PRX QUANTUM 3, 030311 (2022)

Singlet-Doublet Transitions of a Quantum Dot Josephson Junction Detected in a
Transmon Circuit
Arno Bargerbos ,1,*,† Marta Pita-Vidal ,1,† Rok Žitko,2,3 Jesús Ávila,4 Lukas J. Splitthoﬀ,1
Lukas Grünhaupt,1 Jaap J. Wesdorp,1 Christian K. Andersen ,1 Yu Liu ,5 Leo P. Kouwenhoven,1
Ramón Aguado,4 Angela Kou,6 and Bernard van Heck 7
1

QuTech and Kavli Institute of Nanoscience, Delft University of Technology, Delft 2600 GA, Netherlands
2
Jožef Stefan Institute, Jamova 39, Ljubljana SI-1000, Slovenia
3
Faculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, Ljubljana SI-1000, Slovenia
4
Instituto de Ciencia de Materiales de Madrid (ICMM), Consejo Superior de Investigaciones Cientificas (CSIC),
Sor Juana Ines de la Cruz 3, Madrid 28049, Spain
5
Center for Quantum Devices, Niels Bohr Institute, University of Copenhagen, Copenhagen 2100, Denmark
6
Department of Physics and Frederick Seitz Materials Research Laboratory, University of Illinois
Urbana-Champaign, Urbana, Illinois 61801, USA
7
Leiden Institute of Physics, Leiden University, Niels Bohrweg 2, Leiden 2333 CA, Netherlands
(Received 28 February 2022; revised 23 May 2022; accepted 24 May 2022; published 21 July 2022)
We realize a hybrid superconductor-semiconductor transmon device in which the Josephson eﬀect is
controlled by a gate-deﬁned quantum dot in an InAs-Al nanowire. Microwave spectroscopy of the transition spectrum of the transmon allows us to probe the ground-state parity of the quantum dot as a function
of the gate voltages, the external magnetic ﬂux, and the magnetic ﬁeld applied parallel to the nanowire.
The measured parity phase diagram is in agreement with that predicted by a single-impurity Anderson
model with superconducting leads. Through continuous-time monitoring of the circuit, we furthermore
resolve the quasiparticle dynamics of the quantum dot Josephson junction across the phase boundaries.
Our results can facilitate the realization of semiconductor-based 0-π qubits and Andreev qubits.
DOI: 10.1103/PRXQuantum.3.030311

I. INTRODUCTION
Superconducting pairing and charging energy are two
fundamental interactions that determine the behavior of
mesoscopic devices. Notably, when a quantum dot (QD)
is coupled to a superconductor, they compete to determine its ground state. A large charging energy favors
single-electron doublet occupancy of the dot and thus a
spin-1/2 ground state, while a strong coupling to the superconducting leads favors double occupancy in a singlet
conﬁguration with zero spin. A quantum phase transition
between the singlet and doublet ground state can occur as
system parameters such as the dot energy level and the
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coupling strength are varied. The latter also controls the
nature of the singlet ground state, which can be of either
the Bardeen-Cooper-Schrieﬀer (BCS) type or the Kondo
type. The rich phase diagram of the system, as well as its
transport properties, are theoretically well captured by an
Anderson model with superconducting leads [1–10].
Quantum dots coupled to superconductors have been
studied experimentally over the past two decades. Signatures of the singlet-doublet transition have been detected in
tunneling spectroscopy measurements of N -QD-S devices
(where N is a normal lead, and S is a superconducting
one) via the observation of Fermi-level crossings [11–19].
Additionally, they have been detected in switching-current
measurements of S-QD-S devices via π phase shifts in
the current-phase relation of the resulting quantum dot
Josephson junction [19–31].
Recent experiments [32–34] on Andreev-pair and spin
qubits [35–38] have renewed the interest in quantum dot
junctions due to the possibility of tuning the ground state
of the system to be in addressable spin states. Knowledge
of the phase diagram of the quantum dot junction is also
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beneﬁcial for realizing proposals for a quantum-dot-based
readout of topological qubits [39–41].
These developments have highlighted the need for a better fundamental understanding of the quantum dot junction
and its dynamics, requiring tools that are not limited by
the long integration times of low-frequency measurements
or by the invasiveness of transport probes. To address
this need, we embed a fully controllable quantum dot in
a microwave superconducting circuit. This experimental
choice is motivated by the success of circuit quantum
electrodynamics (QED) techniques in the investigation of
mesoscopic eﬀects in Josephson junctions [32–34,42–49],
which stems from its enhanced energy and time resolution
compared to low-frequency transport techniques. In this
context, the microwave response of a quantum dot junction
has attracted recent theoretical [50,51] and experimental
[52] attention.
The core of our experiment is a transmon circuit
formed by an island with charging energy Ec , coupled to
ground via a superconducting quantum interference device
(SQUID) formed by a parallel combination of a junction
with a known Josephson energy EJ and a quantum dot
junction [Figs. 1(a)–1(c)]. The energy-phase relation of the
quantum dot junction depends on whether it is in a singlet
or doublet state, with a characteristic π phase shift between
the two relations [Fig. 1(d)] [53]. The two energy-phase
relations of the junctions add up together in the SQUID.
Depending on whether the quantum dot junction is in the
singlet or doublet state, as well as on the external ﬂux, this
results in a higher or lower curvature of the total potential
around its minimum with respect to that of the reference
junction. Therefore, the two branches of the spectrum give
rise to two distinct transition frequencies of the transmon
circuit, which can be detected and distinguished via standard circuit-QED techniques [54]. As a result, a transition
from a singlet to a doublet state will appear as a discontinuous jump in a measurement of the transmon frequency
spectrum.
Using this method, we detect the singlet-doublet transition and reconstruct the phase diagram of a quantum
dot junction as a function of all experimentally controlled
parameters in a single device: the energy level of the
dot, the tunnel couplings to the superconducting leads, the
superconducting phase diﬀerence across the quantum dot
junction, and also an external Zeeman ﬁeld. The measured
phase boundaries are in agreement with the single-impurity
Anderson model with superconducting leads as calculated
via numerical renormalization group (NRG) [2,55–57]
methods and include parameter regimes that have experimentally not been explored before. Finally, we investigate
the rates at which the quantum dot switches between doublet and singlet occupation via real-time monitoring of the
transmon circuit, allowing us to determine the switching
time scales of the quantum dot junction parity across the
phase transition.
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FIG. 1. (a) A schematic diagram of a quantum dot junction
incorporated into a transmon circuit. The transmon island with
charging energy Ec is connected to ground by a SQUID formed
by the parallel combination of a quantum dot junction and a
reference junction. Here, φ and δ denote the superconducting
phase diﬀerence across the quantum dot and reference junctions,
respectively. ext is the externally applied magnetic ﬂux through
the SQUID loop. (b) A model diagram of the quantum dot junction in the excitation picture. Two s-wave superconductors are
connected via tunnel barriers to a single-level quantum dot. (c) A
level diagram of the quantum dot hosting zero, one, or two electrons when disconnected from the leads (L = R = 0). (d) The
phase dependence of the Josephson potential of the quantum dot
junction in the singlet (orange) and doublet (purple) state. (e) The
Josephson potential of the reference junction. (f) The Josephson
potential of the dc SQUID for φext = (2e/)ext = 0, with the
quantum dot junction in the singlet (orange) and doublet (purple)
state. The dashed lines represent the two lowest transmon energy
levels in each branch of the Josephson potential, with the arrow
denoting the resulting transition frequency, which can diﬀer for
the two quantum dot junction states (orange and purple arrows
for singlet and doublet, respectively).

II. DEVICE OVERVIEW
The quantum dot junction under investigation is formed
in a 10-μm-long epitaxial superconductor-semiconductor
nanowire with a 100-nm-wide hexagonal InAs core and a
6-nm-thick Al shell covering two of its facets [58]. The
quantum dot junction is located in a 200-nm-long uncovered section of the nanowire where the Al has been etched
away, where it is electrostatically deﬁned by three bottom gate electrodes [Fig. 2(d)]. As shown in the circuit
of Fig. 2(a), this quantum dot junction is placed in parallel to a second Josephson junction, hereafter referred to as
the “reference junction,” to form a SQUID. The reference
junction consists of a second 110-nm-long uncovered segment of InAs on the same nanowire as the quantum dot
junction. Its Josephson energy EJ can be tuned with a
single gate electrode via the ﬁeld eﬀect.
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FIG. 2. The device overview. (a) A diagram of the microwave
circuit. A coplanar waveguide transmission line (green center
conductor) is capacitively coupled to a grounded LC resonator.
The resonator consists of an island (yellow) capacitively and
inductively (pink) shunted to ground (blue). The resonator is in
turn capacitively coupled to a transmon island (red), which is
shunted to ground capacitively as well as via two parallel Josephson junctions. (b) A false-colored optical microscope image of
device A, showing the qubit island, the resonator island, the resonator inductor, the transmission line, the electrostatic gates, and
ground. (c) A false-colored scanning electron micrograph (SEM)
of the Josephson junctions of the transmon, showing the InAs-Al
nanowire into which the junctions are deﬁned. The By component of the magnetic ﬁeld is used to tune ext [60]. Bz is the
magnetic ﬁeld component parallel to the nanowire. (d) A falsecolored SEM of the quantum dot junction in which the quantum
dot is gate deﬁned. The three bottom gates have a width and spacing of 40 nm, although this is obfuscated by the dielectric layer
placed on top [60].

The SQUID connects a superconducting island to
ground, resulting in a transmon circuit [59] governed by
the Hamiltonian
H = −4Ec ∂φ2 + V(φ),

(1)

where Ec = e2 /2C , in which C is the total capacitance
of the island to ground. The Josephson potential V(φ) is
determined by the phase-dependent energies of the reference junction, Vj (δ) = EJ (1 − cos δ), and of the quantum
dot junction, Vs,d (φ):

V(φ) = EJ [1 − cos(φ − φext )] +

Vs (φ),
Vd (φ),

singlet,
doublet.
(2)
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Here, the phase drops across the quantum dot junction (φ)
and across the reference junction (δ) are connected according to φ − δ = φext , where φext = (2e/)ext is the phase
diﬀerence resulting from the externally applied magnetic
ﬂux through the SQUID loop, ext .
The presence of the reference junction serves several
purposes. First, it allows us to tune the phase diﬀerence
at the quantum dot junction by changing ext with the By
component of the magnetic ﬁeld [60]. We generally operate the device in a regime where the reference junction has
a Josephson energy that is larger than that of the quantum
dot by more than an order of magnitude [60]. This ensures
that δ is close to zero, while φ is close to φext [61]. Second,
the ability to tune EJ independently of the quantum dot
junction ensures that the transition frequencies of the transmon circuit remain inside the measurement bandwidth
for all parameter regimes of the quantum dot junction.
Finally, the Josephson energy of the reference junction is
such that EJ /Ec > 25, suppressing unwanted sensitivity
to ﬂuctuating charges in the environment and justifying
the absence of an oﬀset charge in the Hamiltonian of
Eq. (1) [59].
In order to perform microwave-spectroscopy measurements, the transmon is capacitively coupled to a readout
resonator which is in turn coupled to a transmission line.
This allows us to measure the complex microwave transmission S21 of the circuit through the input (1) and output
(2) ports of the transmission line.
The experimental implementation of the circuit
[Figs. 2(b)–2(d)] diﬀers from conventional circuit-QED
geometries in several ways [62], in order to allow the
application of magnetic ﬁelds in excess of 100 mT. Apart
from the Josephson junctions, all circuit elements are made
out of ﬁeld-compatible 20-nm-thick Nb-Ti-N ﬁlms [63].
We additionally incorporate vortex pinning sites in the
ground plane, the transmission line, the resonator island,
and the transmon island [64]. We use a lumped-element
readout resonator, which has previously been successfully utilized in ﬂux-sensitive devices up to 1 T [65].
Its capacitance is formed by an interdigitated capacitor
to ground, while its inductance is formed by a 200nm-wide Nb-Ti-N nanowire, which has a kinetic inductance of 15 pH/. This design localizes the regions of
high current density at the narrow inductor, where vortices are less likely to nucleate due to its reduced width
[66]. For the transmon circuit, the SQUID loop area is
chosen to be small, approximately 5 μm2 , in order to
suppress ﬂux noise from misalignment in large parallel magnetic ﬁelds. Finally, InAs-Al nanowires, in which
both junctions are deﬁned, have been shown to support
sizeable Josephson energies in ﬁelds in excess of 1 T
[48,65]. Further details about the device fabrication as
well as the cryogenic and room-temperature measurement setup can be found in Sec. II of the Supplemental
Material [60].
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III. ANDERSON MODEL FOR A QUANTUM DOT
JUNCTION
As we show, the quantum dot junction can be described
by a single Anderson impurity tunnel coupled to two
superconducting leads. We review its most important properties to facilitate the discussion of the experimental results
that follow. In particular, here we discuss the important
parameters and concepts that are required to interpret the
experimental results, deferring to Sec. I of the Supplemental Material [60] for a technical description of the
Hamiltonian and of the numerical methods used to produce
the theoretical results.
The model contains a single-level quantum dot coupled
to two superconducting leads via tunnel barriers, schematically depicted in Fig. 1(b). The superconducting leads have
a pairing gap
and a phase diﬀerence φ and the barriers are characterized by single-electron tunneling rates L
and R . The energy diagram for the isolated quantum dot
is shown in Fig. 1(c). The quantum dot is modeled as an
Anderson impurity with single-occupancy energy , measured with respect to the Fermi level in the leads, and
a repulsive Coulomb interaction U, which penalizes the
double occupancy of the dot energy level.
The quantum dot is spin degenerate at zero magnetic
ﬁeld. An external magnetic ﬁeld B splits the degeneracy
by a Zeeman energy EZ = gμB B, where g is the eﬀective g factor of the level and μB is the Bohr magneton.
In the experiment, we choose the B-ﬁeld direction to be
parallel to the nanowire, since this is the direction that suppresses the superconductivity in the Al nanowire shell the
least.
The energy levels of Fig. 1(c) are divided into two sectors, corresponding to their fermion parity or, equivalently,
to their total spin S. The singlet sector includes the states of
even parity: the empty state |0 and the pair state |2. These
states have S = 0 and are therefore insensitive to the magnetic ﬁeld B. The doublet sector includes the states of odd
parity, |↑ and |↓, which have S = 1/2. It is convenient to
introduce the energy ξ = + U/2, corresponding to half
of the energy gap in the singlet sector, so that ξ = 0 corresponds to the electron-hole symmetry point, where |0
and |2 are degenerate in energy. The ground state of the
isolated dot (that is, L = R = 0) belongs to the doublet
sector for |ξ | < 12 U.
A salient feature of the model is that a quantum phase
transition between the doublet and singlet ground state
can occur upon changing several experimentally tunable
parameters. The dot energy level ξ and the coupling
strengths L,R (all experimentally tunable via the bottom
electrostatic gates), as well as the superconducting phase
diﬀerence φ and the magnetic ﬁeld B, all act to shift the
relative positions of the potentials Vs and Vd and to cause
an energy crossing between the ground states of the two
sectors. In the measurements reported in Secs. IV and V,

we vary all these parameters and compare the extracted
phase boundaries to theory.
For the theoretical comparison we use the NRG method
[55,67,68] to compute the lowest-lying eigenvalues in the
singlet and doublet spin sectors as a function of the phase
diﬀerence φ [69]. This results in the Josephson potentials
Vs (φ) and Vd (φ), which are then used as input to the model
of Eq. (2) to calculate the transmon transition frequencies
[60]. The projection onto the lowest-energy state of the
Josephson junction in each sector is enough to capture the
salient features of our experiment, although the inclusion
of excited Andreev states of the quantum dot junction in
the circuit model is theoretically possible [35,50,70–72].
Experimentally, the observation of the phase transition is facilitated by the presence of a π phase shift
between Vs (φ) and Vd (φ). The phase shift arises because
the sequence of single-electron tunneling events that leads
to the transport of a Cooper pair between the two leads
depends on whether the quantum dot is initially in the
singlet or the doublet sector. In particular, if the dot is initially in the doublet state, a permutation of spin-up and
spin-down electrons is required in order to complete the
tunneling sequence [53], leading to a π phase shift due
to Fermi-Dirac statistics. Thus, while Vs (φ) has a minimum at φ = 0, as encountered for conventional Josephson
junctions, Vd (φ) has a minimum at φ = π [Fig. 1(d)]. A
quantum dot junction in a doublet state is often denominated as a π junction and the singlet-doublet transition is
also referred to as the 0-π transition. In the following sections, we use the presence or absence of such a π phase
shift to identify regions with a singlet or a doublet ground
state [73].
IV. TRANSMON SPECTROSCOPY OF THE
QUANTUM DOT
To perform spectroscopy of the resonator, we monitor
the microwave transmission S21 across the transmission
line while varying the frequency of a single continuous
microwave tone, fr . This results in a dip with a Lorentzian
line shape around the resonance frequency of the lumpedelement resonator. Two-tone spectroscopy is subsequently
performed by ﬁxing the frequency of this ﬁrst tone, fr , at
the minimum of the transmission amplitude, |S21 |, while
varying the frequency of a second tone, ft , also sent through
the transmission line. When the second tone matches the
frequency of the transition from ground to the ﬁrst excited
transmon state, ft = f01 , a peak in |S21 | is observed due to
the transmon-state-dependent dispersive shift of the resonator [54]. This gives us access to the transmon transition
frequency.
We are interested in the behavior of the device when
a single level of the quantum dot provides the dominant contribution to the Josephson eﬀect [69]. To ﬁnd
such a regime, we search for an isolated resonance in the
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gate dependence of the frequency spectrum. Isolated resonances often occur when the gate voltages controlling
the quantum dot are set close to their pinch-oﬀ values
[46,47], here operationally deﬁned as the voltage values
below which the quantum dot junction does not contribute
appreciably to the transition frequency of the transmon. In
order to identify the right gate conﬁguration, we perform
the following sequence of calibration measurements. First,
we characterize the reference junction with the quantum
dot pinched oﬀ; second, we explore the sizeable parameter space governed by the three quantum dot gates; third,
we identify the relation between By and φext through the
SQUID oscillations of the transmon frequency and ﬁnd
that 2.2 mT corresponds to one ﬂux quantum through the
loop; and ﬁnally we deﬁne appropriate gate coordinates
to account for cross-couplings. These calibration measurements are detailed in Sec. III of the Supplemental Material
[60]. As a result of this procedure, the gate voltage of
the reference junction VJ is ﬁxed such that the transmon frequency when the quantum dot junction is pinched
oﬀ is f010 ≈ 4.4 GHz. Furthermore, we ﬁx VL = 470 mV
and introduce virtual plunger (VP ) and right tunnel (VT )
gates as a linear combination of VC and VR , such that, in
what follows, the single-particle energy level ξ is mostly
independent of VT .
We then move on to study the quantum dot junction. We
ﬁrst monitor the resonator frequency for φext = 0 while the
plunger-gate voltage VP is varied [Fig. 3(a)]. This reveals
a resonant shape that is discontinuously interrupted near
its peak at VP = 395 mV, followed by other discontinuous jumps in the resonator frequency. A enlargement of
the resonance is shown in Fig. 3(b) and the corresponding
transmon transition frequency, exhibiting the same discontinuity as the resonator, is shown in Fig. 3(d). We identify
regions in VP where the transmon frequency f01 is larger
and smaller than the reference frequency f010 . This hierarchy is reversed upon changing the applied ﬂux to φext = π ,
as shown in Figs. 3(c) and 3(e).
These observed discontinuities in frequency are a signature of a singlet-doublet transition. The change of the
ground state of the quantum dot junction determines a
sudden switch in the branch of the Josephson potential
of Eq. (2) (from Vs to Vd or vice versa) and, thus, a
sudden change in the transmon frequency. This is illustrated numerically in Figs. 3(f) and 3(g), which show
the expected evolution of the transmon frequencies as a
function of the single-particle energy level ξ . Here, the
transition occurs as ξ is tuned toward the electron-hole
symmetry point ξ = 0, where the doublet ground state is
energetically favorable.
The occurrence of the singlet-doublet transition requires
a change of the fermion parity of the quantum dot junction.
In the S-QD-S setup, this is possible in the presence of a
population of excited quasiparticles in the superconducting leads, providing the required fermion parity reservoir.
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FIG. 3. Spectroscopy of the resonator and the transmon. (a)
The VP dependence of single-tone spectroscopy for φext = 0,
showing the transition frequency of the resonator. VP is a virtual
gate voltage deﬁned as a linear combination of VC and VR (see
text). (b) An enlargement of (a) in the plunger-gate range indicated with dashed lines in (a). (c) The same as (b) but for φext =
π . (d) The VP dependence of two-tone spectroscopy for φext = 0,
showing the transition frequency of the transmon. For each frequency trace, |S21 | − |S¯21 | is the magnitude of the transmission
minus its average. The black arrow indicates f010 , the transmon
frequency set by the reference junction when the quantum dot is
pinched oﬀ. (e) The same as (d) but for φext = π . For (a)–(e),
VT = 182 mV and VL = 470 mV. (f) Theoretical estimates of the
singlet (orange), doublet (purple), and reference-junction-only
(dotted, gray) transmon frequencies as ξ is varied for φext = 0.
Solid (dashed) lines indicate which quantum dot occupation corresponds to the ground (excited) state. (g) The same as (f) but
for φext = π . For (f) and (g), /h = 46 GHz, U/ = 12.2,
L / = 1.05, and R / = 1.12. ft and f01 denote, respectively,
the frequency of the second tone in two-tone spectroscopy and
the ﬁrst transmon transition frequency (see text).

The presence of these quasiparticles should further result
in a ﬁnite occupation of both the singlet and doublet states
when their energy diﬀerence is small compared to the
eﬀective temperature of the quasiparticle bath, namely in
the vicinity of the transition. Indeed, upon closer inspection of the data of Figs. 3(b) and 3(c), both branches of
the spectrum are visible in a small frequency window surrounding each discontinuous jump. This is because these
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transition spectra are obtained by averaging over many
subsequent frequency sweeps, thus reﬂecting the occupation statistics of the junction. This feature is further
discussed in Sec. V.
In Figs. 3(d) and 3(e), the fact that the frequency shift
of the transmon has the opposite sign for the singlet and
doublet sectors is a consequence of the π phase shift in the
Josephson potential between the two sectors. For the case
φext = 0, the singlet potential interferes constructively with
the reference junction potential, while the doublet potential
interferes destructively, resulting in f01 > f010 for the singlet and f01 < f010 for the doublet. This behavior is reversed
when φext = π and thus serves as a method for identifying
the quantum dot-junction state.
V. SINGLET-DOUBLET TRANSITION
BOUNDARIES
Having established a method for identifying singlet and
doublet states by transmon spectroscopy, we now experimentally investigate the phase diagrams of the quantum
dot junction. We focus on the behavior around VP =
395 mV and monitor singlet-doublet transitions versus
multiple diﬀerent control parameters.
A. Plunger gate and flux
We ﬁrst study the singlet-doublet phase map in VP and
φext space. Figure 4(a) shows the transmon frequency oﬀset
with respect to the frequency set by the reference junction, f01 = f01 − f010 , as a function of VP and φext . As
discussed in Sec. IV, positive values of f01 result from
constructive interference between the two junctions, while
negative f01 values result from destructive interference.
(a)

(b)

(c)

(d)

Going from left to right, three distinct plunger regions can
be observed, with a sudden ﬂux oﬀset of exactly π between
them [Figs. 4(b) and 4(d)]. We identify the outer two
regions as phases with a singlet ground state and the inner
region as a doublet ground state. We note that the change
in contrast between the two singlet regions suggests that
VP also weakly tunes L,R in addition to ξ .
For values of VP close to the singlet-doublet transition,
we also observe a sinusoidal dependence of the transition
boundary on the external ﬂux, resulting in an enhanced
region of doublet occupation around φext = π with respect
to φext = 0. This comes about from interference between
tunneling processes involving the two superconducting
leads of the quantum dot junction [4,29], as further discussed in Sec. V B. At a value of VP ﬁxed near this
boundary, we thus also observe a singlet-doublet transition
versus the external ﬂux [Fig. 4(c)].
In Fig. 4 and subsequent ﬁgures, the transition boundary between the singlet and doublet phase appears to be
sharp and not aﬀected by the thermal broadening typical of
transport experiments [20–22,28–30]. The sharpness is a
result of a selective spectroscopy technique. As detailed in
Sec. III.E of the Supplemental Material [60], in the vicinity of a transition, two resonant dips appear in single-tone
spectroscopy, one for the singlet and one for the doublet.
In this circumstance, the center frequency of either dip can
be chosen as the readout frequency for the subsequent twotone spectroscopy measurement. This binary choice selects
the transmon transition frequency belonging to the corresponding quantum dot-junction state. It is reasonable to
assume that the most prominent dip corresponds to the
state of the quantum dot junction, which is more prominently occupied and thus lower in energy. If this is the case,
the extracted phase boundaries are a close approximation
to the zero-temperature phase diagram of the quantum dot
junction. We note that when the occupations of the singlet
and doublet states are almost equally probable, the selective spectroscopy method is aﬀected by selection errors,
which leads to the pixelation eﬀects visible in Fig. 4 near
the phase boundaries. In Sec. VI, we explicitly measure
the lifetimes of the quantum dot in the singlet and doublet
states, substantiating the latter statements.
B. Tunnel gate

FIG. 4. The ﬂux and plunger-gate dependence. (a) The transmon frequency shift with respect to the frequency set by the reference junction, f01 = f01 − f010 , versus VP and φext as extracted
from two-tone spectroscopy. The dashed line is a sinusoidal
guide for the eye, denoting the transition boundary in line with
the theoretical expectation [60]. (b)–(d) Three line cuts of f01
versus φext at representative VP values, indicated in (a) and
Figs. 3(b)–3(e). The dotted line indicates f010 . Throughout the
ﬁgure, VT = 182 mV.

Next, we explore the singlet-doublet transition in
plunger and tunnel gate space, where the tunnel gate is
expected to control the tunnel rates between the quantum
dot and the leads, L,R . Figure 5(a) shows f01 versus the
plunger and tunnel gates at φext = 0. The region of doublet
occupancy ( f01 < 0) takes the shape of a dome, similar to the one coarsely seen in ﬂux-insensitive tunneling
spectroscopy experiments [14,17]. This shape is in accordance with theoretical expectations for the boundary in the
ξ - plane. Its physical origin depends on the parameter
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FIG. 5. The tunnel gate dependence. (a) f01 versus VP and
VT at φext = 0, where VT is a virtual gate voltage deﬁned as a
linear combination of VC and VR (see text). The blue region corresponds to a negative supercurrent contribution from the quantum
dot junction, while the red region corresponds to a positive contribution. (b) The same measurement as (a) repeated for φext = π .
(c) Line cuts of (a) and (b) at VP = 395 mV overlaid with best
ﬁts based on NRG calculations. (d) The extracted dependence
of L,R on VT . (e) The calculated transmon frequencies based on
NRG calculations at φext = 0 as matched to the measured data,
with the VT axis as given in (d). The color bar is shared with (a).
(f) The same as (e) but for φext = π , with the same color bar as
(b). For the NRG calculations in (c)–(f) we ﬁx /h = 46 GHz
and U/ = 12.2.

regime [9]. For U  , it arises due to an increase in
induced superconductivity on the dot with increasing values of , favoring BCS-like singlet occupation. For U 
, it instead comes about from increased antiferromagnetic Kondo exchange interactions between the spin on
the dot and the quasiparticles in the leads, favoring a
Yu-Shiba-Rusinov- (YSR) like singlet occupation. In both
regimes, the singlets compete with doublets, ultimately
determining the transition to a singlet ground state at large
enough  = L + R .
We investigate the same plunger and tunnel gate dependence at an external ﬂux φext = π [see Fig. 5(b)]. We ﬁnd
that the doublet phase is enhanced considerably compared
to φext = 0, due to the previously mentioned interference
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between tunneling processes to the superconducting leads.
Notably, rather than a domelike shape, the phase boundary
takes a characteristic “chimney” shape that has been theoretically predicted [4] but, to our knowledge, not yet conﬁrmed experimentally before these measurements. Unlike
the dome, the chimney does not close for any VT . In an
extended gate range, it is seen to connect to another doublet region of the parameter space, which is disconnected
from the dome of Fig. 5(a) at φext = 0 (see Sec. III.D of the
Supplemental Material [60]).
The chimney at φext = π is much less thoroughly
researched than the dome at φext = 0. The open questions
include that of the exact nature of the doublet states as a
function of the U/ and /U ratios, and the role of the
ﬂux bias [74–77]. In particular, when U  , the doublet state for small  is a decoupled doublet state with
a single local moment in the quantum dot. On the other
hand, in the same limit but at large  (i.e., in the neck of
the chimney), the strong exchange interaction with both
superconductors is expected to lead to some mixing with
the doublet states that involve one Bogoliubov quasiparticle from each lead [78], causing an overscreening of the
local moment in the quantum dot. The role of the exchange
interaction is also more pronounced at φext = π because
the anomalous component of the hybridization (describing
the proximity eﬀect) is suppressed due to the cancellation
of contributions from the left and right leads [76], whereas
the cancellation is exact when L = R . This further stabilizes the spin-doublet states. The experimental observation
of the chimney calls for more thorough theoretical studies
of this parameter regime of the model.
We compare the results at both values of the external ﬂux to the expected transition frequencies obtained
from NRG calculations. We assume that ξ = 0 occurs at
VP = 395 mV, since this is the symmetry point of the
experimental data. At this point, by requiring simultaneous
agreement between experiment and theory for both values
of external ﬂux [Fig. 5(c)], we are able to extract several of the model parameters. We ﬁnd that /h = 46 GHz
(190 μeV), close to the bulk value of Al. We furthermore
extract U/ = 12.2, corresponding to a sizeable charging
energy of 2.3 meV. This places the nature of the singlets
near ξ = 0 in the strongly correlated regime, with a YSRlike character rather than a BCS-like one. By matching
values of L,R to VT , we then ﬁnd that /U varies between
0.05 and 0.4, while R / L ≈ 0.75 − 1 in the range of
gates explored [Fig. 5(d)]. The details of the numerical procedure as well as error estimation can be found in Sec. I.C
of the Supplemental Material [60], including estimates
based on an alternative potential shape for the reference
junction.
The extracted set of parameters is consistent with the
observed dome shape at φext = 0, as shown in Fig. 5(e).
Additionally, as a result of the ratio R / L remaining close
to 1, the extracted parameters also match the observed
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diverging behavior at φext = π [Fig. 5(f)], which is not
enforced in the parameter extraction. In these ﬁgures, we
do not map VP to ξ beyond identifying VP = 395 mV
with ξ = 0, as a unique mapping cannot be constructed
due to the unintended dependence of  on VP . We speculate that this causes the remaining discrepancies between
the measured and calculated boundaries in the horizontal
direction.
C. Magnetic field parallel to the nanowire
Finally, we investigate the eﬀect of a magnetic ﬁeld
applied parallel to the nanowire on the phase-transition
boundaries. Here, we expect a magnetic-ﬁeld-induced
singlet-doublet transition to occur [14,18,19]. As Bz
increases, the doublet sector separates into spin species that
are aligned and antialigned with respect to the magnetic
ﬁeld, dispersing in opposite energy directions. The singlet
ground-state energy, on the other hand, is approximately
independent of the magnetic ﬁeld. Given an appropriate
zero-ﬁeld energy-level conﬁguration, for some Bz value,
the energy of one of the two doublet states will thus
become lower than that of the singlet and become the
ground state instead [see Fig. 1(c)].
Such a transition will only occur for speciﬁc conﬁgurations of VP and VT in the experimentally accessible
range of magnetic ﬁelds. We therefore start by applying
Bz = 200 mT parallel to the nanowire axis, a sizeable
magnetic ﬁeld, yet one for which the EJ of the reference
junction is not yet substantially suppressed [60]. At this
ﬁeld, we investigate the eﬀect on the VP and VT phase map.
The result, shown in Figs. 6(a) and 6(b), reveals an expansion of the doublet region for both φext = 0 and φext = π .
We can classify diﬀerent regions in the parameter space
by comparing the phase boundaries at Bz = 10 mT and
Bz = 200 mT. There are regions in which a singlet ground
state remains a singlet ground state, independent of the ﬂux
and the magnetic ﬁeld, as well as regions where a singletdoublet transition occurs depending on the value of the
(a)

ﬂux. However, there is also a region that starts oﬀ as a singlet ground state and ends up as a doublet ground state at
high ﬁeld, for all values of the ﬂux. Thus, ﬁxing VP and VT
in this region, we expect to observe a transition with Bz for
any value of φext . A measurement of f01 versus φext and
Bz [Fig. 6(c)] indeed reveals such a transition, occurring
at a diﬀerent magnetic ﬁeld depending on the external ﬂux
value. For details about the data analysis and identiﬁcation
of the ﬂux axis, we refer to Sec. IV of the Supplemental
Material [60].
VI. DYNAMICS OF THE SINGLET-DOUBLET
TRANSITION
In the preceding sections, we make use of selective spectroscopy to reconstruct the phase-transition boundaries.
We now turn to time-resolved spectroscopy techniques to
study the parity dynamics of the quantum dot junction
close to the transition, aiming to characterize the lifetimes
of singlet (even-parity) and doublet (odd-parity) states.
These methods have previously been used to study quasiparticle dynamics in superconducting qubits [48,79] and
have recently also been applied to a nanowire junction to
study the poisoning of Andreev bound states [33,45,80].
To resolve individual switching events, we use a second device (device B) with a larger signal-to-noise ratio
(SNR) than the device used for the preceding sections
(device A), enabling the use of short acquisition times.
Device B is nearly identical to device A, except for two
features meant to increase the SNR: (1) a stronger coupling between the resonator and the transmission line; and
(2) an additional capacitor at its input port, which increases
the directionality of the outgoing signal [81]. On device
B, we perform measurements on microsecond time scales
by directly monitoring changes in the outgoing signal at
a ﬁxed readout frequency. A continuous measurement of
the outgoing microwave ﬁeld then reveals a random telegraph signal between two diﬀerent levels, a consequence of
the switches in the quantum dot junction parity [Figs. 7(a)

(b)

(c)

FIG. 6. The parallel magnetic ﬁeld dependence. (a) The borders between the singlet and doublet regions for Bz = 10 mT (black)
and Bz = 200 mT (blue), measured at φext = 0. (b) The same as (a) but for φext = π . The gray marker denotes the gate point used to
recalibrate the ﬂux axis after varying Bz [60]. (c) f01 versus Bz and φext , measured at the gate point indicated in (a) and (b) with a
green marker. The sinusoidal dashed line serves as a guide for the eye, in line with the transition boundary expected from theory [60].

030311-8

SINGLET-DOUBLET TRANSITIONS OF A QUANTUM DOT. . .
(a)

(c)

(b)

(e)

(d)

FIG. 7. The dependence of the parity lifetimes on VP and φext
for device B. (a) A 18-ms cut of a continuously measured time
trace integrated in time bins of tint = 11.4μs, revealing jumps
between two distinct states. X is the common axis onto which
the quadratures of the outgoing microwave ﬁeld are rotated to
obtain the highest SNR, which takes a value of 3.3 here. (b) A
one-dimensional histogram of the response in (a) (black) and the
best ﬁt of a double Gaussian line shape (gray). The separation of
their centers δx and their width σ together deﬁne the SNR. The
ratio of their amplitudes determines the ratio of the lifetimes. For
(a) and (b), VP = 551.4 mV and φext = 0. (c) The VP dependence
of |S21 | at φext = 0. (d) The VP dependence of the extracted lifetimes at φext = 0. The markers indicate the mean, while the error
bars indicate the maximum and minimum values of ten consecutive 2-s time traces. The SNR is shown in gray scale in the
background. For points where SNR < 1, the extracted lifetimes
are discarded. (e) A two-dimensional map of log10 (Td /Ts ) versus
VP and φext , extracted from a 2-s time trace for each pixel. White
pixels indicate points at which SNR < 1, while gray regions indicate where the resonator frequencies of singlet and doublet states
overlap and thus cannot be distinguished.

and 7(b)]. Owing to the increased temporal resolution of
the detection method, even short-lived excited state occupation can now be detected. The characteristic time scales
of the telegraph signal reﬂect the underlying lifetimes
of the singlet and doublet states, Ts and Td , or, equivalently, their decay rates, s = 1/Ts and d = 1/Td . These
quantities can be extracted via a spectral analysis of the
time traces, as described in Sec. V of the Supplemental
Material [60].
To investigate the switching dynamics, we tune device
B to a regime similar to that of Sec. V A, studied in device
A. By measuring S21 with single-tone spectroscopy, we
once more ﬁnd ground-state transitions between singlet
and doublet as a function of VP [Fig. 7(c)]. The discontinuous resonant shape, akin to that of Fig. 3(b), is symmetric
around VP = 546 mV, which we identify with ξ = 0. The
singlet and doublet resonant frequencies are simultaneously visible close to the discontinuity at the transition.
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The time-resolved measurements over the same gate voltage range reveal a smooth but strong evolution of the parity
lifetimes with VP [Fig. 7(d)]. The hierarchy of lifetimes
inverts as VP is tuned across the phase transition, reﬂecting
the change in the ground-state parity. Away from the transition, in either the singlet or doublet phase, we observe
the lifetime in the ground-state sector to be on the order of
several milliseconds, exceeding that of the excited state by
more than an order of magnitude. These numbers are very
favorable for the implementation of Andreev pair qubits
[32] as well as Andreev spin qubits [33,34,45], the control
of which has so far been limited by microsecond parity
lifetimes.
We further explore the evolution of the relative lifetimes
versus VP and φext . Figure 7(e) shows a two-dimensional
map of log10 (Td /Ts ), which is a measure of the lifetime
asymmetry. We ﬁnd behavior similar to that previously
seen in Fig. 4, with a sinusoidal boundary of equal rates,
indicative of the singlet-doublet transition. Furthermore,
we observe a strong polarization of the junction parity
inside the doublet phase (Td  Ts ), where the SNR eventually becomes limited by our ability to resolve the rare and
short-lived switches out of the ground state. Additionally,
we ﬁnd a modulation of Td with ﬂux, with longer lifetimes
at φext = π [60]. This ﬂux dependence likely originates
from the oscillation of the singlet-doublet energy gap with
ﬂux but might also be indicative of a coherent suppression
of the tunneling rates. The polarization of the junction parity also occurs inside the singlet phase, where Ts  Td for
VP values away from the transition [Fig. 7(d)].
Strong parity polarization may not be surprising for
a system in thermal equilibrium at temperatures below
100 mK, typical of these experiments, corresponding to
a thermal energy that is small compared to the singletdoublet energy diﬀerence away from the transition. However, parity lifetimes in superconducting circuits are seldom determined by thermal ﬂuctuations but, rather, by
highly energetic nonequilibrium quasiparticles [82]. While
such nonequilibrium quasiparticles are most likely also
present in our device, we believe that their inﬂuence is
suppressed by the large charging energy of the quantum
dot junction.
Finally, we observe a nonmonotonic variation of the rate
asymmetry inside both the singlet and doublet phase, forming apparent contours of ﬁxed lifetimes [Fig. 7(e)]. We
hypothesize two possible reasons behind this structure in
the data: it could be caused by parity pumping mechanisms where the readout tone is resonant with the energy
diﬀerence between singlet and doublet [80], as well as by
the spectral density of the nonequilibrium quasiparticles
present in the environment [83]. Further investigation of
the tunnel gate, power, and temperature dependence of the
rate asymmetry can be found in Sec. VI of the Supplemental Material [60]; we leave a more detailed study for future
work.
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VII. CONCLUSIONS
We demonstrate the use of a transmon circuit to sensitively detect the ground-state parity of a quantum dot
Josephson junction. The transition frequency of the transmon exhibits a discontinuity if the ground state of the
device changes from a singlet to a doublet, due to the
presence of a π phase shift in the Josephson potential
of the junction. This allows us to accurately reconstruct
the occurrence of the singlet-doublet transition as a function of all control parameters available in a single device,
matching them to those expected from NRG calculations
of an Anderson impurity model. In particular, we observe
the ﬂux-induced enhancement of the doublet phase, in
the form of the striking transformation of a dome-shaped
phase boundary at φext = 0 into a chimney-shaped phase
boundary at φext = π (Fig. 5).
In future research, this singlet-doublet tuning capability
could become beneﬁcial for several applications. First, it
can be used to deﬁne and control Andreev-pair and spin
qubits and to couple them to conventional superconducting qubits. Second, tuning the dot to the doublet phase
is a robust way to induce a π phase shift, which could
be exploited to deﬁne a hybrid 0-π qubit that does not
rely on the ﬁne tuning of the applied ﬂux [84]. Third,
it can facilitate the bottom-up realization of a topological superconductor from a chain of proximitized quantum
dots [85–87]. Finally, fast gate or ﬂux-based switching
between the 0 and π shift of the dot can also be of interest for applications in Josephson magnetic random access
memory (JMRAM) technologies [88].
We subsequently use continuous-time-domain monitoring of the transmon resonant frequency to determine the
lifetimes of singlet and doublet states. We ﬁnd that the
time between switching events is strongly enhanced when
the quantum dot is tuned away from the phase transition.
Since our estimates indicate that U  in our devices, we
attribute this eﬀect to the large energy diﬀerence associated
with charging the quantum dot. These ﬁndings are encouraging for Andreev qubits, which beneﬁt from long parity
lifetimes, and suggest that large-U quantum dots could be
eﬀective as ﬁlters for high-energy quasiparticles. However,
further work is required to understand the full dependence
of parity lifetimes on U.
In this work, we focus on the study of a single-level
quantum dot by tuning our junction very close to pinchoﬀ. Looking forward, there is much left to explore in
the parameter space of such a device. To begin with, it
would be interesting to understand whether the crossover
from the BCS-like to the YSR-like singlet has any signature in the microwave response of the system. Second,
opening the junction further brings the quantum dot into
a multilevel regime, not captured by the single-impurity
Anderson model and still largely unexplored. Finally,
while we primarily study the ground-state properties of

the quantum dot junction, microwave spectroscopy should
allow us to study its excitations—as, e.g., recently demonstrated in Refs. [49,52], particularly at φext = π .
Further work will also aim at elucidating the role of spinorbit coupling in the quantum dot junction. It is well known
that, when time-reversal invariance is broken, spin-orbit
coupling can induce a spin-splitting of energy levels in the
doublet sector [36,37,44], which is essential for Andreev
spin qubits. While this eﬀect could have been expected
to occur in the measurements presented here, it is not
detected; we speculate that the level spacing in the dot is
too large to result in a signiﬁcant splitting [37].
Important extensions of our work could arise if the
hybrid nanowire in our microwave circuit is driven into
the Majorana topological phase [70–72,89], which is currently challenging because of a large parameter space [90]
and because of demanding disorder requirements [91].
The inclusion of a quantum dot in a Josephson junction
between two topological superconductors could be beneﬁcial for the detection of the 4π Josephson eﬀect: as we
see, it mitigates quasiparticle poisoning, although it would
not resolve [92] the problem of distinguishing Majorana
zero modes from trivial zero-energy Andreev bound states
[93]. Finally, the manipulation of quantum dots coupled to
superconducting leads is an essential ingredient of scalable
proposals for topological quantum computation [40].
The data and analysis code that support the ﬁndings of
this study are openly available in 4TU.ResearchData at
Ref. [108].
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A. Wallraﬀ, and C. Eichler, Rapid High-Fidelity Multiplexed Readout of Superconducting Qubits, Phys. Rev.
Appl. 10, 034040 (2018).
[82] L. I. Glazman and G. Catelani, Bogoliubov quasiparticles in superconducting qubits, SciPost Phys. Lect. Notes,
312021.
[83] K. Serniak, M. Hays, G. de Lange, S. Diamond, S.
Shankar, L. D. Burkhart, L. Frunzio, M. Houzet, and M. H.
Devoret, Hot Nonequilibrium Quasiparticles in Transmon
Qubits, Phys. Rev. Lett. 121, 157701 (2018).

030311-13

ARNO BARGERBOS et al.

PRX QUANTUM 3, 030311 (2022)

[84] T. W. Larsen, M. E. Gershenson, L. Casparis, A. Kringhøj,
N. J. Pearson, R. P. G. McNeil, F. Kuemmeth, P.
Krogstrup, K. D. Petersson, and C. M. Marcus, ParityProtected Superconductor-Semiconductor Qubit, Phys.
Rev. Lett. 125, 056801 (2020).
[85] J. D. Sau and S. D. Sarma, Realizing a robust practical
Majorana chain in a quantum-dot-superconductor linear
array, Nat. Commun. 3, 1 (2012).
[86] I. C. Fulga, A. Haim, A. R. Akhmerov, and Y. Oreg, Adaptive tuning of Majorana fermions in a quantum dot chain,
New J. Phys. 15, 045020 (2013).
[87] J. P. T. Stenger, B. D. Woods, S. M. Frolov, and T. D.
Stanescu, Control and detection of Majorana bound states
in quantum dot arrays, Phys. Rev. B 98, 085407 (2018).
[88] I. M. Dayton, T. Sage, E. C. Gingrich, M. G. Loving, T.
F. Ambrose, N. P. Siwak, S. Keebaugh, C. Kirby, D. L.
Miller, A. Y. Herr, Q. P. Herr, and O. Naaman, Experimental demonstration of a Josephson magnetic memory
cell with a programmable π -junction, IEEE Magn. Lett.
9, 1 (2018).
[89] E. Ginossar and E. Grosfeld, Microwave transitions as
a signature of coherent parity mixing eﬀects in the
Majorana-transmon qubit, Nat. Commun. 5, 1 (2014).
[90] D. I. Pikulin, B. van Heck, T. Karzig, E. A. Martinez, B. Nijholt, T. Laeven, G. W. Winkler, J. D.
Watson, S. Heedt, M. Temurhan, V. Svidenko, R. M.
Lutchyn, M. Thomas, G. de Lange, L. Casparis, and C.
Nayak, Protocol to identify a topological superconducting phase in a three-terminal device, arXiv e-prints (2021),
ArXiv:2103.12217.
[91] S. Ahn, H. Pan, B. Woods, T. D. Stanescu, and S. Das
Sarma, Estimating disorder and its adverse eﬀects in
semiconductor Majorana nanowires, Phys. Rev. Mater. 5,
124602 (2021).
[92] J. Schulenborg and K. Flensberg, Absence of supercurrent
sign reversal in a topological junction with a quantum dot,
Phys. Rev. B 101, 014512 (2020).
[93] E. Prada, P. San-Jose, M. de Moor, A. Geresdi, E. Lee,
J. Klinovaja, D. Loss, J. Nygård, R. Aguado, and L.
Kouwenhoven, From Andreev to Majorana bound states
in hybrid superconductor-semiconductor nanowires, Nat.
Rev. Phys. 2, 575 (2020).
[94] P. Welch, The use of fast Fourier transform for the estimation of power spectra: A method based on time averaging
over short, modiﬁed periodograms, IEEE Trans. Audio
Electroacoust. 15, 70 (1967).
[95] H. Krishna-murthy, J. Wilkins, and K. Wilson, Renormalization-group approach to the Anderson model of dilute
magnetic alloys. i. Static properties for the symmetric
case, Phys. Rev. B 21, 1003 (1980).
[96] M. D. Schroer, K. D. Petersson, M. Jung, and J. R.
Petta, Field Tuning the g Factor in InAs Nanowire

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

030311-14

Double Quantum Dots, Phys. Rev. Lett. 107, 176811
(2011).
I. M. Pop, K. Geerlings, G. Catelani, R. J. Schoelkopf,
L. I. Glazman, and M. H. Devoret, Coherent suppression
of electromagnetic dissipation due to superconducting
quasiparticles, Nature 508, 369 (2014).
E. M. Spanton, M. Deng, S. Vaitiekėnas, P. Krogstrup,
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