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Nonlocal signatures of hybridization between quantum dot and Andreev bound states
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We investigate local and nonlocal signatures of hybridization between a quantum dot (QD) state and an
extended Andreev bound state (ABS) in a gate-defined InAs nanowire (NW) with multiple side probes. When
a QD in one of the side probes was hybridized with an ABS in the NW, a characteristic spectroscopic pattern
was observed both locally, i.e., in the probe with the QD, and nonlocally, in the tunnel conductance of a remote
probe. Nonlocal signatures of hybridization reveal the extended nature of the ABS.
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Progress in material growth has enabled the realization of
hybrid materials with distinct low-temperature phases [1-4]
not observed in the constituent bulk materials [5-11]. An
important example is a superconductor grown epitaxially on a
semiconductor having gateable carrier density, large negative
g-factor, and strong spin-orbit coupling [12-14]. A promis-
ing material platform that allows for scalable fabrication of
advanced devices in this context are InAs two-dimensional
electron gases (2DEGs) proximitized by superconducting Al
[15-21]. Devices of suitable geometries allow exploration
of various bound states in nanowires (NWs), including Yu-
Shiba-Rusinov states, Andreev bound states (ABSs), and
Majorana bound states [18,20,22-27].

The use of semiconductor-superconductor hybrids facili-
tates the realization of electrostatically controlled quantum
dots (QDs) coupled to superconductors. This was an enabling
factor for experiments demonstrating Cooper pair splitting
[28,29]. QDs coupled to ABSs have received considerable
attention from theoretical studies, including the use of the QD
as a tool for measuring bound state lifetimes [30] or providing
Majorana parity readout [21,31-35]. Tunnel coupling can lead
to energy level hybridization between a QD and a bound state.
This can result in a shift of the bound state energy and an
avoided crossing between the subgap resonances stemming
from the QD and the ABSs. ABSs at finite energy are pushed
toward zero energy when resonantly coupled to the QD. This
leads to a characteristic bowtie shape in the form of a zero-
crossing of the subgap state. For ABSs at zero energy, the
bound states acquire finite energy when brought on resonance
with the QD, leading to a diamond-shaped splitting in energy.
The observed pattern of subgap states near the resonance
condition depends on the nonlocality and the spin structure
of bound states and details of the QD [36—41].
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In this letter, we perform tunneling spectroscopy of a
NW in a geometry that allows measurements at several
side branches along the NW length using electrostatic gates
patterned on an InAs/Al hybrid heterostructure. A similar
configuration has been investigated theoretically [42], and a
related experiment has been carried out in a conventional NW
with a deposited superconductor and normal metallic side
contacts [43]. In addition to ABSs due to bound states in the
NW, we find conductance resonances due to accidental QDs in
the tunnel barriers. We investigate hybridization of QD states
with ABSs in the NW, observing signatures of hybridization
both locally, that is, at the position of the accidental QD,
and nonlocally, measured on another side probe away from
the QD.

Figure 1(a) shows a micrograph of device 1, based on an
InAs 2DEG with 5nm of epitaxial Al. The device consists
of an Al strip of width 100 nm and length 5 ym, connected at
both ends to large planes of Al that were electrically grounded.
Gates labeled Wy; were Ti/Au on top of 30nm HfO,, as
shown in Fig. 1(e). Gates were used to deplete the semicon-
ductor on either side of the Al wire, creating by depletion a
quasi-one-dimensional InAs NW self-aligned to the proximi-
tizing Al.

Neighboring gates Wy; form a constriction that acts as a
tunnel probe. The lead of the probe, away from the tunneling
region, is made using the same unetched epitaxial Al. Tunnel-
ing across the bare semiconductor region between the Al NW
and the Al lead is controlled by a probe gate P;, as shown in
Fig. 1(f). Details of the materials and fabrication are given in
the Supplemental Material [44].

The measurement setup is shown schematically in
Fig. 1(a). With the NW grounded, individual voltage biases
VS(]’)) were applied on probe j via current-to-voltage convert-
ers (j € {1, 2, 3}). Tunneling currents /; through the tunnel
barriers were measured using lock-in detection, yielding dif-
ferential conductances G; = dl; /dVS%). Measurements were
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FIG. 1. (a) False-colored scanning electron micrograph of device 1. The device consists of patterned epitaxial Al, forming a long, narrow
nanowire with several tunnel probes on top of an InAs quantum well. Gates labeled P; are used to tune the tunnel barrier between the tunnel
probe j and the wire (j € {1, 2, 3}). Gates labeled Wy, with kl € {01, 12, 23, 34}, deplete carriers except under the Al. (b)—(d) Tunneling
spectroscopy at three probes with all gate voltages Viyi; = —4.5 V. (e) and (f) Schematic cross-sections of the device at the positions given by
the green and black dotted lines in (a). (g) Line cuts at field values B, = 0.3 and 1.6 T indicated by the blue and green line in (b).

carried out in a cryo-free dilution refrigerator with a 6-1-1 T
vector magnet at ~15 mK mixing-chamber temperature.

Tunneling conductances G; as a function of magnetic field
By, applied parallel to the NW are shown in Figs. 1(b)-1(d).
For weak tunneling and in the absence of probe resonances,
G; is proportional to the density of states in the NW. The
superconducting gap of the Al in the leads of the probes
closes at low field B ~ 0.2T, above which the probes can
be regarded as normal metal, as discussed previously [16,20].
The semiconductor under the Al in the NW was depleted by
setting all Wy, gates to —4.5 V. Measurements on all three
probes showed a superconducting gap closing without any
subgap states crossing zero energy. For Gy, this is illustrated
by the line cuts in Fig. 1(g). A splitting of the continuum of
states at high bias due to the Zeeman effect can be seen in G,
and G,. Note that the measurement of Gz shows finite sub-
gap conductance, which we attribute to probe 3 being tuned
to an open regime with high-bias conductance G3(VS%) =
0.4mV) > 1 €%/h.

To investigate the hybridization of a probe QD state with an
ABS in the NW, we focus on the 0.6 um long NW segment un-
der gate W53, see dashed box in Fig. 1(a), shown in Fig. 2(a).
To create an ABS in this segment, the voltage on gate Wy3
was set less negative, in the range of —3 V, while voltages on

neighboring gates Wi, and W34 were set to —7.0 V. At B, =

1.6 T and zero source-drain biases, VS%) = 0, conductances G»
and G5 were measured as functions of probe-gate voltages Vp;
and Vp3, respectively, and wire-gate voltage Vyyp3. For both
tunnel junctions, two sets of conductance resonances can be
distinguished in Figs. 2(b) and 2(c) by their characteristic
slope. The first set primarily consists of vertical features that
are strongly dependent on the gate voltages Vp, (Vp3), which
we attribute to QDs in the tunnel barriers. The second set are
predominantly horizontal, depending more strongly on Viy,3.
The latter resonances are visible in both G, and Gj3, suggesting
that they arise from ABSs that extend over the segment cov-
ered by gate Wy3. Figure S1 in the Supplemental Material [44]
shows the complete evolution of tunneling spectroscopy from
Vavaz = —3.8 to —3.0V while keeping the tunnel barriers at
roughly constant transparency. This was achieved by com-
pensating the effect of the gate W3 on the tunnel barriers by
changing the gate voltages Vp,, Vp3 given by the green dashed
line in Figs. 2(b) and 2(c).

The blue star markers in Figs. 2(b) and 2(c) at gate volt-
ages Vo3 = —3.09V, Vp; = —0.045V, and Vp3 = —0.170 V
mark ABSs that are weakly tunnel coupled to the probes. Tun-
neling spectroscopy of these ABSs as a function of magnetic
field By in Figs. 3(a) and 3(b) reveals a zero-bias crossing of
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FIG. 2. (a) Micrograph of the nanowire (NW) segment under
investigation. Viy1, = Vw34 = —7.0 V while the voltage on gate W3
(green) is varied. (b) and (c) Differential conductance at zero bias
measured at the left and the right end of the NW segment. Horizontal
conductance resonances appear in both maps at similar gate voltages.
Vertical conductance features, strongly dependent on gates Vp, and
Vp3 which tune the tunnel barriers, are also visible.

the ABSs at B), = 1.6 T followed by an overshootat By = 2 T.
The states appear in both tunneling conductance measure-
ments of G, and G3. We extracted the peak position in Vs21§3) of
the ABS from the measurements of G, and Gs. The parametric
plot of the peak positions VS%/ ? of the ABSs in G, and G
in Fig. 3(c) shows that all points lie close to the identity
line, suggesting strong correlations. Details about the extrac-
tion of the peak position are outlined in the Supplemental
Material [44].

The ABSs seen in G, and G3 evolve similarly with gate
voltage Vo3 and magnetic field By, suggesting that they
belong to the same extended quantum states. Similar ex-
perimental findings have been made previously [45,46]. The
magnetic field dependence of the states is furthermore charac-
teristic for ABSs in short NWs [27].

Special points in the measurement in Fig. 2(b) are the
crossing points of the horizontal resonances with the sharp
vertical resonances. At these points, an ABS in the NW is
on resonance with the QD in the tunnel barrier under the
gate P,. Tunneling spectroscopy G, using tunnel probe 2 at
a field value of B = 1.1 T while sweeping Vp, along the
values given by the blue dashed line in Fig. 2(b) is shown
in Fig. 4(a). The ABSs at VS%) = +0.05 mV were unaffected
by the change of Vp, outside the range —0.040 to —0.020 V.
Within this range, the QD resonance appears as a conductance
enhancement at high bias, reflecting the fact that G, was
being measured through the QD in tunnel barrier 2. As the
QD went on resonance with the ABSs, the ABSs with lowest
energy merged at zero bias before returning to their previous
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FIG. 3. (a) and (b) Tunneling spectroscopy with respect to mag-
netic field at the two ends of the nanowire (NW) with Vi3 =
—3.09 V [marked with » on Figs. 2(b) and 2(c)]. Both measurements
show subgap states crossing zero bias at By = 1.6 T with a clear
overshoot around By = 2 T. (c) Parametric plot of the extracted peak
positions from the lowest energy subgap states in (a) and (b). The
color of the points indicates the field value in accordance with the
rainbow color bar in (b).

energies. This resulted in a characteristic bowtie shape of
the resonances of the ABSs. A simultaneous measurement
of G; during the sweep of Vp, at the other end of the NW
is shown in Fig. 4(b). The enhancement of conductance at
high bias due to the QD that was present in the measurement
of G, was absent in the measurement of G;. The ABSs,
however, showed the same bowtie shape around the voltage
value Vp, & —0.030 V which corresponds to the resonance
condition between the ABSs and the QD in tunnel barrier
2. Note that, in the measurement of both G, and G3, not
only the lowest energy ABSs undergo a change at the res-
onance condition with the QD but also the higher excited
ABSs at V5P = £0.12 and = +0.20 mV. In addition to the
change in ABS energy, a clear change in the conductance
peak height is visible when going through the resonance
condition.

Around B, = 1.6 T, the low-energy ABSs merged to yield
a single conductance peak at zero bias. A measurement of G,
with respect to Vp, in Fig. 4(c) shows that this peak was un-
perturbed except for voltage values around Vp, ~ —0.030V,
where the QD was on resonance with the ABSs. At this point,
the QD led to a pair of arc-shaped resonances with strong con-
ductance at VS%) ~ +0.05 mV. Around the same value of gate
voltage, the ABS resonances split symmetrically away from
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FIG. 4. (a) Tunneling conductance G, at the left side of the
nanowire (NW) segment at Vi3 = —3.09 V [marked with * and
blue dashed line on Figs. 2(b) and 2(c)] as a function of the gate
voltage Vp, which tunes the tunnel barrier. A quantum dot (QD)
resonance is visible as an enhancement of conductance at high bias
around V, &~ —0.030 V. The subgap states change their energy at the
point of the QD resonance, drawing a characteristic bowtie shape.
(b) Tunneling spectroscopy G; at the other end of the NW. The
Andreev bound states (ABSs) show the same change in energy as
visible in the measurement of G, in (a). (c) and (d) Same as (a) and
(b) at higher parallel magnetic field, B),. The ABSs split to form a
diamond-shaped energy profile at the position of the QD resonance.

zero bias with a kink at Vs(12)) = £0.03 mV, forming a diamond
shape. The simultaneous measurement of Gz in Fig. 4(d)
reveals similar Vp, dependence of the ABS energy. Note that
the next excited states were located at Vs(12)'3) = £0.09mV
and were also affected around Vp, ~ —0.030V, leading to a
bowtie shape.

The appearance of ABSs with bowtie- and diamond-
shaped patterns while on resonance with the QD level is an
indication of the QD being sufficiently tunnel coupled to the
ABSs such that the two energy levels significantly hybridize,
consistent with theoretical and previous experimental results
[36-39,47]. The measurement of the energy shift at both ends
of the 0.6 um NW, while a local gate voltage at only one
end is changed, is a nonlococal signature of the delocalized
ABSs. If tunneling spectroscopy is measured at both ends of
a NW, hybridization of bound states with a local QD can be
used as a quantum mechanical tool to test whether a quan-
tum state extends through the whole NW, like the analysis
of cross-conductance and correlated appearance at both ends
[45,48]. This is in contrast to experiments where spectroscopy
is performed at one end of a NW. In such a case, a QD in the
absence of a bound states in the NW can mimic signatures
of extended states inside the NW in tunneling spectroscopy
[47,49-53].

In comparison with previous experiments, the present setup
offers additional information about the spatial extent of the
bound state, as one can perform tunneling spectroscopy at
both ends of the NW segment. This also allows for the ob-
servation of the change in energy of the ABS at one position
while it is being hybridized with a QD 0.6 wum away by means
of changing a local gate. This nonlocal signature is a demon-
stration of the ABS being an extended quantum state. Note
that we do not observe anticrossings of the bound state with
the QD resonances in bias spectroscopy, which is consistent
with the states being attributed to ABSs as opposed to partially
overlapping Majorana zero modes [37].

In the Supplemental Material [44], we present data of the
hybridization of an ABS in the NW segment under the gate
labeled W1, with a local QD in the tunnel barrier. Results from
a second device (device 2) are also presented. Device 2 is a
slightly different design, with side probes that do not have Al
leads, only the bare semiconductor. Device 2 showed similar
results as device 1 when an ABS in a NW was brought onto
resonance with a QD localized at one probe while observing
the impact of the hybridization on the bound state at the other
probe.
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