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A short superconducting segment can couple attached quantum dots via elastic cotunneling (ECT) and
crossed Andreev reflection (CAR). Such coupled quantum dots can host Majorana bound states provided
that the ratio between CAR and ECT can be controlled. Metallic superconductors have so far been shown to
mediate such tunneling phenomena, albeit with limited tunability. Here, we show that Andreev bound states
formed in semiconductor-superconductor heterostructures can mediate CAR and ECT over mesoscopic
length scales. Andreev bound states possess both an electron and a hole component, giving rise to an
intricate interference phenomenon that allows us to tune the ratio between CAR and ECT deterministically.
We further show that the combination of intrinsic spin-orbit coupling in InSb nanowires and an applied
magnetic field provides another efficient knob to tune the ratio between ECT and CAR and optimize the
amount of coupling between neighboring quantum dots.

DOI: 10.1103/PhysRevX.13.031031

The Kitaev chain is a prime example of condensed-
matter toy models exhibiting a topological superconducting
phase [1]. Practical proposals to construct an artificial
Kitaev chain require a set of quantum dots (QDs) separated
by narrow superconducting segments [2-4]. Such QDs
interact via two mechanisms: crossed Andreev reflection
(CAR) and elastic cotunneling (ECT). In CAR, electrons
from two separate QDs tunnel into the superconductor,
forming a Cooper pair; or, in its reversed process, a Cooper
pair is split into two electrons, tunneling to different QDs
[see the schematic in Fig. 1(a)] [5-7]. ECT occurs when a
single electron tunnels between the two QDs via the
superconductor [see the schematic in Fig. 1(b)]. The
balance between CAR- and ECT-induced couplings is
crucial for observing poor man’s Majorana zero modes
at the boundaries of a two-site Kitaev chain [3], recently
observed in Ref. [8]. Furthermore, precise control over the
interplay between CAR and ECT is crucial for achieving
high-fidelity entanglement generation through Cooper-pair
splitting [5,9]. Moreover, this control can serve as an
efficient mechanism for coupling spin qubits over longer
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length scales beyond those achievable through exchange
coupling [10-14].

Semiconductor-superconductor hybrids are the primary
platform to study CAR and ECT [16-19] due to their
unique ability to form QDs in semiconductors and effec-
tively couple them to superconductors. These hybrids
enable the formation of Andreev bound states (ABSs),
where a confined semiconducting level is tunnel coupled to
a superconductor. An important characteristic of ABSs is
their ability to transition smoothly from electronlike to
holelike excitations through electrostatic gating [20-22].
ABSs can further replace metallic superconductors in
facilitating CAR and ECT processes between adjacent
QDs [23]. It is predicted that the interplay between the
electron and hole components of an ABS plays a crucial
role in controlling CAR and ECT phenomena [24].
Furthermore, the presence of an external magnetic field
impacts the energy of ABSs through Zeeman splitting [25],
thereby influencing the amplitudes of CAR and ECT.
Notably, in the presence of spin-orbit coupling, the
dependence of these amplitudes on the magnetic field
direction becomes anisotropic [15,26].

Scaling the Kitaev chain from the two-QD system
discussed in Ref. [8] to many QDs requires a deterministic
control of the CAR and ECT coupling between neighbor-
ing QDs. The interplay of CAR and ECT and the ABS
mediating them provides the means to achieve such control.
To this date, this interplay was never demonstrated.

Published by the American Physical Society
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FIG. 1. Correlation between ABS and CAR or ECT processes. (a),(b) [llustration of the ECT (a) and CAR (b) processes. (c) Scanning
electron micrograph of device A. (d) Schematic illustration of our devices and experimental setup. An InSb nanowire (green) is coated
by a thin Al shell (blue, Al + Pt for device A), on top of seven finger gates (red). Two Cr/Au leads (yellow) are attached to both sides of
the wire. (e) Spectroscopy configuration: Yellow bars depict voltage bias in normal () contacts, while blue rectangles represent the
superconductor (S). Blue curves sketch the desired voltage profile defined with the gates; voltage barriers are not to scale.
(f) Configuration with QDs: Applying low voltages on Vi,V ; and Vg, Vio forms a QD on the left and right side of the
superconducting segment. (g),(h) Measurement of the ECT-induced current (g) and the CAR-induced current (h), as in Ref. [15], around
a charge degeneracy point. (i) Gy as a function of Vi and Vpg when setting the gates in the tunneling spectroscopy configuration.
(j) Gry as a function of V| and Vpg in the same settings as (b). Gy and Gy are calculated by taking the numerical derivative after
applying a Savitzky-Golay filter of window length 11 and polynomial order 1 to the measured /; and I currents, respectively. (k) CAR-
and ECT-induced currents as a function of Vpg measured using the N <> N + 1 transition in both QDs. The values of V{; and Vg, are
kept constant during measurements in (b), (c), and (e).

In this work, we report on gate tunability of CAR and
ECT in hybrid semiconductor-superconductor heterostruc-
tures. In particular, both processes are correlated with the
presence of ABSs in the hybrid. By comparing exper-
imental data and our theoretical model, we further show
that the observed CAR and ECT amplitudes, respectively,
result from constructive and destructive interference of
tunneling paths. The interference pattern is linked to the
charge of the mediating Andreev bound state and can be

controlled via tuning the hybrid’s chemical potential.
Finally, we report on the magnetic field dependence of
CAR and ECT. We show how the CAR and ECT
interference patterns are modified through the interplay
of the orientation of the magnetic field, the direction of the
spin-orbit coupling, the energy of the ABS, and its spin
splitting.

Figure 1(c) shows a scanning electron microscope image
of device A, while in Fig. 1(d) we show a schematic
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illustration of the device and the measurement circuit. An
InSb nanowire is deposited on prefabricated metallic gates
(separated from the nanowire by a thin dielectric layer).
Using the shadow lithography technique [27,28], a thin
superconducting layer is deposited on top of the middle
segment of the nanowire. Normal contacts are then fab-
ricated on each side of the device. Details of the fabrication
are described in Supplemental Material [29]. The chemical
potential of the semiconducting-superconducting hybrid
is controlled by the plunger gate underneath (Vpg). The
bare nanowire segments on both sides of the hybrid are
regulated by three finger gates each. To measure the
spectrum of the hybrid segment using tunnel spectroscopy,
we create a single tunnel barrier on each side, as depicted in
Fig. 1(e). In contrast, to establish QDs on either side of the
hybrid segment, we further reduce the voltage applied to
the gates adjacent to the normal leads. This is done while
maintaining the voltages applied to the gates neighboring
the hybrid segment at fixed levels, as illustrated in Fig. 1(f).
The chemical potential of the QDs is controlled by the
middle finger gates on the left and right bare nanowire
segments (Vip and Vip).

Transport measurements are carried out by applying
dc voltage biases on the left and the right contacts (V; and
VR, respectively) and measuring the resulting dc currents
on both sides (I; and Iy). Local (Gy =dI/dV,,
GRR = dIR/dVR) and nonlocal (GRL = dIR/dVL, GLR =
dI /dVy) conductances are obtained as numerical deriv-
atives of the dc currents unless otherwise specified. All
measurements are conducted in a dilution refrigerator with
a measured electron temperature of approximately 50 mK.
We characterize the QDs by measuring the gate-dependent
and magnetic-field-dependent transport through them and
focus in the remainder of this paper on two charge
transitions of each QD: from N to N + 1 electrons and
N + 1 to N + 2 electron, where N is a small even integer
(see Fig. S1 [29]).

The experiments described in Refs. [8,15] are primarily
conducted using the device displayed in Fig. 1(c). In
Ref. [15], the focus is on investigating spin precession
in CAR and ECT for a fixed value of the plunger gate
(Vpg). The values for the tunnel gates are consistent with
the settings used in this research. In contrast, Ref. [8]
utilizes barrier gates set to a more transparent configuration
to boost effective coupling between the formed QDs. The
phenomena reported here are measured using four devices,
three of them discussed in this manuscript and in the
Supplemental Material [29] (see Fig. S2 [29] for scanning
electron imaging of the three devices).

We begin by describing our measurement method for
CAR and ECT, the focus of this manuscript. Since the
hybrid segment supports both processes, we turn to the
applied bias to distinguish between them [17]. The CAR-
and ECT-induced currents (/car and /gcr, respectively) are
measured using a method introduced in our previous work
[15]. In CAR, electrons exhibit a correlated flow, moving

either inward toward the hybrid segment to form a Cooper
pair or outward when a Cooper pair is broken. This
correlation is facilitated by applying the same bias to both
the right and left leads. To measure the CAR-induced
currents at a specific value of Vpg, we apply a fixed bias of
Vi, = Vg =70 pV to both leads and scan V;p and Vgyp
within a range of approximately 1 mV around the charge
degeneracy point of each dot. In Fig. 1(g), we present the
measured /; and Iy currents alongside the correlated

current I, = sgn(l Ix)\/|I[LIz|. We observe a current
feature that maximizes along a diagonal with a negative
slope, indicating opposite chemical potentials of the two
QDs. CAR-induced currents occur when Vi and Vyp
satisfy the condition that the chemical potentials of both
QDs have equal magnitudes but opposite signs with respect
to the Fermi energy [shown schematically in Fig. 1(f)],
consistent with the observation.

In ECT, electrons enter the device through one lead and
exit through the other, requiring an antisymmetric bias
configuration. To measure the amount of ECT-induced
currents, we thus repeat the procedure described above when
applying antisymmetric bias on both leads: V| = -V =
70 pV. Figure 1(h) shows the ECT-induced current, display-
ing a current feature with a positive diagonal, consistent with
both QDs being resonant with each other.

We emphasize that we observe current only when both
QDs are within the bias window. The absence of a subgap
current through a single QD indicates that the charging
energy of the QDs is sufficient to suppress electron-hole
correlation on the QDs.

In this manuscript, as in Ref. [15], the maximum of 7,
is taken as a proxy of the CAR strength Icag = max(/ ),
and minus the minimum of /., is taken as a proxy of the
ECT strength Igcr = —min(/,,,). For every CAR and
ECT measurement, we make sure that the bias voltages V|
and Vg are smaller than the ABS energy.

We now turn our attention to the spectrum of the
hybrid semiconducting-superconducting segment. To mea-
sure tunnel spectroscopy, we form a single tunnel barrier
on each side of this segment, as shown schematically in
Fig. 1(e). Figure 1(i) shows that, at low values of Vpg, the
spectrum features a hard superconducting gap. Increasing
Vpg leads to the formation of discrete ABSs under the
superconducting film appearing as electron-hole symmetric
subgap peaks. These peaks also appear in the nonlocal
conductance [Fig. 1(j)], indicating that the ABSs extend
throughout the hybrid segment [30].

Next, to measure currents induced by CAR and ECT
(Icar and Igcr), we form a QD on each side of the hybrid
segment as explained above. Figure 1(k) shows the
dependence of Icpg and Igcr on Vpg when both QDs
are tuned to the N <> N + 1 transition (see Fig. S3 [29] for
data involving N 4+ 1 <> N + 2 transitions and the discus-
sion of the effect of Pauli spin blockade). Both currents
respond strongly to changes in Vpg, suggesting that they
originate from processes that involve the hybrid segment.
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Icar, In particular, reaches peak currents at Vpg values
where ABSs in the hybrid segment reach a minimal energy.
In regions of Vpg far from ABSs, Icar and Igcr are
suppressed. These observations hold for all devices we
measured (see Fig. S4 [29] for another example).

To understand the role of ABSs in mediating CAR- and
ECT-induced currents, we consider a model with two
QDs on each side of a single ABS confined in the central
hybrid segment, as shown in Figs. 2(a) and 2(b).
Considering only one orbital state in each QD, this reduces
to a simple three-site model [24,31,32]. For simplicity, we
treat the ABS as one pair of semiconducting states tunnel
coupled to the superconductor in the atomic limit [33],
simplifying the general expressions derived in Ref. [24]
(see Supplemental Material [29] for details). Andreev
reflection at the semiconductor-superconductor interface
hybridizes the two electronic states with even charge
occupation, |0) and |2), with hybridization rate T'. The
ground state of the ABS is a spin singlet of the form
|S) = u|0) — v|2), where u, v >0 are the normalized
superposition coefficients determined by I' and p, the
chemical potential of the electronic level before hybridi-
zation. Positive y results in # > v, and negative u leads to
u < v [33]. The excited states of the ABS form a doublet
|D1),|DJ), where 1 and | indicate, in the absence of spin-
orbit coupling, the spin state of the single electron
occupying the ABS (see Supplemental Material [29] for
general spin-orbit-coupled scenarios).

Under zero external magnetic field, the doublet states are
degenerate and the energy difference between |S) and |D)
is Ezgg, Which reaches a minimum around ¢ = 0 [Fig. 2(c)]
[33]. An excitation from the ground state of the ABS to an
excited state is said to be a Bogoliubov quasiparticle,
having an electronlike part # and a holelike part » in
superposition. The effective charge of the ABS is defined as
the net charge character of this excitation, —e(u? — v?),
where e > 0 is the elementary charge [20-22]. This
quantity ranges from —e (electronlike) to +e (holelike).

We consider both CAR and ECT as coherent second-
order processes that involve the virtual occupation of an
ABS doublet as the intermediate state. ECT can take place
through two paths. The first, marked in gray in Fig. 2(a),
involves the occupation of the ABS by adding an electron
from one lead with a hopping amplitude proportional to u,
followed by emptying of the ABS via ejection of the
electron to the other lead, with an amplitude also propor-
tional to u. The second, marked by the dashed green arrow
in Fig. 2(a), occurs in the opposite order: An ABS is excited
to |D) by accepting a hole from one lead, with an amplitude
proportional to v, and then relaxes to |S) by ejecting a hole
to the other lead, also with an amplitude proportional to v.
As presented in Ref. [24] and briefly here in Supplemental
Material [29], these two paths interfere destructively due to
fermion exchange statistics, and the ECT-induced current
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FIG. 2. Detailed study of CAR and ECT through an ABS.
(a) Two possible paths for ECT: An electron hops from the left
QD to the center ABS, followed by an escape from the ABS to the
right QD (solid gray arrow), and the processes in the opposite
order (dashed green arrow). (b) Two possible paths for CAR: An
electron from the left QD enters the ABS followed by another
electron arriving from the right QD (solid gray arrow) and the
same processes in reversed order (dashed green arrow). (c) Eapg,
and u, v as a function of u calculated in the atomic limit, where
Exps = VI? 4 p?> withT" = 160 peV [33]. x and Vpg are related
viau = —ea(Vpg — V), where a is the gate lever arm and V, =
35 mV is an offset. Comparing data to theory, we estimate
a~0.01. (d) Gy as a function of V| and Vpg showing a single
ABS. (e) A toy-model calculation of the transmission probability
as a function of u. (f) A high-resolution measurement of CAR and
ECT amplitudes while tuning Vpg. The background noise level is
approximately 30 pA (see Supplemental Material [29]).

MZ—UZ

Engs/T

2

: (1)

Igcr =1y

where [ is a proportionality constant given by I, = (e/#) -
(£ 14/T%ypr) and depends on the coupling between the
QDs and the ABS (7, and tR) as well as the lifetime of QDs
due to coupling to the leads (yp;) in the limit of electron
temperature and tunnel couplings much smaller than
bias voltage. Strikingly, the destructive interference results
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. . _ 2 2 l
in a suppression of Igcp near u =0 where u” = v~ =3

[Fig. 2(e)].

The process of CAR, depicted in Fig. 2(b), can take place
via two paths as well. In the first path (marked by the
dashed green arrow), an electron from the left lead
populates the ABS with an amplitude proportional to u,
followed by emptying of the ABS via accepting an electron
from the right lead, with an amplitude proportional to v. In
the second path, the roles of the left and right QDs are
reversed. The two paths interfere constructively, yielding

2

: (2)

2uv

ICAR = IO E—S/l—‘
AB

where /g is the CAR-induced current, shown in Fig. 2(e).
The term uv is significant only when |u| is small, leading to
the peak in I-pg around u = 0 [Fig. 2(e)]. This is also
where ECT is diminished, allowing CAR to dominate over
ECT. Far away from ABS charge neutrality, ECT decays
slower than CAR and becomes the dominant coupling
mechanism, as it does not require electron-hole conversion
to take place. The distinct dependencies of CAR and ECT
on p thus enable us to tune the relative strengths between
them via electrostatic gating.

To study our model experimentally, we focus on the
range of Vpg values between 0 and 70 mV where a single
ABS dominates the subgap spectrum [Fig. 2(d)]. The ABS
reaches a minimum around Vpg = 35 mV and merges
with the superconducting gap below Vpg = 10 mV and
above Vpg = 60 mV. Figure 2(f) shows Icar and Igcr
measured in the same Vpg range with higher resolution in
Vp than Fig. 1(e). As predicted, I-5r features a narrow
peak centered around the ABS energy minimum. /gt 1S
nonzero in a wider range of Vpg values and, as predicted,
shows a dip when the ABS energy is minimal. We interpret
this suppression as resulting from the destructive inter-
ference of the two ECT paths. We emphasize that this
quantum mechanical interference is distinct from the
cancellation between electron and hole currents as observed
in three-terminal spectroscopy of hybrid nanowires [22,34].
Note that, contrary to our theoretical model, Igcr is not
fully suppressed when v > u. This could be due to other
ABSs at higher Vpg that contribute to Igcr or higher Vpg
increasing tunneling rates via gate cross-coupling. Similar
observations of the Vpg dependence reported here are
reproduced in two more devices (Fig. S4 [29]).

Application of a Zeeman field lifts the Kramers’ degen-
eracy of the ABS and the QDs. The spin splitting of the
QDs makes their charge transitions spin polarized: The
addition energy from N to N + 1 electrons becomes lower
(spin down, |), and that from N + 1 to N + 2 becomes
higher (spin up, 1) [35]. We, thus, control the spins of the
electrons participating in CAR and ECT by selecting the
corresponding charge transitions [15]. The odd states of the
ABS split in energy, leading to two possible excitations

from the ground state |S): either to |D]) with an energy
E| = Exgs —Ez/2 or to |D?) with an energy E; =
Exgs + Ez/2, where E, is the Zeeman splitting of the
ABS [25].

Figure 3(a) shows schematically the process of ECT in
the presence of a Zeeman field when both QDs are tuned to
the 1 transition. Again, this process can take place via two
paths. In the first path (marked in gray), an 1 electron from
one lead populates the |D1) state of the ABS. Then, the
ABS is emptied by emitting an 1 electron to the other lead
through the QD. In the second process (marked by the
dashed green arrow), a hole from one lead hops into the
ABS, exciting it into the |D|) state. The ABS then relaxes
by emitting a hole to the other lead. The energies of the
intermediate states in the two paths, |D1) and |D]), are
split and the interference pattern is, thus, modified. The
ECT-induced current is now of the form
> 0?
E, E,

2

. (3)

"
Tger

Since E| < E4, ECT is stronger when the ABS is holelike
(large v) as seen in the 11 panel in Fig. 3(c). Analogously,
the ECT is higher when the ABS is electronlike (¥ > v) and
both QDs are tuned to the | transition.

CAR-induced currents are also modified by the Zeeman
splitting of the ABS doublet state. CAR takes place in two
paths involving both levels [shown schematically in Fig. 3
(b)]. In one path (marked by the dashed green arrow), the
ABS occupies the |[D ) state by receiving a |, electron from
one lead and is emptied by receiving an 1 electron from the
other lead. In the second path (marked in gray), the order is
reversed and the ABS passes through the |D1) state. The
probability for the CAR process is now

2

: (4)

uv uv

E, " E

N
Teag <

This probability peaks at the ABS energy minimum, as
seen in the relevant panel in Fig. 3(c). Note that the
expected CAR peak remains symmetric in yu, in contrast
to ECT. Figure 3(d) shows the measured /cag and Igcr

under the application of B =80 mT along the nanowire
direction, sufficient to fully spin polarize the QDs

(Egezman ~ 200 peV) and split the energy of the ABS
(Ez ~ 100 peV; see Refs. [15,36]). Spin-orbit coupling
in the nanowire allows for spin-flipping processes—
equal-spin CAR and opposite-spin ECT—to take place
[15], allowing us to measure ECT and CAR in all possible
spin configurations. Icag is symmetric around the ABS
energy minimum and is generally larger for opposite-spin
than equal-spin configurations. Igcr in the 11 spin con-
figuration is large when the ABS is holelike (v > u)
and is suppressed when it is electronlike (large u). The
destructive interference dip is shifted from the ABS
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FIG. 3. CAR and ECT mediated by spin-polarized ABS. (a) ECT process mediated by a spin-polarized ABS between QDs in the 11

spin configuration. (b) CAR process mediated by spin-polarized ABS between QDs in the 1, spin configuration. (c¢) Calculation of the
transmission probability of ECT and CAR via an atomic-limit ABS as a function y at the four possible spin configurations of the QDs.
Spin-orbit coupling is included in the calculation as a small spin-flipping factor (¢ = 0.2) to allow for opposite-spin ECT and same-spin
CAR (see Supplemental Material [29] for model details). Other model parameters are I' = 160 peV and E; = 100 peV. (d) A high-

resolution CAR and ECT amplitudes while tuning Vpg with B =80 mT (applied along the nanowire direction) at the four possible spin

configurations of the QDs.

minimum toward lower Vpg. The opposite trend is
observed in the || spin configuration: Igcp is slightly
larger when the ABS is electronlike, and the interference
dip is shifted toward higher values of Vpg. Igcr in the
opposite-spin configuration is nearly symmetric around the
ABS minimum and is generally suppressed with respect to
Igcr in the equal-spin configuration. Thus, all of the
qualitative predictions of the model [24] are verified in
the measurements.

So far, we discuss the dependence of CAR and ECT
magnitudes as a function of the ABS charge at zero and
finite Zeeman field. In the following, we report on the
dependence of CAR and ECT on the direction of the

applied magnetic field E, at fixed Vpg. We measure a
second device, B, with a longer superconducting segment
(approximately 350 nm, much larger than the supercon-
ducting coherence length in the Al film) and no Pt layer on
top of the Al. The schematic in Fig. 4(h) indicates the

angles 6 and ¢ defining the field direction of B. The QDs
are set to the |1 spin configuration, and Vpg is selected
such that ECT is stronger than CAR when the field is
parallel to the nanowire (see Fig. S6 [29] for the other spin
configurations). Figures 4(a) and 4(b) show Icar and Igcr

when the angle of B is varied over a sphere. Figure 4(c)
shows the energy of the lowest ABS at a similar Vpg (see
Supplemental Material and Fig. S7 [29] for analysis
details). All three quantities are anisotropic, and CAR

and ECT amplitudes are overall negatively correlated to £ |
across the plotted globes, as expected for virtual tunneling
processes. Below, we examine the rotational dependence of
CAR and ECT along two exemplary meridians of the globe
[dashed and dotted lines in Figs. 4(a)—-4(c)] in order to
separate anisotropy due to ABS energy from that caused
by spin.

As discussed above, CAR and ECT amplitudes are
inversely proportional to the ABS energy. This effect is
highly visible in Fig. 4(e), where we plot E|, Icagr, and
Iger along the meridian with ¢ = —50° [dashed line in
Figs. 4(a)-4(c)]. Here, E| is significantly modulated
between approximately 170 peV and approximately
50 peV, and, accordingly, both Icagr and Igcr increase
drastically at the energy minimum. In contrast, a very
different pattern can be obtained when we rotate the
magnetic field along the meridian of ¢ = 40° [dotted line
in Figs. 4(a)—4(c)]. Figure 4(f) shows that, along this
meridian, E| changes by a small amount. As before,
Icar is enhanced where E| is minimal. However, Igcr
varies in the opposite way and becomes completely sup-
pressed around € = 0 (perpendicular to the nanowire axis).
This suppression is generic across various Vpg values and,
therefore, not explained by either the energy or the charge
of the ABS. We attribute the reduction of opposite-spin
ECT along this specific direction to spin blockade [15].
When the QDs select opposite spins, spin precession due to
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FIG.4. Tuning CAR and ECT with magnetic field orientation. (a)-(d) Spherical plots: The center of every colored tile corresponds to a
specific magnetic field orientation. Each panel is taken at fixed Vpg and |B| = 80 mT. Vpg = 475 mV in (c), while Vpg = 480 mV in
(a), (b), and (d). The QD spin configuration is | 1 for all panels. See Fig. S7 [29] for data corresponding to other spin configurations.
(a) CAR-induced current as a function of the magnetic field direction, extracted with the same method detailed in Fig. S1 [29] and used
in the rest of the paper. (b) ECT-induced current as a function of the magnetic field orientation. (c) Energy of the lowest-energy ABS
extracted from local tunneling spectroscopy as a function of the magnetic field orientation. (d) Ratio of the ECT and CAR currents from
(b) and (a). Continuous lines highlight the locus of points where Icsr = Igcr; among them, the points with maximum current are
marked with crosses. (e) Interpolation of data shown in (a)—(c) along the ¢ = —50° meridian. (f) Interpolation of data shown in (a)—
(c) along the ¢ = +40° meridian. (g) Icar along the Icagr = Igcr curves shown in (d). Negative-¢ points are parametrized and plotted
on the left, positive-¢ points on the right. (h) Schematic defining € and ¢: 6 = £90° is the direction parallel to the nanowire. § = ¢ = 0°
is the direction perpendicular to the substrate.

the Eso direction is less prone to other effects such as

orbital depairing and g-factor anisotropy (Fig. S8 [29]).
With these two effects in mind, we summarize the angle

dependence of CAR and ECT over the entire sphere as

follows. First, there exists one special B direction along

spin-orbit coupling enables the presence of some Iy [24].
However, if the applied Bis parallel to the effective spin-
orbit field Esoa no spin precession occurs, and, therefore,

ECT is suppressed between QDs with opposite spins
[37,38]. The observation of this type of spin blockade

reveals the orientation of the spin-orbit field. Compared to
prior works measuring the spin-orbit field direction in
hybrid nanowires via superconducting gap size anisotropy,
the method presented here using spin conservation to detect

which equal-spin CAR and opposite-spin ECT are strongly
suppressed (see Fig. S7 [29] for other spin combinations).
We interpret this as a spin-blockade effect and its direction
as that of the spin-orbit field. Away from this blockaded
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direction, multiple factors compete to influence the ampli-
tudes of CAR and ECT, such as the angle between B and

Eso and the energy of the mediating ABS.
This combination of anisotropic ABS energy and spin-

orbit coupling makes the B direction dependence of CAR
and ECT very rich, enabling further tuning of their relative
amplitudes. Figure 4(d) shows the ratio between Igct and

Icar as a function of the B orientation. Here, due to the
aforementioned influence of the ABS charge, Ixcr is larger
than /-pg on most of the sphere. However, since ECT is
suppressed along a specific direction, the ratio between
Igcr and Icar can be inverted. Such tunability allows for
Icar = Ircr, the sweet spot essential for the realization of
poor man’s Majoranas in a minimal Kitaev chain [3,8].
Figure 4(d) shows with continuous lines the locus of points
where (Igct/Icar) = 1, and Fig. 4(f) reports the corre-
sponding current values, highlighting with crosses the
points where Icar(= Igcr) is maximal. It is, therefore,

evident that the B dependence of CAR and ECT not only
enables the tuning to the Ic-pr = Igcr Sweet spot, but also
allows optimization of their strengths.

In summary, we have measured ECT- and CAR-induced
currents mediated by ABSs formed in a proximitized InSb
nanowire. We show that the amplitudes of both processes
depend on the charge of the ABSs and are, thus, highly
tunable via electrostatic gating. Particularly, we show that
ECT is significantly suppressed when the ABS is charge
neutral due to destructive interference originating from
fermionic exchange statistics. Furthermore, we examine
how the interference pattern and the balance between ECT
and CAR is shifted when the applied magnetic field spin
polarizes the QDs and splits the energy of the ABS. Finally,
we measure how the magnetic field orientation modifies
both the energy of the ABS and the effect of spin-orbit
coupling, adding another independent knob to tune CAR
and ECT. These results demonstrate deterministic control
of the relative amplitudes of CAR and ECT, forming the
foundation of realizing an artificial Kitaev chain [8].

Raw data presented in this work, the data processing and
plotting code, and the code used for the theory calculations
are available [39].
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