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Detection and control of Andreev bound states (ABSs) localized at semiconductor-superconductor
interfaces are essential for their use in quantum applications. Here we investigate the impact of ABSs on
the supercurrent through a Josephson junction containing a quantum dot (QD). Additional normal-metal
tunneling probes on both sides of the junction unveil the ABSs residing at the semiconductor-
superconductor interfaces. Such knowledge provides an ingredient missing in previous studies, improving
the connection between theory and experimental data. By varying the ABS energies using electrostatic
gates, we show control of the switching current, with the ability to alter it by more than an order of
magnitude. Finally, the large degree of ABS tunability allows us to realize a three-site Andreev molecule in
which the central QD is screened by both ABSs. This system is studied simultaneously using both
supercurrent and spectroscopy.

DOI: 10.1103/PhysRevX.15.011046 Subject Areas: Condensed Matter Physics,
Semiconductor Physics,
Superconductivity

I. INTRODUCTION

Quantum dots (QDs) confine electrons into orbitals with
discrete energies, similar to individual atoms [1]. They find
countless applications as sensors [2,3], light sources [4,5],
or qubits [6,7]. Superconductors, on the other hand, feature
an attractive pairing between electrons, condensing them
into a sea of Cooper pairs [8]. One consequence of this
pairing is the ability to carry supercurrent: zero-resistance
transport of electron pairs. Supercurrent can flow even if
two superconducting leads are connected by a thin insulat-
ing material or a weak link. Such a system is known
as a Josephson junction and forms the core component

behind superconducting qubits [9,10] and superconducting
diodes [11].
Using semiconducting QDs as weak links in Josephson

junctions combines the precise orbital tunability of QDs
with the quantum coherent properties of superconductors,
resulting in substantial control over the supercurrent
[12–16] and facilitating circuit quantum electrodynamics
operation [17,18]. Intriguingly, QDs can also hybridize
with a superconductor. For example, when hosting an odd
number of electrons, a QD acts as a localized spin 1=2,
which becomes screened by quasiparticles at stronger
coupling, resulting in a spinless Yu-Shiba-Rusinov ground
state [19–22]. Control of this interaction allows for tuning
of both the ground-state composition and the spectrum; an
interesting lever for Andreev spin qubits [23–26], Kitaev
chains [27–29], and the creation of larger superconducting
molecules [30–35]. However, typical devices are prone to
the formation of accidental QDs or localized Andreev
bound states (ABSs) due to defects or impurities [36–38].
Such states are hard to characterize and control and are
generally detrimental to device operation. Conversely,
recent works have shown that gate-controlled ABSs are
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useful for tuning the coupling between sites in minimal
Kitaev chains [39–42], spurring further interest in meas-
uring and manipulating them.
In this work, we investigate—theoretically and

experimentally—the impact of ABSs on a QD-based
Josephson junction and distinguish its features from a
S-QD-S junction. We show how gate tuning of ABSs
affects both the size and gate symmetries of the critical
current—an important quantity, e.g. for Andreev spin
qubits, whose readout signal is proportional to it [25,26].
Furthermore, we study the influence of the QD-ABS tunnel
coupling on the spin screening of the odd-parity doublet state
by comparing measurements of zero-bias conductance and
critical current. In this manner, we realize an ABS-QD-ABS
Andreev trimer where the screening of the central QD is
facilitated by ABSs in both leads, highlighting their potential
use in realizing larger chains and artificial molecules.

II. DEVICE

A tunable Josephson junction can be realized by con-
tacting a semiconducting nanowire with two superconduct-
ing leads [13,20,21,43]. In this work, two Al contacts are
deposited on an InSb nanowire using the shadow-wall
lithography technique [44] creating two superconducting-
semiconducting hybrid segments [45]. In addition, we
introduce one Au normal contact at each end of the device.
Below the nanowire, separated by a thin dielectric, an array
of bottom gates defines an electrostatic potential along the
device, as Fig. 1(a) illustrates. The three gates between the
hybrid segments form a QD; its chemical potential is
controlled by VQD while the barriers are tuned by VTL

and VTR. Two additional outer barriers separate each hybrid
from the external normal contacts, turning them into
tunneling probes.
The device is loaded in a dilution refrigerator with a base

temperature of approximately 15 mK. Both normal contacts
are connected to corresponding voltage sources and current
meters (VL, IL and VR, IR). The Josephson junction in the
middle of our device is connected to a flexible circuit that
enables setting either a voltage bias or a current bias across
the junction. Figure 1(b) shows that while the left Al
contact is always grounded, the right one is connected to a
switch between either a voltage source with a current meter
(Vbias, Imeas) or a current source with a voltage meter (Ibias,
Vmeas). See Supplemental Material [46] for further nano-
fabrication and circuit details (Fig. S3).
Figure 1(c) reports a voltage-bias measurement charac-

terizing the QD’s Coulomb blockade diamonds. In
Fig. 1(d), instead, we apply a current bias and observe a
Vmeas ¼ 0 region, which is identified as the dc supercurrent
regime. The transition from zero to finite voltage is marked
by a blue line, with the associated current-bias values
denoted as Isw, the switching current. An explanation of
how Isw is extracted is presented in Fig. S4 of Supplemental
Material [46]. As previously demonstrated in the literature,

IswðVQDÞ depends sensitively on the QD gate voltage. The
device behaves like a supercurrent transistor: Isw is maxi-
mal at the QD charge degeneracies, where the parity
transitions between even and odd, while it is suppressed
whenever the QD is off resonance [12,13].
The novelty of our device is highlighted in Figs. 1(e)

and 1(f), which show examples of tunneling spectroscopy
measurements performed from the left and right normal
probes, yielding differential conductance gL and gR,
respectively. Both hybrid segments feature ABSs that
disperse as a function of the gate voltages VHL and VHR.
To understand their implications, we introduce in the
following section a minimal three-site model, considering
a single ABS on the left, a single QD orbital in the center,
and a single ABS on the right.

III. MODEL

The left and right ABSs are modeled as single levels with
negligible charging energy (UABS ¼ 0) coupled to BCS

(a)

(b)

(e) (f)

(c)

(d)

FIG. 1. (a) Illustration of the device. (b) Schematic of the
measurement setup on a false-colored scanning electron micro-
graph of the reported device. (c) Imeas as a function of VQD
and Vbias showing a single Coulomb diamond. The dashed lines
correspond to a constant-interaction QD model [6] with charging
energy U ¼ 2.7 meV, lever arm α ¼ 0.26, positive slope
β ¼ α=0.7, and superconducting gap Δ ¼ 0.2 meV. (d) Vmeas
as a function of VQD and Ibias. The blue line identifies the
switching current Isw, where the Josephson junction transitions
from a superconducting to a resistive regime. (e),(f) Examples of
typical tunneling spectroscopy measurements (from a previous
cooldown of the same device) of the left and right hybrids,
respectively; gL ≡ ðdIL=dVLÞ and gR ≡ ðdIR=dVRÞ are mea-
sured with standard lock-in techniques.
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superconductors by couplings ΓL=R in the atomic limit [53].
Both ABSs are tunnel coupled to a central QD with a large
charging energy U ∼ 10Δ, where Δ represents the energy
of the superconducting gap. This system is described by the
following Hamiltonian:

H ¼ HABS þHD þHT; ð1Þ

HABS ¼
X

j¼L=R

h
ξjnj þ Γjd

†
j↑d

†
j↓ þ H:c:

i
; ð2Þ

HD ¼ U
2
ðn − nCÞ2; ð3Þ

HT ¼
X

j¼L=R

X

σ¼↑=↓

tjd
†
Cσdjσ þ H:c: ð4Þ

Here, ξL=R are the single-level energies, with nL=R and

d†L=Rσ denoting the corresponding number and creation

operator. These result in ABS excitation energies EL=R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξ2L=R þ Γ2

L=R

q
and particle-hole coherence factors u2L=R ¼

1
2
½1þ ðξL=R=EL=RÞ� and v2L=R ¼ 1 − u2L=R [53]. The central

QD is described by a typical Anderson model with creation
operators d†Cσ, the number operator n ¼ d†C↑dC↑ þ d†C↓dC↓,
and the number nC fixing the mean dot population con-
trolled by VQD. Lastly, the QD is tunnel coupled to the
ABSs by couplings tL=R ¼ jtL=Rj exp ½iϕL=R�, with the
phase drop across the junction characterized by the differ-
ence ϕ ¼ ϕL − ϕR. A sketch of the model is depicted in
Fig. 2(a). This model neglects both the detailed structure
of the ABSs, e.g., multiple orbitals, and any screening
of the QD due to a direct coupling to the BCS density of
states [21,54], capturing only the screening stemming from
the coupling to ABSs. Consequently, the validity of the
model is limited to where ABSs are tuned close to their
energy minima. More details can be found in Supplemental
Material [46]. Theory plots in this manuscript are produced
with numerical diagonalization of Eq. (1), capturing
QD-ABS hybridization and its dependence on uL=R,
vL=R, and nC, for all coupling regimes. Here, we define
the junctions critical current as Ic ¼ maxϕ ½IðϕÞ� following
typical conventions, which in plots is obtained numerically.
For low ABS-QD coupling, intuition on the behavior of

Ic can be obtained from lowest-order (fourth) perturbation
theory in tL=R. This yields qualitatively similar Ic curves to
a weakly coupled QD junction with BCS leads (denoted
with the letter S): QD parity transitions (nC ¼ 0.5 or 1.5)
result in peaks of Ic accompanied by a switch from a 0 to a
π phase [13,55]. However, the supercurrent through an S-
QD-S junction involves virtual occupation of the BCS
continuum, while the supercurrent through an ABS-QD-
ABS junction instead relies on the occupation of the ABSs

[Figs. 2(b) and 2(c)]. In the U ≫ Δ limit, the peak Ic is
given by

Ic;peak
S-QD-S

≈
8e
ℏ
jtLj2jtRj2
2Δ3

ðΔρLÞðΔρRÞ; ð5Þ

Ic;peak
ABS-QD-ABS

≈
8e
ℏ

jtLj2jtRj2
ELERðEL þ ERÞ

�
ΓL

2EL

��
ΓR

2ER

�
; ð6Þ

where ρL=R denotes the density of states. Here, the factors
ðΔρL=RÞ and ðΓL=R=2EL=RÞ correspond to juL=RvL=Rj,
which denote the expectation value of adding or removing
a Cooper pair [43]. Intuitively, the ABS energies EL=R

act as a gap, and the additional powers of ELER in the
denominators stem from the asymmetrical coherence fac-
tors when ξL=R ≠ 0 [56]. Further details on the calculations,
including more terms and the nC dependence, are reported
in Supplemental Material [46].
This perturbative approach highlights the difference

between S-QD-S and ABS-QD-ABS junctions and inspires
the next section. Since both EL=R and the uL=R and vL=R
components depend on ξL=R, tunable by VHL=HR, their effect
on the supercurrent can be tested experimentally.

IV. SUPERCURRENT CONTROL

To test the impact of ABSs on the supercurrent, we focus
in Fig. 3(a) on a single ABS weakly coupled to the QD.
In Fig. 3(c), we measure the switching current Isw as a
function of VQD at three different positions along VHL,
color coded to the vertical line cuts shown in Fig. 3(a).

(a)

(b) (c)

FIG. 2. (a) Schematic of the ABS-QD-ABS model depicting
the decoupled (tL=R ¼ 0) electronic spectrum of each component.
The scale Δ illustrates the position of the BCS continuum
neglected in the model, while the QD spectrum is shown in
scale of U. Symbols E and O indicate even and odd ground-state
parity, respectively. Smaller sketches resembling this schematic
are used in the following figures to indicate gate settings. (b),(c)
Sketches of fourth-order cotunneling contributions to the critical
current Ic for an S-QD-S model (b) and an ABS-QD-ABS model
(c). The numbers below indicate the ordering of the dominant
fourth-order process for an empty QD (n ¼ 0).
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We observe an overall increase in Isw as we move closer to
the minimum energy of the ABS, which is reproduced
by the model in Fig. 3(d), and which can be understood
from the denominator in Eq. (6). When comparing theory to
experiment, we distinguish between measured switching
current Isw and theoretical critical current Ic since Isw might
be reduced (Isw < Ic) by circuit noise and thermal fluctua-
tions [8]. In some instances, the employed minimal model
predicts Ic to be smaller than the measured Isw. These
discrepancies we ascribe to missing critical current con-
tributions from, e.g., direct coupling to the BCS states or
neighboring QD and ABS orbitals neglected in the model.
We stress that all parameters of the model, apart from tL
and tR, are estimated from independent measurements such
as ABS spectroscopy and QD Coulomb diamonds (see
Fig. S5 in Supplemental Material [46]). The summary of all
extracted and fitted model parameters is reported in
Supplemental Material [46] (Table 1).
So far, we studied the switching current as a function of

VQD. To study it instead as a function of VHL, we may track
the Isw peak value along one of the QD parity transitions
(as detailed in Supplemental Material [46] Fig. S7c). In
Fig. 3(e), we plot Isw (blue) as a function of VHL, tracking
the left QD parity transition in Fig. 3(c). We observe a
maximum Isw of 1.28 nA around the ABS minimum energy

and a decline in Isw as we move away from this minimum.
Notably, Isw is decreased as low as 0.24 nA when EL
approaches Δ, suggesting that most of the supercurrent is
mediated via the ABS and not via the BCS continuum. This
is supported by the model, which does not include these
continuum states and yields a similar decrease in Fig. 3(f).
Finally, we note in Figs. 3(d) and 3(f) that Ic is not
symmetric around nC ¼ 1 and ξL ¼ 0. This feature is
visible with the numerical diagonalization of Eq. (1) and
is not captured by fourth-order perturbation theory. We will
return to such asymmetries in Fig. S2 in Supplemental
Material [46] and in the following section dedicated to
stronger couplings (Fig. 4).
Thus far, the ABS in the right hybrid was kept at

VHR ¼ 990 mV. In Fig. 3(g), we present Isw as a function
of both ABS gates. In the corners of Fig. 3(g), both
ABSs are tuned away from their energy minima, result-
ing in a minimal Isw of 0.12 nA (pink arrow). Along the
sides of the panel, a single ABS reaches its energy
minimum, resulting in an increase of Isw to approxi-
mately 1 nA. In the middle of the panel, both ABSs are
positioned at their energy minima, resulting in a maxi-
mum enhancement of Isw up to 2.58 nA (orange arrow).
Controlling the ABSs, we can modulate Isw by over an
order of magnitude.

(a) (c)

(b)

(d) (f) (h)

(e) (g) (i)

FIG. 3. (a) gL as a function of VL and VHL, showing the ABS energy dispersion. (b) ABS energy and square of the particle-hole
components uL and vL as predicted by the theory model. (c) Isw as a function of VQD ranging over a single QD orbital and color coded to
the vertical line cuts in panel (a). The inset illustrates the chemical potentials of the three sites of our system. When a site is colored
yellow, the corresponding chemical potential is varied. Otherwise, a red arrow indicates the fixed position of the chemical potential.
(d) Ic predicted by the theory model. (e) Isw as a function of VHL, tracing the left QD parity transition in panel (c). (f) Theory Ic as a
function of ξL, tracing the left QD parity transition in panel (d). (g) Isw as a function of VHL and VHR. VQD ≈ 361 mV, tracing the left QD
parity transition as shown in Fig. S7 of Supplemental Material [46]. The black dashed line indicates the position along VHR at which Isw
in panels (c) and (e) is measured. (h),(i) Spectra of both hybrids [panel (h) shows the same data as panel (a) but including negative VL
values]. For both panels, VQD is fixed at 358 mV. All other figures in the manuscript, excluding Figs. 1(e) and 1(f), which were measured
in a previous cooldown, make use of the same ABSs shown here.
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V. ANDREEV TRIMER

After demonstrating switching current control, we turn
our attention to the physics of an ABS-QD-ABS molecule.
Conceptually, this setup is reminiscent of an S-QD-S
junction. However, while the screening states of the
S-QD-S junction are of a complicated Kondo-like nature
[55,57], the ABS-QD-ABS equivalents are simpler. Here,
at odd parity the QD binds to an excited ABS, gaining an
exchange energy Eex of order approximately jtL=Rj2=U. If
Eex exceeds EL=R, then the QD odd-parity ground state is
screened and rendered into a molecular singlet state of even
parity. To investigate this bonding, we fix the electro-
chemical potential of the right ABS and study the coupling
between the left ABS and the QD by looking at the ABS-
QD charge stability diagrams of Fig. 4 (the right ABS set
points are shown in Fig. S8 of Supplemental Material [46]).
Because of our device geometry, charge stability diagrams

can be measured either via tunneling spectroscopy from the
normal probes or via supercurrent through our Josephson
junction. In the first case, the parity transitions of the QD
are identified by zero-bias conductance peaks and, in the
second case, by switching current peaks.
We can vary the ABS-QD coupling from weak to strong

by tuning VTL. The crossover is characterized by a critical
tunnel coupling tcL ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

UΓL=6
p

(see Supplemental Material
[46] for a detailed derivation). When the coupling is weak
[tL ≪ tcL, Figs. 4(a) and 4(d)] the QD parity transitions are
barely shifted along VQD as we sweep VHL. As a result, the
odd-parity sector separating the even-parity sectors remains
roughly equal in width. In the intermediate-coupling case
[tL ≲ tcL, Figs. 4(b) and 4(e)], the QD parity transitions are
visibly modulated, and the odd-parity sector is reduced as
shown in Fig. 4(b). In the strong case [tL > tcL, Figs. 4(c)
and 4(f)], the topology of the ABS-QD charge stability

DOS (a.u.)

(a) (d) (g) (j)

(b) (e) (h) (k)

(c) (f) (i) (l)

FIG. 4. (a)–(c) Zero-bias conductance gL as a function of VQD and VHL for weak, intermediate, and strong QD-ABS hybridization. The
strength is tuned by the tunnel gate voltage VTL ¼ 210, 220, and 226 mV for panels (a), (b), and (c), respectively. The spectrum of the
ABSs is reported in Fig. S8 of Supplemental Material [46]. (d)–(f) 2D maps of the switching current corresponding to the same gate
range of panels (a)–(c). (g)–(i) Theory simulation of the zero-energy density of states using the Lehmann representation at ϕ ¼ 0 (see
Supplemental Material [46]). (j)–(l) Simulated critical current using our minimal three-site model. Panels (g),(j), (h),(k), and (i),(l) share
the same model parameters.
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diagram is changed [33,58]: When the ABS is at its energy
minimum, the system no longer transitions to an odd-parity
ground state. All coupling regimes are accurately repro-
duced by our model in both conductance and supercurrent
simulations [Figs. 4(g)–4(l)].
In the weak-coupling regime, the switching current could

be understood with fourth-order perturbation theory; the
presence of ABSs quantitatively affects Ic, with EL=R

mimicking a smaller Δ. However, in the intermediate-
and strong-coupling regimes, the presence of ABSs leads
to a qualitative difference as well: The gray arrows in
Figs. 4(e), 4(f), 4(k), and 4(l) highlight strong asymmetries
in the switching current peak heights. Such asymmetries
are due to the u and v components of the ABSs.
Approaching, e.g., nC ∼ 0.5, the ABS-QD hybridization
is strongest for an ABS with juj ≫ jvj as then both the ABS
and the QD are most easily excited by the addition of an
electron. This stronger hybridization results in a higher Ic,
as shown also in Fig. S1 of Supplemental Material [46].
Switching current peak asymmetries were previously
attributed to multiple QD orbitals [13]. Here we propose
an additional possibility for hybrid devices: asymmetries
explained by the coherence factors of subgap ABSs.

A. Simultaneous tuning of all three sites

Finally, we turn our attention to the full three-site
Andreev molecule by varying the right ABS as well.
Figure 5 shows 3D charge stability diagrams extracted
from zero-bias conductance measurements (the technique
is explained in Fig. S6 of Supplemental Material [46]). In
the weak-coupling regime (tL ≪ tcL, tR ≪ tcR), the parity
transitions form two parallel planes, isolating an odd-parity
region between two even-parity regions; here, varying VQD

can always switch the ground-state parity, regardless of
the ABS tuning, indicating the independence of the three
components. In the intermediate-coupling regime (tL ≲ tcL,
tR ≲ tcR), the situation is different, as can be appreciated by
the different topology of the parity transition manifold,
which presents a hole connecting the two even-parity
regions. In this regime, it is only when both ABSs are
simultaneously at their minimum energy that the odd-parity

sector can be screened to an even parity, indicating
Eex > EL=R, while a single ABS at minimum energy cannot
fully screen the odd-parity sector. This shows that the two
ABSs can cooperate in the screening of the QD spins,
expanding the regions where the system has an even-parity
ground state. The even-parity regions expand even further
in the strong-coupling regime (tL > tcL, tR > tcR), where the
topology of the parity transition manifold is changed once
more. Here, a single ABS positioned at its energy minimum
is able to fully screen the odd-parity QD state, as observed
by the odd-parity domes being present only in the four
corners of the diagram where both ABSs are tuned away
from their energy minima.
To appreciate the effect on the supercurrent of the parity

transitions shown in Fig. 5, we focus in Fig. 6 on the strong-
coupling regime. Keeping the QD gate fixed as in Fig. 6(c),
we study the system as a function of both ABS gates.
Figure 6(a) shows the measured charge stability diagram,
while Fig. 6(b) shows the corresponding Isw map. The
theory counterpart is presented in Figs. 6(d) and 6(e). These
simulations reproduce the experimental features, apart from
a discrepancy between Isw and Ic at the center of Figs. 6(b)
and 6(e), where both ABSs are tuned to their energy
minima. We speculate that this discrepancy stems from the
possibility of ground-state transitions as a function of the
phase difference ϕ. If the QD were screened by a single
ABS, the odd-parity region would be limited by the black
line in Fig. 6(f). With two ABSs at ϕ ¼ 0, the region
shrinks under the blue dashed line, indicating that the ABSs
can cooperate to screen the QD. Conversely, at ϕ ¼ π, the
region expands to the green dashed line, reflecting com-
petition between the ABSs [59,60]. This phase dependence
results in an area in Fig. 6(e) where the ground state
transitions from singlet to doublet as ϕ changes from 0 to π.
This area is shown with red overlays in Figs. 6(e) and 6(f),
and qualitatively matches the area of discrepancy between
Figs. 6(b) and 6(e). We recall that our critical current is
defined as Ic ¼ maxϕ ½IðϕÞ�. If the ground state is unstable
as a function of the phase, the real device is affected by
nontrivial phase dynamics and might switch prematurely
to the resistive branch. These phase-induced ground-state

FIG. 5. Measured 3D charge stability diagrams for weak, intermediate, and strong coupling between the QD and the neighboring
ABSs. The blue surfaces delineate the boundaries between even and odd parity. See Fig. S6 in Supplemental Material [46] for the
measurement details.
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transitions appearing solely in the strong-coupling regime
are further discussed in the Supplemental Material [46]
(Figs. S2, S10, and S11). They are beyond the scope of this
manuscript and motivate future works incorporating super-
conducting quantum interference devices, which could
unveil the interesting phase dependence of this regime.

VI. CONCLUSION

In summary, we realized a QD embedded into a
Josephson junction with additional side probes revealing
neighboring ABSs. These ABSs are shown to be the
primary carrier of supercurrent, with measured switching
currents matching the predictions of a simple three-site
model. This illustrates the crucial role of controlling and

detecting localized ABSs in semiconductor-superconductor
hybrid devices. Furthermore, by tuning couplings and ABSs,
we have demonstrated that the system effectively behaves as
an Andreev trimer, whose charging diagram can be fully
characterized via either supercurrent or normal probe mea-
surements. This additionally exemplifies how ABS tuning
can be done via supercurrent in long-nanowire-based Kitaev
chains, for which the normal probes would be farther away
from central ABSs [61–63]. Besides that, our study sets the
ground for future works on Josephson-junction devices with
increased complexity, including longer Andreev molecules
predicted to modulate the supercurrent nonlocally [64] and
complex Andreev spin qubit devices [25].
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