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We use a hybrid superconductor-semiconductor transmon device to perform spectroscopy of a quantum
dot Josephson junction tuned to be in a spin-1=2 ground state with an unpaired quasiparticle. Because of
spin-orbit coupling, we resolve two flux-sensitive branches in the transmon spectrum, depending on the
spin of the quasiparticle. A finite magnetic field shifts the two branches in energy, favoring one spin state
and resulting in the anomalous Josephson effect. We demonstrate the excitation of the direct spin-flip
transition using all-electrical control. Manipulation and control of the spin-flip transition enable the future
implementation of charging energy protected Andreev spin qubits.
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In the confined geometry of a Josephson junction, the
Andreev reflection of an electron into a hole at a normal-
superconducting interface results in discrete Andreev
bound states (ABSs) [1–6]. ABSs are a fundamental part
of mesoscopic superconductivity and the basis of several
qubit proposals [7–10]. In particular, an ABS populated by
a single quasiparticle can serve as the superconducting
version of a spin qubit. Because of spin-orbit interaction,
the Josephson phase difference ϕ couples the spin to the
supercurrent, breaking the spin degeneracy [9,11]. This
allows for direct integration of spin qubits into super-
conducting circuits for remote communication, transduc-
tion, or hybrid qubit platforms [12–14].
Measurements of InAs=Al nanowire Josephson junctions

revealed the predicted spin-split ABSs [15–17], leading to the
demonstration of coherent Andreev spin qubit manipulation
[18]. In these remarkable experiments, the spin-1=2 states
were an excited manifold and thus susceptible to qubit
leakage via quasiparticle escape or recombination, bringing
the junction back into its spin-zero ground state. Furthermore,
direct spin manipulation proved unfeasible, likely due to the
smallness of relevant matrix elements [19], requiring excita-
tion schemes involving auxiliary levels [18,20].
Recently [21], we showed that embedding a gate-

controlled quantum dot in the InAs=Al junction allows

tuning it to have an odd-parity spin-1=2 ground state. In this
doublet phase, the lifetime of the trapped quasiparticle can
exceed 1 ms, likely benefiting from the charging energy of
the quantum dot suppressing quasiparticle poisoning
events.
In this Letter, employing the same transmon techniques

as in Ref. [21], we report the detection of the spin-orbit-
induced spin splitting of ABSs in a quantum dot Josephson
junction. The energy difference between spin states is
smaller than the electron temperature, which would hinder
its detection in transport measurements. The spin-split state
populations and the spin-selective transmon frequencies
can be controlled via external magnetic fields smaller than
40 mT. Furthermore, in the presence of magnetic field, we
observe the anomalous Josephson effect: a shift of the
energy-phase relation minimum to a value ϕ0 different
from 0 or π, or, equivalently, the presence of a nonzero
equilibrium supercurrent at ϕ ¼ 0 [22–25]. Finally, we
show that the spin can be directly manipulated by applying
microwaves to a bottom gate, via the electric dipole spin
resonance (EDSR) [26–31]. Our experiment is comparable
to, and inspired by, the theoretical proposal of Ref. [10],
which we use to model the data, combined with further
understanding based on a modified single-impurity
Anderson model (SIAM).
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The core of our experiment is a quantum dot Josephson
junction hosted in a nominally 10-μm-long InAs=Al super-
conductor-semiconductor nanowire with a 110-nm-wide
hexagonal core and a 6-nm-thick shell covering two facets
[32]. The quantum dot is electrostatically defined in a
200-nm-long wet-etched InAs section using three bottom
gates with voltages VL, VC, and VR. Its superconducting
leads are formed by the flanking InAs=Al sections
[Fig. 1(a)]. The bottom gates can be used to control the
occupation of the quantum dot and its coupling to the
superconducting leads, resulting in two possible ground
states of the quantum dot junction: either a spin-zero or a
spin-1=2 state. We are particularly interested in the latter
case [Fig. 1(b)], where the ground state manifold is spanned
by the two components, j↓i and j↑i, of a Kramers doublet,
and a minimal model for the potential energy of the
junction is given by [10]

UðϕÞ ¼ E0 cosðϕÞ − ESOσ⃗ · n⃗ sinðϕÞ þ 1

2
E⃗Z · σ⃗: ð1Þ

Here, σ⃗ is the spin operator, n⃗ is a unit vector along the spin-
polarization direction set by the spin-orbit interaction, and

ESO and E0 are spin-dependent and spin-independent
Cooper pair tunneling rates, respectively. Note that the
E0 term has a minimum at ϕ ¼ π. This π shift originates
from the odd occupancy of the junction [33,34] and
distinguishes the Josephson energy from that of a conven-
tional tunnel junction. Finally, E⃗Z is a Zeeman field arising
in the presence of an external magnetic field.
The energies E0 and ESO can be understood as follows

[10]. Cooper pair tunneling occurs via a sequence of single-
electron cotunneling processes through the quantum dot
energy levels. The spin-independent component E0 arises
from those sequences in which both electrons cotunnel
through the same energy level. The amplitude for these
sequences is the same whether the initial state of the
quantum dot junction is j↓i or j↑i. On the other hand,
ESO arises from tunneling processes in which one electron
cotunnels through the singly occupied level, involving a
spin rotation, while the second one cotunnels through a
different level. Since in the presence of spin-orbit coupling
the single-electron tunneling amplitudes can be spin
dependent, for these processes the pair tunneling amplitude
may depend on the spin of the initial state.
The two potential energy branches of the doublet states

at E⃗Z ¼ 0⃗, E↓;↑ ¼ E0 cosϕ� ESO sinϕ, are sinusoidals
with an amplitude of

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
0 þ E2

SO

p

and minima at ϕ0 ¼
π � arctan ðESO=E0Þ; see Fig. 1(c). If ESO ¼ 0, the poten-
tial energy reduces to the π-junction behavior without spin
splitting. At nonzero ESO, the shift of the minima away
from ϕ ¼ 0; π is a precursor [10] to the anomalous
Josephson effect [22,23]; while at ϕ ¼ 0 there will be
instantaneous supercurrents on timescales short compared
to the spin lifetime, the time-averaged current will be zero
due to thermal fluctuations. In Fig. 1(c) we also show the
potential energy Es of the lowest-energy singlet state j0i,
with a minimum at ϕ ¼ 0, as expected for a conventional
Josephson junction.
We derive the occurrence of both E0 and ESO within a

minimally extended SIAM with superconducting leads.
The SIAM is a simple model widely used to understand
quantum dot junctions, containing a single energy level
coupled to the leads via spin-conserving tunneling events
[33,35–43]. Two extensions to the SIAM are required to
generate the spin-splitting term ESO: (i) spin-flipping
single-electron tunneling between the leads and the energy
level [10,14,44,45] and (ii) interlead tunneling, resulting
from integrating out additional quantum dot energy levels.
These results are derived in Ref. [46], together with a
validation based on numerical renormalization group
calculations.
In view of the strong spin-orbit coupling in InAs [60,61]

and the confinement on the order of 100 nm [62–64], we
expect both spin-flipping and spin-conserving tunneling, as
well as additional quantum dot levels, to be present in our
device. Note that within this model, the energy E0 in Eq. (1)
may have either sign. While both situations may occur at

S = 1/2 S = 0

200 nm

InAs/AlInAs

FIG. 1. (a) False-colored scanning electron micrograph of the
quantum dot junction. (b) Diagram of a quantum dot junction
with multiple energy levels. Black (blue to red) arrows denote the
spin-conserving (spin-flipping) tunnel couplings. (c) Josephson
potential UðϕÞ for the singlet state (orange line) and the two
doublet states (red and blue lines). The dotted gray line represents
the latter without the ESO term. (d) Circuit model for a transmon
with charging energy Ec and a grounded SQUID formed by the
parallel combination of a quantum dot junction and a reference
Josephson junction with Josephson energy EJ. δ denotes the
phase difference across the reference junction and Φext is the
external magnetic flux through the SQUID loop. (e) Diagram of
the joint transmon-quantum dot junction energy levels. The
transmon transition frequencies jgi ↔ jei (vertical arrows) de-
pend on the quantum dot junction state. Coherent microwave
transitions between singlet and doublet are forbidden. However,
intradoublet spin-flip transitions are possible (diagonal arrows).
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different gate settings in the same device, the tuning
procedure to find a doublet ground state relies on the
detection of a π shift [21]. Thus, our experiment naturally
selects the case E0 > 0, justifying the sign choice in
Eq. (1).
To resolve the predicted spin splitting we incorporate the

quantum dot junction into the superconducting quantum
interference device (SQUID) of a transmon circuit
[Fig. 1(d)] [65], as done in Ref. [21]. The different potential
energies corresponding to the states j0i, j↓i, or j↑i give
rise to distinct transmon transition frequencies [Fig. 1(e)],
which can be detected and distinguished via standard
microwave techniques [66,67].
To study the system in the regime of interest, we tune the

quantum dot junction to a setpoint with a spin-1=2 ground
state (gate setpoint A [68]), as detailed in Ref. [46]. This is
followed by a two-tone spectroscopy measurement for
which we apply both tones through the feedline and detect
the transmon frequency as a function of the applied flux
Φext. The flux is tuned with a small in-plane external
magnetic field applied perpendicular to the wire [69],
requiring a 1.8 mT field for adding one flux quantum
through the SQUID. Since the reference junction is tuned to
have a Josephson energy EJ=h ¼ 12.5 GHz, much higher
than that of the quantum dot junction, the phase difference
across the latter is well approximated by ϕext ¼ 2eΦext=ℏ.
In Fig. 2(a), we show the typical flux dispersion

observed in two-tone spectroscopy when the gate voltages
are such that the ground state is a singlet, with the
maximum frequency occurring at ϕext ¼ 0. In fact, this
measurement serves as a calibration of the applied flux,
which is assumed to be an integer multiple of the flux
quantum when the transmon frequency is maximal.

In contrast, when the ground state is electrostatically set
to be a doublet, the transition spectrum displays two shifted
frequency branches, with maxima at ϕext ¼ ϕ0 ≠ 0; π
[Fig. 2(b)]. The measured spectrum is in agreement with
that predicted by a transmon circuit model with the
potential energy of Eq. (1), with E0=h ¼ 190 MHz,
ESO=h ¼ 300 MHz, EJ=h ¼ 12.5 GHz, and Ec=h ¼
284 MHz [46]. The latter corresponds to a temperature
scale of 14 mK, indicating that transmon-based spectros-
copy can experimentally resolve the spin-orbit splitting of
the doublet state below the thermal broadening that limits
tunneling spectroscopy experiments.
We note that a spin-1=2 ground state is not a sufficient

condition to observe the spin splitting. By tuning the
quantum dot to different resonances, corresponding to a
quasiparticle trapped to different levels of the quantum dot,
we frequently find instances of doublets without the
predicted splitting, such as the one studied in detail in
Ref. [21]. There are also doublet states that show a small,
MHz-size, spin splitting comparable to the transmon line-
width, as well as with larger splittings than shown in
Fig. 2(b). This range of behaviors is shown in Ref. [46]. We
attribute this variability to mesoscopic fluctuations [10],
due to factors outside of our experimental control, such as
disorder and confinement effects on the quantum dot wave
functions.
The transition spectrum is affected by magnetic field

through the Zeeman interaction and depends sensitively on
the field direction with respect to the spin-orbit direction n⃗.
This is shown in Fig. 3, which shows two limiting
cases: Bk, the direction along n⃗, and B⊥, the direction
perpendicular to n⃗. The evolution for intermediate direc-
tions and the procedure used to infer n⃗ are discussed in
Ref. [46]. The flux dispersion of the transition frequencies
is only weakly affected by increasing Bk [70]. Moreover,
one of the two spin branches gradually disappears
[Fig. 3(a)] until at Bk ≳ 23 mT only a single spectroscopic
line remains visible [Fig. 3(b)]. In this regime, the mini-
mum transmon transition frequency of the single-valued
dispersion is shifted by ϕ0 away from ϕext ¼ 0. This is a
consequence of a ϕ0 shift of the maximum of the energy-
phase relation away from ϕ ¼ 0, as the transmon transition
frequency is given by the Josephson inductance, the second
derivative of the energy-phase relationship. This observa-
tion therefore demonstrates the presence of the anomalous
Josephson effect [22–25,72]. In contrast, increasing the
magnetic field along the B⊥ direction appears to couple the
two spectroscopic lines, leading to branches with two
minima per flux period [Fig. 3(c)]. At even higher fields
this behavior is lifted, and only one of the two transmon
branches persists [Fig. 3(d)]. In this case, however, the ϕ0

offset has strongly decreased.
These observations can be understood from Eq. (1) by

considering a Zeeman field parallel or perpendicular to
the spin-orbit direction. A parallel field Ek

Z separates the

FIG. 2. Comparison of transmon two-tone spectroscopy taken
with either a singlet (a) or a spin-split doublet ground state (b).
Both panels show the transmitted microwave signal versus
external flux, ϕext, and transmon drive frequency ft;drive. The
two ground states occur for two different gate voltage settings, as
detailed in Refs. [21,46]. Solid lines show fits to a transmon
circuit model containing Eq. (1) [46].
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doublet potentials in energy without distorting their phase
dependence [Figs. 3(e) and 3(f)]. As the energy separation
increases, the thermal population of the higher-energy
state decreases and, with it, so does the visibility of the
corresponding transmon frequency branch. As the trans-
mon frequency is insensitive to overall shifts in the energy-
phase relation, it is unaffected by the ϕ-independent
field-induced energy shift. A Zeeman termE⊥

Z perpendicular
to the spin-orbit direction instead couples the two states and
opens up an avoided crossing in the Josephson potential
[Fig. 3(g)]. This results in the peculiar flux dependence seen
in spectroscopy for moderate fields [Fig. 3(c)]. Finally, when
E⊥
Z becomes much larger than ESO, the doublet states

polarize along the applied field direction [Fig. 3(h)], sup-
pressing the ϕ0 offset [22,25].
We find that the n⃗ direction is not clearly related to the

orientation of the nanowire: it points 13 deg away from the
nanowire axis. Moreover, this direction is found to be
unique to each region in gate space [46]. This behavior
differs from that of long single-gated semiconducting
Josephson junctions, where the n⃗ direction is perpendicular
to the nanowire axis [15,74]. As the direction n⃗ is dictated

by the averaged electric field in the junction region where
the Andreev bound state wave function is situated, we
attribute this variability to mesoscopic fluctuations of the
electrostatic potential landscape when the gate setpoint is
changed [75].
To use the doublet states as a superconducting spin qubit

[9,10], the ability to drive transitions between the doublet
states is crucial. A recent work by our group indicates that
spin-flip transitions of ABS are possible in the presence of
an external magnetic field [69]. Motivated by all-electrical
microwave excitation of spins in quantum dots via EDSR
[29,30], we apply a microwave tone directly to the central
gate to excite the doublet states. For this, we tune the
transmon frequency close to the resonator frequency,
enhancing its dispersive shift. In addition, we tune away
from the gate setpoint investigated so far (gate setpoint A)
to a parameter regime with a larger spin splitting ESO=h ¼
560 MHz (gate setpoint B) to maximize the visibility of the
doublet splitting [46].
Applying a microwave drive to the central gate electrode,

we find that a low-frequency transition of up to 1 GHz can be
detected for a vanishing applied magnetic field [76], as also
shown inRef. [17] [Fig. 4(a)]. Its poor visibility is potentially
due to the lack of magnetic field, which reduces the efficacy
ofEDSR [27,28], aswell as to the large thermal population of
the excited state, which reduces the achievable change in
dispersive shift. This large thermal population can be
expected from the fact that the spin-flip transition energy
corresponds to an effective temperature range of 0–50 mK,
below the typical electron temperatures found in transport
and transmon [77] experiments, 35–100 mK. At elevated Bk

FIG. 3. Magnetic field dependence of the doublet states (gate
setpoint A). (a)–(d) Transmon spectroscopy versus ϕext for a
magnetic field applied either parallel (a), (b) or perpendicular (c),
(d) to the inferred spin-orbit direction n⃗ [73]. (e), (f) Numerically
calculated Josephson potential for the two doublet states, ob-
tained by diagonalizing Eq. (1), with either parallel (e), (f) or
perpendicular (g), (h) Zeeman field. Blue and red colors denote
j↓i and j↑i spin polarization, respectively, with a blend of the two
indicating mixing of the states. Panels (e)–(h) are not fits to the
data of (a)–(d). Instead, together with the contribution from
the reference junction, constitute the potentials that determine the
transmon energy levels and serve to build a qualitative under-
standing (see text).

FIG. 4. Direct spin-flip spectroscopy for gate setpoint B. (a)–
(c) Measured flux dependence of the direct jg;↓i ↔ jg;↑i
transition frequency for no (a), parallel (b), and perpendicular
(c) magnetic field relative to n⃗. (d)–(f) Numerically calculated
flux dependence of the jg;↓i ↔ jg;↑i transition frequency for no
(d), parallel (e), and perpendicular (f) Zeeman fields relative to n⃗.
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the transition frequency rises and becomes well resolved
[Fig. 4(b)]. For an applied perpendicular field the transition
frequency increases more slowly, and its flux periodicity is
half that of the transition in the parallel field direction
[Fig. 4(c)]. Note that the n⃗ direction found for gate setpoint
B (72 deg away from the nanowire axis [46]) differs from that
of gate setpoint A, and that therefore Bk and B⊥ in Fig. 4
point in different directions than in Fig. 3.
The observed behavior is consistent with the expected

transitions between the doublet states [Figs. 4(d)–4(f)],
with the period halving in perpendicular field being a result
of the avoided crossings between the spin branches
[cf. Fig. 3(g)]. The comparison to the model furthermore
allows us to estimate the effective g factors in the parallel
and perpendicular directions, gk ¼ 11 and g⊥ ¼ 3.8,
respectively. These values depend strongly on the gate
voltages [46], likely tied to an interplay of spin-orbit
coupling and confinement, beyond the scope of the model
considered here [78–81].
To conclude, our microwave measurements have

revealed the spin structure of energy levels in a quantum
dot Josephson junction and the occurrence of the anoma-
lous Josephson effect. These findings are promising for
applications in superconducting spintronics [82,83]. The
ability to drive spin-flip transitions between the doublet
states is encouraging for the nascent field of Andreev spin
qubits [9,10], since direct, all-electrical access to these
transitions promises simpler and faster qubit manipulation
[30,31]. Furthermore, the polarization of the doublet states
at elevated magnetic fields eliminates the unwanted excited
state population observed previously [16,18]. Finally, the
demonstrated field or flux tunability of the transition
frequency is a necessary ingredient for scalable networks
of such qubits [14].

The data and analysis code that support the findings of
this study are openly available in 4TU.ResearchData [84].
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