ss- Figure 3ashows a diagonal avoided crossing, signifying here that

I,>T..Bytuning Vg, the avoided crossing changes direction, indicating
I.> T, (Fig.3c). Atanintermediate V,zs the avoided crossing disappears
(Fig. 3b), satisfying the sweet spot condition (/,=T;). Similar to Fig. 2,
we now detune Vy along the blue dashed line in Fig. 3b and measure
G,, again finding correlated, persisting ZBPs (Fig. 3d). Line-cuts from
Fig.3d are shown in Fig. 3, giving an estimate of .=/, =25 peV. When
both QDs are detuned simultaneously, along the green dashed line
inFig. 3b, the correlated ZBPs disperse quadratically (Fig. 3e). This is
expected for atwo-site Kitaev chain, where the ZBPs are only protected
fromlocal perturbations?. An extended dataset and acomparison with
numerical results is shown in Extended Data Fig. 5.

In addition to G,, the non-local measurements in Fig. 3a—c can pro-
vide furtherinformation about underlying transport mechanisms. For
example, it has been shown that for CAR, local and non-local signals
have the same sign, whereas for ECT their sign should be opposite?.
As charge isill-defined for YSR states, there is no one-to-one corre-
spondence between the dominant inter-dot coupling (thatis, I, I,)
and the dominant underlying transport mechanism (thatis, CAR, ECT).
Nevertheless we find a qualitatively similar behaviour, whereby for
I,> T, thenon-local conductanceis positive, whereas for I, > [ itis nega-
tive. We show that this is indeed expected (Extended Data Fig. 7), and
that the sign of G, is dictated by the positions of the QDs with respect
to their charge degeneracy.

Majorana polarization

Theideal Kitaev chainis based on aspinless model. Thus, emulating
this systemwith spinful QDs, as presented here, requires the Zeeman
energies of the QDs to be sufficiently large compared to the effec-
tive coupling between the QDs' %%, In addition, MBSs on either QD
should be isolated from each other. A parameter capturing these
factors is the so-called Majorana polarization?”, which has recently
been investigated theoretically in the context of Kitaev chains®. The
Majorana polarization is a metric (denoted |M|) that quantifies the
extent to which localized MBSs hybridize, and is relevant for experi-
ments that require controlled manipulation of multiple MBSs, such as
braiding®® and parity-based qubits***3*°*, The Majorana polarization
ranges from O (lowest polarization) to1(highest polarization), andin
experimentsitis desirable to have ahigh value of Majorana polariza-
tion. It was shown that both ‘low’ and ‘high’ Majorana polarization
canresultinsimilar transport signatures®, raising animportant ques-
tion about how one could experimentally distinguish between these
regimes.

To investigate this, we track the evolution of the system from
300 mT to O mT (along B,). At each field, we find similar crossings in
the CSDs (Fig. 4a-c). Simultaneous tunnelling spectroscopy of the
QDs at these crossing points reveal correlated ZBPs, down to zero
magnetic field (Fig. 4d). Furthermore, the behaviour of non-local
conductance around the centre of each crossing® also shows no dis-
cernible difference as the field is reduced. At first instance, these
observations are surprising, as MBSs require time-reversal symmetry
to be broken. However, we note that the combination of time-reversal
symmetry and Coulomb interactions canresultin robust zero-energy
modes associated with Kramers pairs of Majorana zero modes, as
discussed inref.32. While further investigation is needed to confirm
thisinterpretation, we can conclude that experimentally it is difficult
to extract information about the Majorana polarization from such
measurements.

Onthe other hand, we find that the dispersion of higher-energy exci-
tations in tunnelling spectroscopy has a distinctly different behav-
iour ateach magneticfield, and allows us to obtaininformation about
the Majorana polarization. While the ZBPs themselves persist upon
detuning QDR for all values of B, the excited states show a markedly
different behaviour (Fig. 4e-g). For example, at large detuning of
QDR, excited states are visible at +£100 pV in Fig. 4e, while reaching

Nature | Vol 630 | 13 June 2024 | 331



Article

a V,gs = -424.5 mV b V,gs = -428.3 mV c Vgs = -432.5 mV
0 041 -0.03 0.03 0 0.15 -0.02 0.02 0 0.1 -0.04 0.04
G, (26°/h) —lum G, (26*/h) g——ha G, (26%/h) b—=lam G, (2€*/h) b G, (26%/h) —=lum G, (26*/h) g——im
131G [ Gir J -1284 Gy, i Gig —1304 G Gir
130 // ‘ t- L.
-133] . - - 132 :
S 135 f r s 1324 7 S -134
E E ! E
g g g
<° _1314Cr Grp <O 128+ Gpg Gra <% _430- CGaL G
’ J
—133 -130 ™ * -132 - l.
f - “ ~—y
-135 -132 -134
T T T T T T T T T T T T T T T T T T
220 222 224 220 222 224 218 220 222 218 220 222 222 224 226 222 224 226
VapL (MV) VapL (MV) Vool (MV)
d 0 015 e 0 0.15 §
G, (2¢%/h) E==tm G, (2¢%/h) =i 0.2
-128 | 224 | —Gu
GLL GRR GLL GRR -G
1 ’ I | = RR
S F S NN
E -130-_ L ' E 2227 i "J & 014
o i ! ~
5 I 3 | S
-132] I 220 - |
T T T T T T T T T T T T 0 T |
100 0 100-100 0 100 400 0 100-100 O 100 100 0 100
Vi V) Vo (V) Ve V) Vo (V) VIV, (V)

Fig.3|Electrostatically tuning to the Majoranasweet spot.a-c, CSDs taken
atthreedifferentapplied voltages V,gsin device A. The systemis smoothly
tuned fromthe/l, >/ regimeinatothe/ </ regimeinc.Inbetween,the/ =TI,
conditionissatisfied (b). Amore extensive rangeis highlighted in Extended
DataFig. 6.d, Tunnelling spectroscopy measurements at the sweet spot.

only +60 pV in Fig. 4f. We denote this energy difference between the
first excited states and the ZBPs as £, at the sweet spot and as E, at
large negative detuning, and extract these energies over an extensive
range in B (Fig. 4h). Both £, and £,,, are found to increase monotoni-
cally with increasing magnetic field. For these sets of measurements,
E,., starts to saturate at 30 pV at higher fields, while ;. increases lin-
early, saturating at 80 pV. The latter can be expected as the excita-
tion energy of the hybrid system approaches the excitation energy,
thatis, the Zeeman energy (£,) of an isolated QD, when either of the
QDsisdetuned.

We compare these measurements with numerical simulations of the
systemwith input from experimental parameters, and find thatindeed
E4.. provides a lower bound estimate of £, of the QDs (Extended Data
Fig.8). This allows us to approximate ag-factor from Fig. 4h. Using this,
the simulated spectra demonstrate a qualitatively similar behaviourin
the dispersion of the excited states (Fig. 4i-k). Furthermore, we find
thattheevolutionofboth £,,,and £ compare well to the experimental
results (Fig. 41).

These results allow us to numerically estimate the Majorana polariza-
tion for the system, as afunction of magnetic field (Fig. 41). We find that
asBincreases, the Majorana polarizationincreases quickly from 0 and
thenstartstoapproachlaround100 mT, where E,,, begins to saturate.
The comparison hereyields |M| = 0.96 ataround B=300 mT. A similar
analysisis performed for measurements using the sweet spot shownin
Fig.3, where E,, reaches 50 nV, fromwhich we extract alower Majorana
polarization estimate of |M| = 0.9 (Extended DataFig.10). Whether these
estimates can be considered a ‘high’ Majorana polarization depends
ontheoperations oneintends to perform. For example, specific braid-
ing protocols have been shown to be reliable for |M| = 0.98 (ref. 6). It
should be noted that these experiments do not constitute a direct
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Vooris tuned along the blue pathshowninb, while QDL is kept onresonance.

e, Tunnelling spectroscopy as Vq, and Vype are tuned simultaneously along the
green pathshowninb.f, Line-trace fromd with Vy, and Ve tuned to the sweet
spotinb (correspondingto &u, = 6y, = 0). Datais taken with B=150 mT.

measurement of the Majorana polarization. One way to achieve this
wouldbetointroduce anadditional QD on either side, with atunnelling
couplingto either MBS* 3 Regardless, the presented measurements
show that the evolution of the system from zero magnetic field to high
magnetic field can be well understood within the framework of the
Kitaev model.

Conclusion

In summary, we have implemented a two-site Kitaev chainin a 2DEG
by coupling QDs through ABSs in a superconductor-semiconductor
hybrid region. We demonstrate a smooth control over the inter-dot
couplings, bothby rotations of the magnetic field and by tuning of the
energy of Andreev bound states in the hybrid section. At specific points
in the parameter space, zero-energy excitations arise that are stable
against local perturbations of either QD. We show that these ‘sweet
spots’ (accompanied by correlated ZBPs) appear inthe systemeven at
zero Zeeman energy, and are by themselves insufficient to gain infor-
mation about the polarization of MBSs. Rather, we find that the mag-
neticfield dependence of the energy spectrum allows us to distinguish
between high and low polarization regimes. Our work demonstrates
thatartificial Kitaev chains can now be realized on ascalable and flex-
ible platform, and that 2DEGs are poised to perform Majorana-based
experiments that were previously inaccessible.

Online content
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Methods

Device fabrication and yield

All devices were fabricated using techniques described in detail in
ref.35. Anarrow aluminium strip is defined in an InSbAs-Al chip by wet
etching, followed by the deposition of two normal Ti/Pd contacts. After
deposition of 20 nm AlOx via atomiclayer deposition, two Ti/Pd deple-
tiongates are evaporated. Following a second atomic layer deposition
layer (20 nm AlOx), seven Ti/Pd finger gates are evaporated to define
the QDs and tune the ABSs’ energy. The two depletion gates define a
quasi-1D channelwithawidthof about160 nm, contacted on eachside
by anormal lead. The aluminium strip induces superconductivity in
themiddle section of each device, with aninduced gap onthe order of
200 peV. The presence of extended ABSs is confirmed through tunnel-
ling spectroscopy. ABSs are found to be present over a large range of
Viss, the voltage applied to the gate covering the hybrid region. Finger
gates on the left and right of the aluminium define QDs with charging
energies above1 mV (Extended Data Fig.1a,b).

Two devices were used to obtain the data presented in the main text
(device Aand device B). Both showed strong hybridization between the
QDs, as presented here. Device Awas used to study the field evolution
of Majorana sweet spots and to obtainthe measurements presentedin
Figs.1,3and 4. Device Bwas used to demonstrate therole of spin-orbit
couplingontheinter-dotinteractions and the control over interactions
through magnetic field as presented in Fig. 2. Regarding device yield,
up until now we have measured 12 devices for the purpose of study-
ing hybridized QDs. Of these, we could tune eight devices to regimes
with strongly coupled QDs that showed the tunability displayed in
Fig. 3. Of the non-functional devices, two failed due to trivial reasons
(for example, losing electronic connection due to missing bondwires
after cooling). The remaining two devices failed at the stage of form-
ing the 1D channel, where we found some optimization was needed
to discover the optimal separation between the top and bottom
depletion gates.

Transport measurements and data processing

Measurements were performed in a dilution refrigerator with a base
temperature of 20 mK. Transport measurements were performed in
a.c.and d.c. using a three-terminal set-up, where the aluminium was
electrically grounded. Each Ohmiclead was connected to a current-to-
voltage converter and biased through a digital-to-analogue con-
verter that applied both d.c. and a.c. biases. Offsets of the applied
voltage-bias on each side were corrected viaindependent calibration
of the Coulomb peaksin the QDs on each side. The voltage outputs of
the current meters were recorded with two digital multimeters and two
lock-in amplifiers. When a d.c. voltage was applied to the left Ohmic
(V) theright lead (V) was kept grounded and vice versa. a.c. excita-
tions were applied on each side with amplitudes of around 5 pv RMS
and frequencies of 19 Hz (left) and 29 Hz (right). In this way, we meas-
ured the full conductance matrix G by first measuring the response
of [, and Iy to V, and then to V;. We accounted for the voltage-divider
effect by correcting the conductances using known fridge line resist-
ances (3.6 kQ in device A, 3.3 kQ in device B), as detailed in ref. 36.
This correction was done for all presented spectroscopy data, except
for the data shown in Fig. 3d-f. Magnetic fields were applied using a
3D vector magnet. The alignment of the magnetic field of device A is
expected to be accurate to within +10° and calibrated through per-
forming tunnelling spectroscopy of the hybrid section as a function
of field angle. The alignment of device B is expected to be accurate
to within+5°.

Duetodeviceinstabilities or charge jumps, the electrostatics of the
QDs experience small drifts over the course of the measurements. Inves-
tigated orbitals were tracked while collecting the presented datasets.
For each tunnelling spectroscopy measurements at asweet spot, where
Voo and/or Vi were detuned, a CSD was obtained directly before and

directly after to ensure that no drifts occurred during such ameasure-
ment. If such a drift occurred, the measurement was discarded and
repeated. Such drifts are the cause of small discrepancies in gate volt-
ages between highlighted pathsin Fig.3b and the measurements shown
inFig.3d,e. The highlighted path represents the corrected path taken
with respect to the CSD shown in Fig. 3b, based on the CSDs obtained
before and after the measurements.

Extracting QD parameters

To compare energy scales between experiments and numerical calcu-
lations, the gate voltages V. and Vi are converted to electrochem-
ical potential energies i, and uy. For this purpose we extract the
dimensionless lever arms a. When forming sub-gap YSR states in the
QDs, the effective lever arm of each QD around a zero-bias charge
degeneracy candiffer from thelever arm of the uncoupled QD, depend-
ing, for example, on hybridization with the hybrid region (Extended
DataFig.4), extensively addressedinref. 22. For analysis we therefore
estimate both the normal-state lever arm (denoted &) and the lever
arms of the sub-gap YSR states (denoted ayg) at the specific V,zs regimes
of interest. Device B was operated in a regime without significant dif-
ference between ay and g, such that the analysis in Fig. 2d used the
lever arms extracted in Extended Data Fig. 2. With the orbitals in Fig. 4,
sweet spots were investigated at magnetic field values between O mT
and 300 mT, where the energy of excited states £ 4., was extracted ata
fixed detuning of Vypr. Ag-factoris extracted from this data, by alinear
fit of E4.. up to 180 mT (before saturation). For this dataset aysz was
only obtained at 0 mT (Extended Data Fig. 1), such that any change in
aysr as a function of magnetic field cannot be accounted for in the
analysisin Fig.4h. When extracting £ 4..at constant detuning of Vpz at
each field, uz may not be constant but rather is expected to decrease
(Extended Data Fig. 4). We note that the lack of this correction may
lead to aslight underestimation of the g-factorin Fig.4h, whichinturn
willlead to alowered estimation of the Majorana polarization. For the
extractions of g, and £, G, and Gy line-traces are obtained at the
sweet spotand atadetuning of Vpr 0f —2 mV, corresponding to a detun-
ing of u; =100 peV. From each line-trace, the separation between the
ZBPs and the first higher-energy excitation is extracted by fitting
Gaussian peaks symmetrically around zero bias. Error bars are given
by the uncertainty in these fits.

Numerical transport calculations

For all presented numerical results, a description of the systemincor-
porating both the two QDs and the middle hybrid section was used,
recently introduced inref. 5. We employ the same model and highlight
key points, using the numerical parameter below. The model considers
tunnelling betweentwo normal QDs (L, R) and acentral QD (M), which
isin proximity to a superconductor. Each sitej has electrochemical
potential energy p;. A spin-conserving hopping t allows transport
between the outer QDs and central QD. The effect of spin-orbitinter-
actions is included through a spin-flip hopping term ¢;, between the
outer QDs and central QD. The presence of the superconductor is
included by attributing a superconducting pairingterm 4;in each QD.
To match the experimental geometry, 4, g, <A4y. Lastly, the left and
right sites are assigned alarge on-site charging energy Uand aZeeman
splitting E, between the|V) and | 1) occupation. The Hamiltonian is
constructed as follows:

H= Z Kl * Z Unjan;, + Z Ezj(njw —nyy)
J,0 J J

+ Y [tddc,+hcl

Jj*zM,0
+ Y 1850} ey - £50d4dy +hecl]
Jj*EM

+ Y [adldl, + hel
J
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whered,,, d}a and n;, are the annihilation, creation and number oper-
ators respectively for each site. The sum; runs over the sites (L, M, R)
and oover the spin degree of freedom (*, V). For simplicity, aleft and
right symmetry is assumed, such that aMajorana sweet spot lies along
. = Ug. Sweet spots are obtained by scanning the parameter space
spanned by y, = uzand uy, and finding degeneracies between the lowest
odd and even eigenstates. All transport calculations are obtained using
the rate equation detailed in ref. 5. Similar to ref. 5, we calculate the
quantity of Majorana polarization (originally introduced in ref. 17).
This quantity, denoted M,, is defined per sitej as:

Y, (w-2))
Y, witzd)

wy = {0|(d;, + d ) |E)
2, = Ol(djs~d ) |E)

where|0) and |E) are the lowest-energy odd and even states respec-
tively. Due to symmetrically chosen parameters |M,| = |My| = |M|, such
thatasingle Majorana polarization value can be extracted for a specific
set of parameters. To provide an experimental observable that reflects
a high or low |M|, we investigate the behaviour of two transition ener-
gies, denoted as £, and E 4. Numerically these are obtained from the
Hamiltonian as the energy difference between the lowest even state
and the second-lowest odd state, at specific values of i1, and pt. E,,, is
obtained with g, and g set to correspond to their sweet spot value.
E4..is obtained with u, detuned by = A,,. Inthe absence of the Zeeman
term, both E,,, and E . are zero by definition, due to the degeneracy
of the odd states in the presence of time-reversal symmetry. The
dependence of M, E,,, and E4,, on E, is demonstrated in Extended
DataFig.10.

To compare to experiments, parameters are selected to matchrealis-
ticvalues. We set4,,=100 peVand4, ; = 0.54.. The charging energy U
isfixed in both dots to be 104,,, except for Fig. 1d where a value of 74,
isused to better highlight the behaviour of all four avoided crossings
inthelarge CSD. For the analysisin Fig. 4, tunnelling terms tand ¢, are
fine-tuned such thatatlarge E, the sweet spot gap of 30 peVis obtained,
tomatch theexperimentalresult. This gives t;, = 0.4t = 0.74,,. Similarly,
to compare to the experimental results in Extended Data Figs.5and 10,
tand ¢, are fine-tuned to obtain a sweet spot gap of 50 peV at large £,.
Thisresultsin t;o = 0.4t =0.854,,.

Effective model in the strong coupling regime

Theabove descriptionisused for all presented calculations. To provide
anintuitive understanding of these results, we invoke a description of
the system through an effective model, introduced in detail in ref. 21.
Here we provide a brief summary of the relevant findings. When the
energy E,zs of the sub-gap state inthe middle site is large compared to
tunnel couplings between the QDs, the middle site can be integrated
out. This leaves a description of the system including only effective
couplings between YSR states in the left and right QD sites. Additio-
nally, itis assumed that £, is sufficiently large such that only the | V|
occupation of each QD partakes in transport. In this description,
a Hamiltonian can be constructed on a singlet-doublet basis. The
ground state of each QD is either the|¥) doublet or a singlet|S) of
the form|S)=uy 3|0) - v, z|¥ 1). Here the u, v components depend on
the chemical potential energies y, and y; of the left and right dot:

(W2 =1-v2 =1+ 2% ) Theeffective Hamiltonian is obtained:

2 U2+ 2

Heff

- T T T
coupling ~ Z (torICLaCRq + AanLaCRq) +h.c., 1)

o,n=m"v

where ¢,y and ¢ p are annihilation and creation operators for the left
andrightsites. Further, t,, specifies the amplitude of an electron with
spinofrom left site tunnelling to occupy astate with spinpinthe right
side, orvice versa. 4,, specifies theamplitude of the creating or break-
ing of a Cooper pair through electrons with spinsoand pin theleftand
right QDs (o, n € [1, V]). Due to the spin-orbit interaction two equal-
spin electrons can also be coupled via the A term. Importantly, this
description is equivalent to the weakly coupled model discussed in
ref. 2, when changing from a charge occupation basis to a YSR-state
basis. Now, two types of coupling arise between the total even-parity
states (denoted /) and between total odd-parity states (/). Each are
acombination of ECT and CAR amplitudes:

ff
rE = <55|Hgoupling|‘l"l’>
= =AU A U U + 8y U U — LU UR,
ff
rO =< \l’ngoupIingl‘l’ S

= U UR HE U UR + Ag U U — AU U,

The coupling I, results in bonding and anti-bonding states of the
formulS, V)+v|¥, S). I forms bonding and anti-bonding states of
theformalS, S)+ S|V, V). When I =, theevenand odd ground states
become degenerate at i, = iz, equivalent to the ¢ = A condition in the
“poor man’s Majorana” description?. In Fig. 2d, we extract the distance
between the branches of the avoided crossing in the experimentally
obtained CSDs, after converting the gate voltages to the YSR energies
of each QD. In the effective description this distance corresponds to
analysing where the line y, = pg or pu, = —pg intersects a degeneracy
between the evenand odd ground state energies. This gives two points,
separated by /8|3 -T.
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Extended DataFig.1|Characterization of QDs and ABS spectroscopy for
device A.a-b, Coulomb diamond measurements of the left and right QDs, in
theregime used for measurements presented in Fig. 4. Charging energies are
estimatedtobel.lmeVineachQD.Theleverarmoftheleftandrightdotis
estimatedtobea = 0.11.c-d, Zoomed in views of figures (a) and (b) inasmaller
energyrange.Duetoalarge tunnel coupling between the QDs and the hybrid
section, YSR-states formin the sub-gap spectrum of the QDs. Tunneling
spectroscopy around the charge degeneracy points in (a-b) reveal clear
sup-gap features within the Coulomb diamonds.As Vy, and Vpp are tuned,
the sub-gap features form an eye-shape feature enclosing the doublet charge
occupation. This behavior is typical for YSR-states with large charging energies?.

e, Crossed Andreevreflection and elastic co-tunneling require the presence of
extended ABSs. Local G,and non-local conductance G, of the hybrid region are
measured viatunnelling spectroscopy and theiridentical energy dependence as
afunction of Vs highlights that ABSs extend across the entire hybrid section.
Comparablebehavior was observedinawide V,zsrange fromOto-1V.The
measurement presented in Fig. lis taken at the Vg with the eye-shaped crossing.
f, ABS spectroscopy as afunction external magnetic field at V,;s=-623 mV.The
effect of splitting of the doublet state can be observed at low fields. A g-factor
of5.5isextracted by linear fitting of the lowest sub-gap states (dashed line) in
Extended DataFig. 1d.
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Extended DataFig.2|Characterization of device B. a, Scanningelectron
micro-graphof device B, used to obtain the measurements presented in Fig. 2.
Scalebar shown is100 nm.b-c, Coulomb diamond measurements of the left
andright QDs. Chargingenergies are extracted tobel.4 meV.Theleverarmayis
extracted tobe about 0.11for each QD. Thislever armis used for the extraction
inFig.2d. d-e, To validate the direction of B, and to show the connection
betweeninteractionsinstrongly coupled QDs and underlying ECT and CAR
processes, we first measure ECT and CAR currents in the weakly coupled dots,
asdetailed in®. With BL B, measurements of CAR (d) and ECT (e) show the
typical blockades for same-spin and opposite-spin charge configurations

respectively. Inf-g, with B||Bs,, the spinnon-conserving ECT and CAR processes
areobservedtoberevived. h,Measuring CARand ECT rates as a function of
magnetic field angle 8 shows the currents for the spin non-conserving processes
areindeed smoothly controlled and become suppressed when 8 = 0. This
supportstheinterpretation that B||Bso whenBis perpendicular tothe1-D
channel.i-j, Next, the QDs are operated with higher tunnelling rates between
theQDsand the SC, to enable strong couplings. Similar to Fig. le-f, CSDs are
obtainedinthe strongly interactingregime, taken with the verified B||Bs, and
BB respectively.
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Extended DataFig.2.Next, the conductanceisextracted alongapy, = - pzor

. =pgline. ¢, Two Gaussian peaks are fitted to extract the separation between

the two avoided crossings, from which the quantity /|/, - I| is obtained
(plottedinFig.2d).
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Tocomplementthe datainFig.3, Extended DataFig.5and Extended DataFig. 10,
we measure the sub-gap statesin QDL and QDR (see Extended Data Fig.1).
Usingthis, we obtain the lever arms of Vq,, and Vp, Onthe YSR-state energies
(denoted ays) (see Methods). a-b, Sub-gap spectroscopy of QDL and QDR
atB,=0mT.Fromtheslopes of the statesupon crossing V,, V; =0, we estimate
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aysg = 0.045. Applying an external magnetic field lowers the energy of ABSsin
the hybrid region, as aresult of Zeeman splitting. This in turn will affect the
YSR-spectrum of the QDs, due toincreased hybridization between the QDs and
the ABS. c-d, Measuring sub-gap spectroscopy of QDLand QDR at B,=225mT
forthe same settings asin (a-b) showsindeed the effective leverarm here
decreases to aysz = 0.028.
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Extended DataFig. 6 | Extended datasetfor Fig. 3. a, Sets of CSDs obtained while varying V,;sin the range presented in Fig. 3. The range of Vyp, and Viypi is
constant for each measurement. The slight drift of the avoided crossing upon varying V, s is owed to cross-capacitance between V,zs and the potential of the QDs.
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Extended DataFig.7|Energy diagrams detailing non-local transport.
InCSDs presented in Fig. 3, aclear sign change is observed when changing from
thel,>Tregimetothel, <l regime.Thiscanbeunderstood by considering
the possible transport cycles that underlie the measured non-local conductance.

a,WhenT,>T, G, isobservedtobenegativeinthe measured CSDs (see Fig.3c).

¢, WhenT,<T;, thesame measurementsyield a positive G, (see Fig.3a).
Horizontal and vertical dashed linesindicate uy = 0and u, = O respectively.
Thestate of the uncoupled systemis labelled in each quadrant. b,d, Insuch
CSD measurements, zero-bias transport can take place when the odd and even

ground states are degenerate. For non-local transport to occur, the system can
acceptahole/electronfromonelead, and relax non-locally toits original state
by either (b) donating a hole/electronto the opposite lead, giving rise to
negative G, or (d) acceptahole/electron from the opposite lead, giving rise to
positive G,.. The preferred pathis dictated by the quadrantin g, i, space where
theodd-evendegeneracy occurs.e, When g, itz > O or p1, itz < 0, the former path
isexpected todominate and the resulting G, will be negative.f, When > 0and
Hr<O0orviceversa, thelatter pathisexpected to dominate and resulting G, will
bepositive.
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Extended DataFig. 8 | Numerical analysis of E,,, and E,,. Numerical
calculations supporting theresults presented in Fig. 4. Through the procedure
detailed in Methods, Majorana sweet spots are obtained and analysed for fields
between O mTand 300 mT. a, Field evolution of Gy line-traces at each sweet
spot, showing the excitations above the ZBPs gradually increasing in energy
and thensaturatingat + 30 peV. b, Field evolution of Gy, line-traces when
QDRdetuned by 3A,,, showing the excited statesincreaselinearly inenergy.
From calculationsin (a) and (b), E;,, and £y are obtained, given by the energy
between the lowest even-parity state and second-lowest odd-parity state.
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¢, Extraction of £,,, (solid) and the Majorana polarization (dashed), for different
values of the tunneling parameter ¢.Ineach case t,, = 0.4¢t. Larger tunnel coupling
resultsinlarger hybridizationbetween ABSs, in turnlowering the MP ata
specific magnetic field. d, Extraction of E4 for various values of detuning p.
Ineach casetheslopeatlow fields corresponds to 2E, (dashed grey line).
Thelarger the detuning of iy, the longer this holds. The dashed black line shows
the energy of the ABS Egs. At large detuning E 4 will increase linearly with 2,
untilbecoming of comparable E,zsbecomes the lowest energy scale.
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Extended DataFig. 9 |Raw datasets for Fig.4h. Obtained ‘sweet spots’ at magnetic fields between O mT and 300 mT. a-i, CSDs and tunnelling spectroscopy are
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measured at each sweet spot, where Vqr is detuned. From these measurements g, and E,, are extracted, as described in the main text and in Methods.
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Extended DataFig.10|Extended datasets supporting Fig.4h.Reproduction
ofthe mainresults from Fig. 4, using the orbitals shownin Fig. 3. Data was
obtained at 6 different field values Bbetween 0 and 250 mT. At each field V,g is
adjusted to tune to the sweet spot. a, Extraction of £y, and E,,,, similar to the
analysis presentedin Fig. 41. Fromalinear for of £, ag-factor of 5.7 is estimated.
b, Numerically obtained £, and £,,,, using parameters tuned to compare to (a).

At250 mT, an estimate of M= 0.9 is obtained. Extrapolation for comparison
toFig.4lyieldsM=0.92at300 mT. c¢,d, Waterfall plots highlighting the line-
traces used toextractthedatain (a). e-j, Raw datasets of CSDs and tunnelling
spectroscopy measurements, fromwhich (a-d) isextracted. Datasetsat 150 mT
and 225 mT datasets are repeated from Fig. 3 and Extended Data Fig. 5
respectively.
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