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Finite-length effects and Coulomb interaction in Josephson junctions based on Ge
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Proximitized Ge quantum wells have emerged as a platform for studying Andreev bound states (ABSs)
due to their expected strong spin-orbit interaction and high mobility. Here, we used microwave spec-
troscopy techniques to investigate ABSs in Josephson junctions (JJs) realized in proximitized Ge quantum
wells. Spectroscopic signatures observed in a 350-nm junction indicated the presence of multiple ABSs
and were reproduced with a model including finite-length effects. The ABS spectra measured for a 1.2-
µm junction were explained by a model including three ABSs in two conduction channels and finite
Coulomb interaction. Our work highlights the importance of interactions in JJs and serves as a basis for
understanding and manipulating ABSs in Ge-based hybrid devices.

DOI: 10.1103/hb1h-8jn9

I. INTRODUCTION

A semiconductor confined between two superconduc-
tors forms a Josephson junction (JJ), where discrete subgap
states, known as Andreev bound states (ABSs) arise, which
are responsible for the current transport across the JJ [1–4].
These states have been successfully probed using spec-
troscopy techniques in dc transport [5–7] and microwave-
domain [8–20] experiments, where the effects of Coulomb
[14,16,21,22], exchange [18], and spin-orbit [10–12,14,
15,18,20] interactions have been demonstrated for InAs-
nanowire-based junctions. Recently, a hard induced super-
conducting gap has been demonstrated in Ge quantum
wells [23], forming a platform for studying ABSs. It has
been shown that the two-dimensional hole gases formed
in these quantum wells have high mobility [24] and strong
spin-orbit interaction [25]. Moreover, isotopic purification
provides the opportunity to create a nuclear-spin-free envi-
ronment in this material platform, thus mitigating existing
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limitations for spin-based quantum information processing
applications. For these reasons, Ge quantum wells con-
stitute a promising platform for realizing semiconductor
spin qubits and hybrid Andreev qubits [25]. Initial inves-
tigations of ABSs in Ge quantum wells have revealed
the feasibility of this platform for realizing hybrid quan-
tum devices [19,26]; however, the physical mechanisms
affecting ABS energies in Ge-based JJs are not yet well
understood.

Here, we used microwave spectroscopy techniques to
study ABSs in JJs of various lengths realized in Ge
quantum wells. These junctions were embedded in super-
conducting loops, which were inductively coupled to
Nb coplanar waveguide resonators using the flip-chip
approach [15,17,19,27]. This technique enabled us to
reduce dielectric losses by separating the superconduct-
ing resonators from the Ge heterostructure with a vacuum
gap, resulting in high resonator internal quality factors.
Improved readout sensitivity compared to our previous
work [19] enabled observation of previously unseen fea-
tures in microwave spectroscopy measurements, namely
single-quasiparticle transitions (SQPTs) and mixed pair
transitions (PTs). The experimentally measured ABS spec-
tra were reproduced by models incorporating multiple
interacting ABSs in the junction, providing good quali-
tative agreement. For a junction of length L shorter than
the superconducting coherence length of Ge ξGe, ABS
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spectra contained multiple PTs and an SQPT. Moreover,
in a long junction with L > ξGe, many PTs and SQPTs
were observed. Coulomb interaction shifted the transition
frequencies depending on the quasiparticle (QP) occupa-
tion of ABSs, lifting the degeneracy between two SQPTs.
These results highlight the importance of finite-length
effects and Coulomb interaction in JJs realized in Ge
quantum wells.

II. DEVICES AND RESONATOR
CHARACTERIZATION

Two devices, named device 1 and device 2, were real-
ized in strained Ge quantum wells grown with reduced-
pressure chemical vapor deposition [29]. Figure 1(a) shows
a schematic of device 1, comprising a JJ embedded in a
superconducting PtSiGe loop (purple), with two gate elec-
trodes (yellow) and a flux line (blue), which was absent
for device 2. The PtSiGe contacts were fabricated via Pt
lift off and rapid thermal annealing [23]. An SiOx dielec-
tric layer was deposited with atomic-layer deposition, and
the gates and flux line were then formed by lift off of
Ti/Al/Ti/Au. Appendix A contains details of the fabrica-
tion procedure. The voltage Vg applied to the accumulation
gate controlled the hole density in the Ge quantum well,
which was insulating for Vg = 0. Unless specified other-
wise, no dc voltage was applied to the side gate (Vs = 0).
Instead, this gate was used for applying the rf drive tone for
two-tone spectroscopy measurements via a bias tee. The
phase difference across the junction ϕ was controlled with
a magnetic flux �, which we applied by injecting a current
I into the flux line (device 1) or into a superconducting
coil in the vicinity of the sample (device 2). Due to the low
kinetic inductance of the PtSiGe loops, we use the rela-
tion ϕ = 2π�/�0, where �0 is the superconducting flux
quantum.

False-colored scanning electron micrographs of two
exemplary junctions (top view) are shown in Figs. 1(b)
and 1(c). Device 1 consisted of a lithographically defined
junction with length L = 350 nm and width W = 100
nm, whereas for device 2, L = 1.2 µm and W = 150
nm. The superconducting coherence length in Ge was
estimated using the Bardeen-Cooper-Schrieffer expres-
sion [30] ξGe = �vF/π�0 ≈ 900 nm, where �0 ≈ 60 µeV
(14.5 GHz) is the induced superconducting gap at T = 0
extracted from multiple-Andreev-reflection measurements
and vF ≈ 2.5 × 105 m s−1 is the Fermi velocity extracted
from Hall-bar measurements [19] using an effective mass
of 0.06me [24]. Since device 1 had a junction length
smaller than the estimated coherence length, L < ξGe, this
device was expected to conform to the short-junction
regime [19]. For device 2, L > ξGe, placing this device in
the long-junction regime. The finite width of the devices
implies that they could host multiple transverse conduction
channels.

Figure 1(d) depicts an optical microscope image of a
sample after flip-chip bonding and subsequent wire bond-
ing. A high-resistivity Si chip (resonator chip) contained a
superconducting feedline with three capacitively coupled
λ/4 Nb coplanar waveguide resonators. During flip-chip
bonding, the grounded ends of the Nb resonators on the
resonator chip were aligned to the superconducting loops
of the Ge devices on the device chip, resulting in inductive
coupling. The two chips were connected via In bumps for
electrical connections and mechanical stability, enabling
application of dc and rf signals to the devices through
wire bonds on the resonator chip. More details of the
measurement circuit can be found in Refs. [17,19].

For microwave measurements, a vector network ana-
lyzer (VNA) was used to apply a continuous readout tone
with frequency fr close to the resonance frequency of the
resonator fres. The readout tone was transmitted through the
feedline where it interacted with the resonator, and after
amplification at various temperature stages of the dilu-
tion refrigerator, the VNA detected the outgoing signal and
determined the complex scattering parameter S21. Figures
1(e) and 1(f) depict resonator traces, measured at Vg = 0,
yielding the bare resonator frequencies f0 = 6.90115 GHz
for device 1 and f0 = 6.86731 GHz for device 2. The inter-
nal (Qi) and loaded (QL) quality factors of the resonators,
obtained with the circle-fit method [28], were 70 000 and
23 000, respectively, for device 1 and 355 000 and 39 000,
respectively, for device 2. The large difference between the
quality factors was attributed to the presence of the flux
line for device 1, which was aligned parallel to the res-
onator and thus likely contributed to the microwave losses
[31].

Two-tone microwave spectroscopy was performed by
applying a drive tone with power Pd and frequency fd
to the side gate, in addition to the readout tone. When-
ever the drive-tone frequency was equal to a transition
frequency fd = �E/h between different levels in the ABS
energy spectrum, the frequency of the resonator acquired
a dispersive shift and damping, enabling the detection
of ABS transition frequencies [8–11,13–20,32–34]. Res-
onator compensation, as described in Appendix C, was
conducted at each value of the gate voltage Vg or phase ϕ,
such that two-tone spectroscopy was performed at a read-
out frequency with a fixed offset from fres, which changed
as a function of Vg and ϕ.

III. MICROWAVE SPECTROSCOPY OF DEVICE 1

We first present microwave measurements on device 1,
which had a length L = 350 nm, smaller than the super-
conducting coherence length of Ge. Figure 2(a) shows the
amplitude R of the resonator transmission as a function of
the offset readout frequency fr − f0 and the phase differ-
ence across the junction ϕ at a gate voltage Vg = −0.7650
V. The amplitude R is given by R =

√
I 2 + Q2, where I
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(a) (b)

(e) (f)

(c) (d)

FIG. 1. (a) Schematic of device 1, consisting of a PtSiGe superconducting loop (purple), Ti/Al/Ti/Au gates (yellow), and a
Ti/Al/Ti/Au flux line (blue). The dc voltage Vg controlled the hole density in the Ge quantum well via the accumulation gate. The
rf drive tone for two-tone spectroscopy measurements was applied via the side gate indicated with Vs using a bias tee. For device 1, the
magnetic flux � was controlled by passing a current I through the flux line, while for device 2, � was controlled via a superconducting
coil mounted in the vicinity of the sample. (b),(c) False-colored scanning electron micrographs (top view) of exemplary Josephson
junctions, identical to (b) device 1 and (c) device 2. The dimensions of each junction are defined by the separation L between the super-
conducting PtSiGe electrodes (purple) and the width W of the metallic accumulation gate (yellow). The side gate (yellow) was used
to apply the rf drive tone. The gates were separated from the Ge heterostructure by an SiOx dielectric layer (not visible). (d) Optical
microscope image after flip-chip bonding and wire bonding. The device chip (3 × 3 mm2) hosting the Ge quantum well was connected
to the resonator chip (10 × 10 mm2) via In bumps. The grounded ends of the λ/4 Nb resonators were aligned to the superconducting
loops of the devices (not visible). (e),(f) Amplitude R =

√
I 2 + Q2 of the resonator transmission S21 (normalized) as a function of

readout frequency fr for (e) device 1 and (f) device 2. The dashed black lines are fits to the data obtained using the circle-fit method
[28].

and Q are the in-phase and quadrature components of the
resonator response, respectively. The modulation of the
resonance frequency of the resonator fres with phase ϕ was
fitted following Refs. [17,35], yielding a critical current of
IC = 3.1 nA. Assuming that a single ABS can carry up to 7
nA of current [36], this is consistent with one or very few
ABSs in the junction at this value of Vg.

A two-tone spectroscopy measurement is shown in
Fig. 2(b), acquired together with the single-tone measure-
ment in Fig. 2(a). Here, the amplitude R is shown as
a function of the drive-tone frequency fd and the phase
difference across the junction ϕ. We observed a single
transition, corresponding to a pair transition (PT) with fre-
quency f1 = (2E1)/h, as schematically shown in Fig. 3(b).
To account for the finite length of the junction, which
results in detachment of the ABS from the continuum for
a ballistic channel, the following dispersion relation [21]
was used for the ABS energy:

Ei(ϕ) = ±�̃i

√
1 − τi sin2(ϕ/2), (1)

where �̃i is the ABS amplitude and τi is the transmission
of the state. Equation (1) is similar to the short-junction
ABS dispersion relation [3,36], except that �̃i < �, where
� is the induced superconducting gap. Fitting the data in

Fig. 2(b) to Eq. (1) yielded �̃/h ≈ 9.5 GHz and τ ≈ 0.80.
The fit is plotted as a black dashed line in the left half of
Fig. 2(b).

The ABS spectrum changed drastically when the hole
density in the junction was decreased, as shown in
Figs. 2(c) and 2(d) at Vg = −0.7443 V. The resonator trace
in Fig. 2(c) displays anticrossings around ϕ = ±π (red
arrows), indicating that the ABS transition frequency f1
crossed the resonator frequency fres at these values of the
phase, resulting in ABS-resonator interaction [13]. Due
to the anticrossings, it was not possible to fit the modu-
lation in fres with the procedure used for Fig. 2(a). The
two-tone spectroscopy measurement in Fig. 2(d) showed
a PT with minima in the transition frequency at ϕ = ±π

and an SQPT, characterized by a minimum in the transi-
tion frequency at ϕ = 0. The latter corresponds to a QP
being excited from one ABS to another, resulting in a
transition frequency f = (E2 − E1)/h. Observation of this
SQPT implies that the junction hosted more than one ABS
at this value of Vg. The SQPT was reproduced with the
finite-length model of Eq. (1) by considering two ABSs
with �̃1/h = 0.42�/h ≈ 6.1 GHz (� = 14.5 GHz) and
τ1 = 0.78 for the first ABS, and �̃2/h = �/h = 14.5 GHz
and τ2 = 0.20 for the second ABS. The high value of
�̃2 and low value of τ2 indicate that the energy of the
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FIG. 2. (a) Device 1: amplitude R of the resonator transmission S21 as a function of offset readout frequency fr − f0 and phase ϕ

at gate voltage Vg = −0.7650 V, with f0 = 6.90115 GHz. (b) Amplitude R of the resonator transmission S21 as a function of drive
frequency fd (Pd = −26 dBm) and phase ϕ, measured together with (a). A single Andreev bound state (ABS) pair transition (PT)
was observed. The black dashed line is a fit to the PT frequency f1 = (2E1)/h using Eq. (1) for E1. (c) Same as (a), measured at
Vg = −0.7443 V. Anticrossings (red arrows) indicate ABS interaction with the resonator. (d) Same as (b), measured together with (c).
In addition to the PT, a single-quasiparticle transition (SQPT) was observed, indicating the presence of two ABSs. The black dashed
line is a fit to the PT f1 = (2E1)/h, and the green dashed line corresponds to the SQPT with frequency f = (E2 − E1)/h, where E1 and
E2 are given by Eq. (1). (e) Amplitude R of the resonator transmission S21 as a function of drive frequency fd (Pd = −25 dBm) and
gate voltage Vg, measured at ϕ = π . The PT (black arrow) was observed over nearly the full range of Vg. The dark-blue horizontal
arrow indicates a replica of the PT. The SQPT is visible around Vg = −0.7550 V (green arrow). (f) Same as (e), measured at ϕ = 0.
The SQPT appeared in a limited range of Vg, indicated with green arrows.

second ABS remained close to the superconducting gap �,
with weak dispersion. The PT associated with the second
ABS with frequency f2 = (2E2)/h is outside the spectral
range of Fig. 2(d). Therefore, the second ABS was only
observed indirectly via the SQPT. Note that sign inversions
of the shift in R occurred whenever the ABS transition
frequency crossed the resonator frequency at fd = fres ≈
6.90115 GHz, resulting from a change in the direction
of the resonator dispersive shift. Moreover, the dispersive
shift is opposite for PTs and SQPTs [34].

The evolution of the ABS transition frequencies with
the gate voltage Vg is depicted in Figs. 2(e) and 2(f) at
phases ϕ = π and ϕ = 0, respectively. These two-tone
spectroscopy measurements were acquired together, where
for each value of Vg, resonator compensation and a two-
tone spectroscopy measurement were performed at both
ϕ = π and ϕ = 0 (Appendix D). The PT corresponding
to the first ABS, indicated with a black arrow in Fig. 2(e),
was observed over nearly the full range of Vg at ϕ = π ,
with replicas appearing at 6.9 GHz below the transition fre-
quency, indicated with a dark-blue horizontal arrow. Such
replicas are commonly observed in two-tone spectroscopy
measurements and are attributed to multiphoton processes
involving resonator photons with energy E = hfres [15,17].

In addition, the SQPT was observed around Vg = −0.7550
V [green arrow in Fig. 2(e)]. For the measurement per-
formed at ϕ = 0 in Fig. 2(f), the PT with f1(ϕ = 0) >

f1(ϕ = π) was not observed. Instead, the SQPT is visi-
ble in a finite range of Vg, indicated with green arrows.
The appearance of the SQPT for a limited range of Vg
values might be due to opening and closing of the sec-
ond conduction channel and oscillations of the second
ABS, similar to those of the first ABS in Fig. 2(e). Meso-
scopic fluctuations of the ABS energy as a function of
gate voltage have also been reported for JJs realized in
nanowires and two-dimensional electron gases [10,15,17,
18,20,37]. Due to gate-voltage-induced hysteresis, which
was measured in the same material [38], the transition
frequencies at ϕ = 0 and ϕ = π in Figs. 2(a)–2(d) devi-
ate from those in Figs. 2(e) and 2(f) at the correspond-
ing values of Vg. The gate dependence of an additional
device, with similar dimensions to device 1, is presented
in Appendix E.

In summary, device 1 showed finite-length effects
despite the junction length being shorter than the esti-
mated superconducting coherence length of Ge. More-
over, readout improvements enabled the observation of an
SQPT, previously not detected for similar junctions [19].
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(a) (b) (d) (f)

(c) (e) (g)

FIG. 3. (a) Energy spectrum of a long junction hosting three spin-degenerate ABSs in two conduction channels (purple, orange) with
energies E1 (purple, solid line), E2 (orange, solid line), and E3 (purple, dashed line) as a function of the phase difference across the
junction ϕ, shown in the excitation picture. The continuum above the induced superconducting gap � is indicated with gray shading.
Coulomb interaction manifests as an energy penalty Ui given by Eq. (2) for states with even occupation. (b) Enlarged view of the
energy spectrum in (a). The PT for the ABS with energy E1 is indicated with arrows. The transition frequency is f = (2E1)/h. (c) PT
for the ABS with energy E2, resulting in the transition frequency f = (2E2)/h. (d) SQPT from E1 to E2. The energy levels are shifted as
a result of Coulomb interaction, yielding the transition frequency f = (E2 − E1 + U1 − U2)/h. (e) Same as (d), but with the first ABS
initially in an excited state, resulting in f = (E2 − E1 − U1 − U2)/h. (f) Mixed PT with frequency f = (E1 + E2 − U1 − U2)/h. (g)
SQPT from E2 to E3. Since Coulomb interaction is neglected for E3 due to its close proximity to the continuum, the SQPT frequency
is given by f = (E3 − E2 + U2)/h.

These transitions are particularly interesting for studies of
spin-orbit interaction in long junctions [10–12,14,18].

IV. COULOMB INTERACTION IN A LONG
JUNCTION

For junctions with length L ∼ ξ , QPs have a finite dwell
time in the junction region, and interactions therefore affect
the ABS physics. In particular, Coulomb interaction leads
to energy shifts in the ABS spectrum [14,16,21,22]. To
reproduce the experimentally observed ABS transitions
presented in the next section, we consider a long junction
with two conduction channels, each of which can host up
to two ABSs. The corresponding ABS transitions, as well
as the effects of Coulomb interaction, are discussed here.

Figure 3(a) schematically depicts the energy spectrum
of a finite-length junction with two conduction channels
hosting three spin-degenerate ABSs, E1 (solid line) and E3
(dashed line) in one conduction channel (purple) and E2
(solid line) in the second conduction channel (orange). The
energy of the first ABS, E1, is smaller than the energy of
the second ABS, E2. Since the energy spectrum is sym-
metric around zero energy, the excitation picture is used
here, for which only the positive part of the energy spec-
trum is depicted. The ABS energies Ei are approximated
by Eq. (1). We note that away from ϕ = π and ϕ = 0, a
more accurate description of the ABS energies is given

by the solutions to the Bogoliubov-de Gennes Hamilto-
nian [10,14,18,39]. As a result of Coulomb interaction in
the junction, the energies of the many-body states shift
depending on the population of the ABSs. Since the charge
of a QP depends on its energy, the phase dependence of the
Coulomb interaction energy Ui for an ABS with energy Ei
from Eq. (1) is estimated as [22]

Ui(ϕ) =
{

ui
[
�2 − Ei(ϕ)2

]
, n = 0, 2,

0, n = 1,
(2)

where n is the number of QPs occupying an ABS and ui
is a constant, defined by the microscopic details of the
corresponding state and the extension of the wave func-
tion into the superconducting leads; see Appendix F. Each
ABS can host up to two QPs. For states occupied by a
single QP, particle-hole symmetry implies that Ui(ϕ) = 0.
Instead, states with even occupation, i.e., zero or two QPs,
are shifted to higher energy by +Ui(ϕ) [16,21]. Conse-
quently, the frequencies of certain ABS transitions are
affected by Coulomb interaction. In Figs. 3(b)–3(g), differ-
ent transitions involving the two lowest-energy ABSs E1
and E2 [Figs. 3(b)–3(f)] and the third ABS E3 [Fig. 3(g)]
are schematically illustrated. Below, we discuss the effects
of Coulomb interaction on these transitions. We neglect
Coulomb interaction for E3 since the energy of this state is
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close to the continuum edge �. More details are reported
in Appendix F.

During a PT, two QPs are excited from the ground state
to the ABS. Figure 3(b) shows the PT for the first ABS with
energy E1 (purple), where E1 is given by Eq. (1). Before
and after the PT, the energy of the ABS is shifted by +U1
since the occupation of the state is even. Therefore, the
energy change due to the PT, which determines the tran-
sition frequency, is given by �E = 2(E1 + U1) − 2U1 =
2E1, yielding f = (2E1)/h for the PT. Accordingly, the
frequencies of all PTs are not affected by Coulomb interac-
tion. The PT for the second ABS with energy E2 (orange) is
shown in Fig. 3(c) with transition frequency f = (2E2)/h.

Coulomb interaction modifies the frequency of the
SQPT from E1 to E2 in Fig. 3(d). Before the SQPT, the
energy is given by E1 + U2, because a single QP occu-
pies E1, resulting in no energy shift for this level, and the
unoccupied level E2 is shifted by +U2. After the QP is
excited to E2, the energy is given by E2 + U1, as the first
ABS is now unoccupied, giving rise to an energy shift of
+U1, while the second ABS hosting one QP has no energy
shift. Consequently, the frequency of the SQPT in Fig. 3(d)
is given by f = (E2 − E1 + U1 − U2)/h, whereas f =
(E2 − E1)/h in the absence of Coulomb interaction. If E1 is
initially in an excited state with full occupation, as shown
in Fig. 3(e), before the SQPT, both E1 and E2 have even
occupation, and after the SQPT both states are occupied
by a single QP, resulting in an SQPT frequency f = [E2 −
(E1 + U1 + U2)]/h instead of f = (E2 − E1)/h without
Coulomb interaction. Hence, an important consequence of
Coulomb interaction is that the degeneracy between the
frequencies of the SQPTs in Figs. 3(d) and 3(e) is lifted.
The frequency of the mixed PT in Fig. 3(f) is also modi-
fied by Coulomb interaction. Here, f = (E1 + E2 − U1 −
U2)/h since the energy before the transition is U1 + U2,
while the energy after the transition is E1 + E2. Without
Coulomb interaction, f = (E1 + E2)/h for the mixed PT.
Finally, the SQPT to the third ABS shown in Fig. 3(g) has
a transition frequency given by f = (E3 − E2 + U2)/h,
since we neglect Coulomb interaction for E3. Experimen-
tally, the signatures of Coulomb interaction are shifts of the
SQPT and PT frequencies with respect to those associated
with the ABS energies Ei.

V. MICROWAVE SPECTROSCOPY OF DEVICE 2

Device 2 had a junction length L = 1.2 µm, larger than
the superconducting coherence length of Ge. Two-tone
spectroscopy measurements in Fig. 4 revealed the presence
of multiple ABSs in the junction. Figure 4(a) depicts the
amplitude R of the resonator transmission S21 as a function
of the phase difference across the junction ϕ and the drive-
tone frequency fd, at Vg = −0.7990 V. Multiple transitions
are visible in the ABS spectrum, with varying linewidth
and intensity. Similar to device 1, sign inversions of the

shift in R occur whenever a transition frequency crosses the
resonator frequency fres, and the shift is opposite for PTs
with minima at ϕ = π and SQPTs with maxima at ϕ = π .
The presence of multiple SQPTs implied that the junction
hosted several ABSs for this gate configuration. The obser-
vations were explained by a model considering three ABSs
in the junction with Coulomb interaction, introduced in the
previous section. The ABS energies E1 and E2 are given by
Eq. (1) with �̃1/h = 0.48�/h ≈ 7.0 GHz and τ1 = 0.98,
and �̃2/h = 0.54�/h ≈ 7.8 GHz and τ2 = 0.72, while E3
was approximated using a cosine function, since this ABS
was close to the continuum edge with weak dispersion and
was therefore only observed indirectly (see Appendix F).
The PTs to E1 and E2 are depicted as black and gray dashed
lines in Fig. 4(b), matching the color of the square sym-
bols in Figs. 3(b) and 3(c). Moreover, a replica of E2 was
observed, shifted downward by the resonator frequency to
fd = f2 − 6.9 GHz. This replica is indicated with a gray
dotted line in Fig. 4(b). The SQPTs between E1 and E2,
indicated with green and red dashed lines, respectively,
correspond to the transitions in Figs. 3(d) and 3(e), while
the SQPT from E2 to E3, marked with a purple dashed
line, corresponds to Fig. 3(g). The mixed PT, schemati-
cally shown in Fig. 3(f), is indicated with a cyan dashed
line in Fig. 4(b). Moreover, the transition at slightly higher
energy than the mixed PT can likely be identified as a two-
photon transition (2-PhT) [8] involving the PT to E1 and a
resonator photon with energy hfres, which yields the tran-
sition frequency f = (2E1 + hfres)/2h, indicated with an
orange dashed line in Fig. 4(b). Presumably, this 2-PhT
was observed because the frequency of this PT crossed
the resonator frequency, as evidenced by the single-tone
spectroscopy measurements in Appendix G.

Changing the gate voltage modified the ABS spectrum
significantly. In Fig. 4(c), we show another two-tone spec-
troscopy measurement of device 2, at a gate voltage Vg =
−0.6994 V, with the side-gate voltage at Vs = −0.0090 V.
Here, in addition to two PTs with minima at ϕ = ±π , two
SQPTs with distinct maxima at ϕ = ±π were observed,
indicating the presence of a third ABS for this gate voltage
configuration as well. The ABS energies E1 and E2 were
found with Eq. (1) using �̃1/h = 0.50� ≈ 7.3 GHz and
τ1 = 0.62, and �̃2/h = 0.52� ≈ 7.5 GHz and τ2 = 0.51.
Again, the ABS with energy E3 resided close to the con-
tinuum edge and thus it was approximated using a cosine
function (Appendix F). Consequently, the PT to E3 was
outside the spectral range of the measurement. The PTs to
E1 and E2 are indicated with black and gray dashed lines in
Fig. 4(d). The minima of the PTs were slightly different at
ϕ = −π and ϕ = π , which we attributed to gate-voltage
instabilities in the device; see also Appendix H. Due to
the small energy difference between E1 and E2, SQPTs
between these states, shown in Figs. 3(d) and 3(e), were
not observed here. Instead, the SQPTs from E1 to E3 (yel-
low dashed line) and E2 to E3 (purple dashed line) matched
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(a) (b)

(c) (d)

FIG. 4. (a) Device 2: amplitude R of the resonator transmission S21 as a function of drive frequency fd (Pd = −28 dBm) and
phase ϕ, measured at Vg = −0.7990 V. Multiple PTs and SQPTs are visible around ϕ = π . (b) Same as (a) but overlaid with ABS
transitions predicted by the long-junction model with three ABSs and including Coulomb interaction. The black and gray dashed
lines are PTs, schematically shown in Figs. 3(b) and 3(c). The gray dotted line is a replica of the gray PT, shifted downward by the
resonator frequency fres ≈ 6.86731 GHz. The green, red, and purple dashed lines are SQPTs corresponding to Figs. 3(d), 3(e), and 3(g),
respectively. The cyan line is a mixed PT [Fig. 3(f)] and the orange line is a two-photon transition (2-PhT) involving the lowest-energy
PT and a resonator photon with energy E = hfres. (c) Same as (a) but measured over a wider range of ϕ and at Vg = −0.6994 V and
Vs = −0.0090 V (Pd = −35 dBm). At this gate-voltage configuration, several PTs and SQPTs were observed. (d) Same as (c), overlaid
with ABS transitions predicted by the model. The transitions are colored according to the legend in (b). Here, the yellow dashed line
is an SQPT from the lowest-energy ABS E1 to the highest-energy ABS E3.

the experimental data. The frequency difference between
these SQPTs was enhanced by the Coulomb interaction,
which was stronger for the first ABS. This is evident from
Eq. (2), where the Coulomb interaction energy Ui is larger
for lower Ei. The other transition in Fig. 4(c) with min-
ima at ϕ = ±π corresponds to the mixed PT between
E1 and E2 and is indicated with a cyan dashed line in
Fig. 4(d). Finally, we note that fewer transitions are visi-
ble in Fig. 4(c) than in Fig. 4(a), which could be related
to the different gate voltages or the lower drive power Pd
used for Fig. 4(d).

The experimental data are in good agreement with the
model, apart from the SQPT from E1 to E3 in Fig. 4(b)
(purple dashed line), for which the model predicts slightly
lower transition frequencies. To achieve better quantitative
agreement between the measured and predicted transition
frequencies, higher-order terms in the Coulomb interac-
tion, as well as the exchange interaction [14,18], would
need to be included in the model.

We note that signatures of spin splitting in ABSs,
reported for long junctions in InAs nanowires [10–12,14,

15,18], were not observed in our devices. This is surpris-
ing, as device 2 conformed to the long-junction regime and
showed several SQPT and mixed-PT transitions, which
generally evidence spin-orbit effects. We therefore con-
clude that spin-orbit interaction in our devices is weak,
which is presumably related to strain in the Ge quan-
tum well [40,41] or the junction geometry [42], both of
which suppress spin-orbit interaction. Furthermore, two-
dimensional hole gases have a cubic Rashba spin-orbit
interaction, where spin splitting for low carrier density is
expected to be small [43]. Spin-orbit interaction can likely
be strengthened by engineering the material stack. Strain
in the quantum well might be reduced by optimizing the
stoichiometry of the SiGe barriers and buffer layers. In
addition, it was recently shown that spin-orbit interaction
was enhanced in an unstrained Ge-SiGe heterojunction
[44].

Several transitions are predicted by the model with fre-
quencies outside the spectral range of the measurements.
Not only was the setup limited by the frequency range of
the VNA (26 GHz), but the intensity of transitions also
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decreased as the detuning from the resonator increased.
To measure transitions at high frequencies, the coupling
between the resonator and the ABS would need to be
improved. This is a limitation of the flip-chip approach,
where the air gap between the resonator and device chips
limits the strength of the inductive coupling to several
MHz [19]. Nonetheless, future work could focus on opti-
mizing the resonator-ABS coupling strength by decreasing
the air gap between the flip-chip-bonded chips, modifying
the resonator frequency or investigating different types of
resonators [45].

VI. CONCLUSION

In summary, we performed microwave spectroscopy
measurements of Andreev bound states in Josephson junc-
tions shorter and longer than the superconducting coher-
ence length, realized in proximitized Ge quantum wells.
Flip-chip bonding enabled inductive coupling between
superconducting PtSiGe loops and Nb coplanar waveg-
uide resonators, resulting in high quality factors. Two-tone
microwave spectroscopy measurements of a 350-nm-long
junction revealed a single-quasiparticle transition in a lim-
ited range of gate-voltage values, previously not observed
in similar devices [19]. We developed a model that was
able to reproduce the experimental data by taking the finite
length of the junction into account. Our model revealed
the presence of a second ABS whose energy was out-
side the spectral range of the measurements. A device
consisting of a junction with length 1.2 µm was also
investigated. Several ABS transitions were measured with
two-tone spectroscopy, indicative of multiple interacting
ABSs in the junction. The experimentally observed tran-
sitions were reproduced with a model comprising three
ABSs in two conducting channels with finite Coulomb
interaction, which provided good qualitative fits to the
observations for multiple gate configurations.

We demonstrated the importance of including finite-
length effects and Coulomb interaction in models describ-
ing ABSs in intermediate and long junctions. Next steps
for understanding the ABS physics in proximitized Ge
quantum wells include theoretical investigation of spin-
orbit interaction in Ge-based Josephson junctions and
experimental studies of dynamic processes, such as quasi-
particle poisoning and parity switching, in devices where
Coulomb interaction is prominent.
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APPENDIX A: DEVICE FABRICATION

The Josephson junction devices studied here were real-
ized using a SiGe heterostructure grown with reduced-
pressure chemical vapor deposition [29]. The material
stack consisted of a Ge layer directly grown on a Si
wafer, followed by a SiGe layer with an increasing Si
content, up to Si0.2Ge0.8. This stoichiometry was used for
the buffer layers surrounding the 20-nm-thick Ge quan-
tum well, located 48 nm below the surface. More details
on the SiGe heterostructure can be found in Refs. [29,38].
The superconducting loops were realized by electron-beam
lithography, evaporation, and lift off of Pt, followed by
rapid thermal annealing at 350 ◦C, resulting in super-
conducting germanosilicide (PtSiGe), directly contacting
the Ge quantum well [19]. Prior to the Pt evaporation,
the native oxide was removed by a short submersion in
hydrofluoric acid (HF). To isolate the gates from the het-
erostructure, a 12-nm-thick layer of SiOx was deposited
using atomic-layer deposition. Then, the inner gates, close
to the active areas of the devices, were fabricated by evap-
oration and lift off of Ti/Al/Ti/Au (5 nm/70 nm/5 nm/40
nm). After this, the outer gates and flux line, consisting
of Ti/Al/Ti/Au (5 nm/300 nm/5 nm/50 nm), were evapo-
rated. For device 2, a single gate layer was used to define
the gates, made of Ti/Al/Ti/Au (5 nm/70 nm/5 nm/40 nm).
Finally, the chip was diced into a 3 × 3-mm2 piece for
flip-chip bonding to a resonator chip.

The resonators were fabricated on a high-resistivity
(ρ > 10 k
 cm) intrinsic Si wafer. After removal of the
native oxide using HF, a 200-nm-thick layer of Nb was
sputtered onto the surface of the wafer. Using an Al2O3
hard mask and inductively coupled plasma reactive-ion
etching with Cl2/Ar, the resonators, feedline and dc con-
trol lines, as well as ground-plane holes, were patterned
into the Nb layer. For flip-chip bonding, In bumps were
realized with evaporation and lift off. Prior to the In
evaporation, the native oxide was removed using HF.
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APPENDIX B: PACKAGING AND
MEASUREMENT SETUP

The device and resonator chips were flip-chip bonded
with a Karl Suss FC 150 flip-chip bonder. Alignment
markers on both chips facilitated correct positioning of
the device chip with respect to the resonator chip, with
the superconducting device loops aligned to the grounded
ends of the λ/4 coplanar waveguide resonators. After this,
the resonator chip was clamped in the QDevil QCage.24
sample holder with an integrated superconducting coil for
magnetic-flux biasing. Microwave and dc lines on the sam-
ple holder were connected to corresponding bonding pads
on the resonator chip via wire bonding with Al bond wires.
Moreover, Al air bridges across the resonators and feedline
connected different areas of the ground plane, to establish
a uniform ground potential across the resonator chip.

Measurements were performed in a Bluefors BF LD 400
cryogen-free dilution refrigerator with a mixing-chamber
base temperature of 30 mK. Figure 5 schematically illus-
trates the wiring of the dilution refrigerator. A Keysight
PNA-X VNA was used to apply a readout tone with
power Pin and frequency fr. Two-tone spectroscopy mea-
surements were performed by applying a continuous drive
tone of power Pd and frequency fd with the same VNA.
The readout and drive signals were attenuated by 66 and
26 dB, respectively. After propagating through the feed-
line, a circulator, and a dual isolator, the readout signal
was amplified by a traveling-wave parametric amplifier
(TWPA) with 20-dB gain at the mixing-chamber temper-
ature stage of the dilution refrigerator. The TWPA was
pumped by a continuous pump tone supplied by an R&S
SGS100A signal generator and attenuated by 26 dB in

FIG. 5. Schematic representation of the flip-chip-bonded device in the QCage.24 sample holder, the dilution refrigerator used to
perform the measurements, and the electronic setup.
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the dilution refrigerator. Then, the readout signal passed
through another dual isolator and a low-pass filter, before
amplification by a cryogenic high-electron-mobility tran-
sistor (HEMT) amplifier with 36-dB gain, installed at the
4-K stage, and a room-temperature amplifier with 44-dB
gain. The amplified signal was detected by the VNA, at
the port labeled Pout in Fig. 5. The gate voltages Vg and
Vs were applied by a Yokogawa GS200 dc voltage source
(device 1) and a QDevil digital-to-analog converter dc
voltage source (device 2). The dc signals were filtered
by a home-made low-pass filter at room temperature and
QDevil RC and rf filters at the mixing-chamber stage of
the dilution refrigerator before passing through bias tees
to combine dc and rf drive signals. For device 1, the
magnetic flux threading the superconducting device loop
was supplied by an on-chip flux line, which was current
biased using a Keysight B2902A SMU. The current passed
through a NbTi superconducting line, filtered by a QDevil
rf filter at the mixing-chamber stage of the dilution refrig-
erator. For device 2, the magnetic flux was controlled by
applying a current with the Keysight B2902A SMU to
a superconducting coil integrated in the QCage.24 sam-
ple holder. The sample space was additionally shielded
from external magnetic fields by a home-made mag-
netic shield comprising a µ-metal and superconducting
sheet.

APPENDIX C: RESONATOR COMPENSATION

The two-tone spectroscopy measurements shown in
Figs. 2 and 4 were acquired using resonator compensa-
tion. Each time, the slow-axis variable—i.e., gate voltage
or magnetic flux (phase)—was changed, the drive tone was
switched off and a resonator trace was measured, for which
the readout frequency fr was swept around the resonance
frequency of the resonator, and the complex scattering
parameter S21 was recorded to precisely determine fres, the
frequency of the minimum in the magnitude |S21|. Then,
the readout frequency fr was fixed at fr = fres + 50 kHz,
on the slope of the resonator trace, where the sensitivity
of |S21| to shifts in fres was high. After fixing the readout
frequency, the drive tone with power Pd was applied to
the device and a two-tone spectroscopy measurement was
performed by recording S21 at the aforementioned fixed
readout frequency fr while sweeping the drive frequency
fd. For these measurements, the readout power was fixed
at Pin = −40 dBm for device 1 (Fig. 2) and Pin = −42
dBm for device 2 (Fig. 4). Two-tone spectroscopy mea-
surements were acquired with an integration time per point
of 100 µs and 500 averages.

During postprocessing of the two-tone spectroscopy
data, the background was removed by subtracting the
median along the drive-frequency axis for each value of
the gate voltage or phase.

FIG. 6. Device 1: amplitude R of the resonator transmission
S21 as a function of offset readout frequency fr − f0 and gate
voltage Vg, with f0 = 6.90115 GHz. The measurement was
performed at ϕ = π together with the two-tone spectroscopy
measurement in Fig. 2(e).

APPENDIX D: DEVICE 1 GATE DEPENDENCE

The two-tone spectroscopy measurements as a function
of gate voltage at ϕ = π in Fig. 2(e) and ϕ = 0 in Fig. 2(f)
were acquired together with resonator traces at each value
of the gate voltage Vg to perform resonator compensation.
In Fig. 6, the resonator traces at ϕ = π are combined,
yielding the amplitude R of the resonator transmission
S21 as a function of the offset readout frequency fr − f0
and the gate voltage Vg. Anticrossings indicate interaction
between the ABS and the resonator when the ABS tran-
sition frequency f1 was equal to the resonance frequency
of the resonator fres. When f1 was smaller than fres, which
is evident from the two-tone spectroscopy measurement in
Fig. 2(e), the resonance frequency of the resonator fres was
shifted to higher frequencies than when f1 > fres.

APPENDIX E: DEVICE 3 GATE DEPENDENCE

We also investigated a third device, with a junction
length identical to device 1, L = 350 nm, but with a
slightly larger width, W = 150 nm. This device had a
bare resonance frequency f0 = 5.83800 GHz. The internal
and loaded quality factors were Qi = 189 000 and QL =
36 000, respectively, at Vg = 0. The gate dependence of
this device is depicted in Fig. 7. Multiple anticrossings in
Fig. 7(a) indicate that the ABS transition frequency crossed
the resonator several times, similar to the gate dependence
of device 1 in Fig. 6. The two-tone spectroscopy mea-
surement in Fig. 7(b) revealed an oscillating ABS, which
crossed the resonator at gate voltages corresponding to
anticrossings in Fig. 7(a). The microwave line through
which the drive tone was applied had 20 dB more attenu-
ation than the microwave line used to apply the drive tone
for devices 1 and 2. Therefore, a higher drive power Pd was
used for the measurement in Fig. 7(b) than for the two-tone
spectroscopy measurements in the main text. Moreover, for
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(a)

(b)

FIG. 7. (a) Device 3: amplitude R of the resonator transmis-
sion S21 as a function of offset readout frequency fr − f0 and
gate voltage Vg, measured at ϕ = π , with f0 = 5.83800 GHz. (b)
Amplitude R as a function of drive frequency fd (Pd = −16 dBm)
and gate voltage Vg, measured together with (a).

this device, more standing waves were observed in the two-
tone spectroscopy measurement. Nonetheless, the behavior
of device 3 is similar to that of device 1.

APPENDIX F: THEORETICAL MODEL FOR
FINITE JUNCTIONS

To theoretically describe a finite-length JJ, we consider
a few conducting channels, each of which can potentially
host multiple ABSs. For the length scales relevant to our
experiment, each channel can accommodate up to two
ABSs. Furthermore, we observe transitions correspond-
ing to ABSs in two channels. This type of system has
been studied in detail for InAs nanowires [10,14,21,39].
In our Ge-based system, no spin splitting of the ABSs
is observed, likely due to the weak spin-orbit interaction,
consistent with strain-induced suppression of spin-orbit
coupling in Ge samples with strong confinement in a single
direction [40].

For the long junction, we take into account the effect of
interactions, as QPs have a finite dwell time in the junction
region. As predicted theoretically [21] and observed exper-
imentally [14,16], Coulomb interaction in intermediate-
length junctions leads to finite shifts in the ABS spectrum.
This interaction can be treated perturbatively due to the
strong screening provided by the superconducting leads.
The resulting effect is twofold. First, the wave function of
a QP in the ABS of a ballistic junction extends into the
superconducting leads, where the Coulomb interaction is
screened. This reduces the effective interaction strength by
a factor of �2/�2, where � is the coupling to the leads;

TABLE I. Parameters used for obtaining ABS transition
frequencies.

Figure τ1 τ2 �̃1/h �̃2/h �̃3/h u1 u2

4(b) 0.98 0.72 0.48� 0.54� 0.10� 0.08 0.03
4(d) 0.62 0.51 0.50� 0.52� 0.07� 0.01 0.01

for a ballistic channel, typically � � �. Second, the QP
charge is reduced, as it is a coherent superposition of an
electron and a hole. This results in an energy-dependent
effective charge. Consequently, the Coulomb energy is
rescaled by approximately [�2 − E2

i (ϕ)]/�2. Altogether,
the Coulomb interaction for each ABS can be written as

Ui(ϕ) = Uc,i
�2 − E2

i (ϕ)

�2
i

, (F1)

where Uc,i = e2/Ci is the charging energy of an effec-
tive model quantum dot determined by microscopic details
of the corresponding channel and Ci represents its self-
capacitance [21]. Thus, the coefficients ui in the main
text are given by ui = (e2/Ci)(1/�2

i ). Following Refs.
[16,21,22], we see that the lowest-order correction due to
Coulomb interaction adds Ui(ϕ) for every evenly occupied
ABS.

The phase dispersion of ABSs in a junction of interme-
diate length is more complex than for the short-junction
regime [10,39]; however, the dispersion of the lowest-
energy ABS in each channel (E1 and E2 in the main text)
can be approximated by Eq. (1). The higher-energy ABS in
the experiment (E3) resides in close proximity to the con-
tinuum, with weak phase dispersion. Therefore, it can be
approximated using a weak cosine dispersion with maxima
at π(2n + 1), resulting in

E3(ϕ) = � − �̃3[1 + cos(ϕ)]. (F2)

The curvature sign of the phase dispersion indicates that
this state is the second ABS in the channel. Due to its close
proximity to the continuum, the effective charge of a QP in
this ABS is very small. Hence, Coulomb interaction in this
ABS can be neglected.

Two different gate-voltage regimes are presented in
Fig. 4 of the main text. The ABS transition frequencies are
obtained with the parameters listed in Table I, where the
induced superconducting gap � = 14.5 GHz.

APPENDIX G: DEVICE 2 DRIVE-POWER
DEPENDENCE

Figure 8 depicts additional measurements of device 2
at the same gate-voltage configuration as Fig. 4(a), Vg =
−0.7990 V. The amplitude R of the resonator transmission
S21 is shown as a function of the offset readout frequency
fr − f0 and the phase difference across the junction ϕ in
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(a)

(b) (d)

(c)

FIG. 8. (a) Device 2: amplitude R of the resonator transmis-
sion S21 as a function of offset readout frequency fr − f0 and
phase ϕ, at the same gate voltage as Fig. 4(a), Vg = −0.7990
V, with f0 = 6.86731 GHz. (b) Amplitude R of the resonator
transmission S21 as a function of drive frequency fd (Pd = −35
dBm) and phase ϕ, measured together with (a). Compared to
Fig. 4(a), fewer transitions are visible in the spectrum. (c),(d)
Same as (a),(b), but with Pd = −25 dBm. The same transitions
as in Fig. 4(a) were observed.

Fig. 8(a). The resonator scans were acquired together with
a two-tone spectroscopy measurement, shown in Fig. 8(b),
for which the drive power was set to Pd = −35 dBm, lower
than the drive power used for Fig. 4(a), Pd = −28 dBm.
At this lower drive power, the PTs and the SQPT from
E1 to E2 [Fig. 3(d) and green dashed line in Fig. 4(b)]
are the most prominent transitions in the spectrum. This
is expected for the PTs, with larger phase dispersion and
therefore higher associated current, resulting in stronger
coupling to the resonator in comparison to other transi-
tions in the spectrum. Furthermore, the large linewidth
and high intensity of the SQPT around fd = 4 GHz in
Fig. 4(a) indicate that this transition was also associated
with larger current and thus coupled strongly to the res-
onator. For the two-tone spectroscopy measurement shown
in Fig. 8(d), the drive power was increased to Pd = −25
dBm. Despite applying higher drive power, the same tran-
sitions were observed in Fig. 8(d) as in Fig. 4(a). The
anticrossings observed in Fig. 8(c) deviate slightly from
those in Fig. 8(a), even though the drive power was off dur-
ing these measurements. We suspect that this phenomenon
is associated with instabilities in the gate voltage or applied
flux.

APPENDIX H: DEVICE 2 GATE DEPENDENCE

Figure 9(a) depicts the gate response of device 2, mea-
sured over a wide range of gate voltages at phase ϕ =
π . As the gate voltage Vg was swept to more negative

(a)

(b) (c)

FIG. 9. (a) Device 2: amplitude R of the resonator transmis-
sion S21 as a function of offset readout frequency fr − f0 and gate
voltage Vg. (b) Amplitude R of the resonator transmission S21 as
a function of drive frequency fd (Pd = −35 dBm) and gate volt-
age Vg, measured with 250 averages. (c) Same as (b), but for a
different gate-voltage range and measured with Pd = −30 dBm
and 500 averages. All measurements were performed at ϕ = π .

values, the resonator trace became less pronounced, indica-
tive of a decrease in the internal quality factor due to
higher losses, which can be attributed to a larger cur-
rent circulating in the superconducting loop of the device
[17]. This larger current was paired with an increase in
the number of ABSs in the junction, giving rise to more
anticrossings in the left half of Fig. 9(a). The combina-
tion of many ABSs and gate-voltage-induced hysteresis
caused gate-voltage instabilities in this device. Therefore,
the two-tone spectroscopy measurements in Fig. 4 cannot
be associated with specific values of the gate voltages Vg
and Vs. Nonetheless, we present two gate-dependent two-
tone spectroscopy measurements in Figs. 9(b) and 9(c),
which were acquired at similar values of the gate voltage
Vg as Figs. 4(a) and 4(c), respectively, with Vs = 0. Many
dispersing ABS transitions were observed in these gate-
voltage ranges, in agreement with the phase-dependence
measurements. Instabilities in the gate voltage are evident
in Fig. 9(b), where the spectrum seems to repeat itself
below Vg = −0.7985 V.
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Andreev bound state spectroscopy in a semiconductor-
based planar Josephson junction, Phys. Rev. Res. 7, 013248
(2025).

[21] Pavel D. Kurilovich, Vladislav D. Kurilovich, V. Fatemi,
Michel H. Devoret, and Leonid I. Glazman, Microwave
response of an Andreev bound state, Phys. Rev. B 104,
174517 (2021).

[22] Pavel D. Kurilovich, Vladislav D. Kurilovich, Aleksandr
E. Svetogorov, W. Belzig, Michel H. Devoret, and Leonid
I. Glazman, On-demand population of Andreev levels by
their ionization in the presence of Coulomb blockade, Phys.
Rev. B 110, 184508 (2024).

[23] A. Tosato, V. Levajac, J.-Y. Wang, C. J. Boor, F. Bor-
soi, M. Botifoll, C. N. Borja, S. Martí-Sánchez, J. Arbiol,
A. Sammak, M. Veldhorst, and G. Scappucci, Hard super-
conducting gap in germanium, Commun. Mater. 4, 23
(2023).

[24] M. Lodari, A. Tosato, D. Sabbagh, M. A. Schubert, G.
Capellini, A. Sammak, M. Veldhorst, and G. Scappucci,
Light effective hole mass in undoped Ge/SiGe quantum
wells, Phys. Rev. B 100, 041304(R) (2019).

[25] G. Scappucci, C. Kloeffel, F. A. Zwanenburg, D. Loss, M.
Myronov, J.-J. Zhang, S. De Franceschi, G. Katsaros, and
M. Veldhorst, The germanium quantum information route,
Nat. Rev. Mater. 6, 926 (2021).

[26] L. Lakic, W. I. L. Lawrie, D. van Driel, L. E. A. Stehouwer,
Y. Su, M. Veldhorst, G. Scappucci, F. Kuemmeth, and A.
Chatterjee, A quantum dot in germanium proximitized by a
superconductor, Nat. Mater. 24, 552 (2025).

[27] M. Hinderling, S. C. Ten Kate, D. Z. Haxell, M. Coraiola,
S. Paredes, E. Cheah, F. Krizek, R. Schott, W. Wegscheider,
D. Sabonis, and F. Nichele, Flip-chip-based fast inductive
parity readout of a planar superconducting island, PRX
Quantum 5, 030337 (2024).

064005-13

https://doi.org/10.1103/PhysRevLett.67.3836
https://doi.org/10.1103/PhysRevB.43.10164
https://doi.org/10.1103/PhysRevB.88.045101
https://doi.org/10.1103/PhysRevLett.124.226801
https://doi.org/10.1038/s41467-023-42356-6
https://doi.org/10.1126/science.aab2179
https://doi.org/10.1103/PhysRevLett.121.047001
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1038/s41567-020-0952-3
https://doi.org/10.1126/science.abf0345
https://doi.org/10.1103/PhysRevResearch.4.023170
https://doi.org/10.1103/PhysRevLett.128.197702
https://doi.org/10.1038/s42005-022-01035-6
https://doi.org/10.1103/PhysRevLett.129.227701
https://doi.org/10.1103/PhysRevApplied.19.054026
https://doi.org/10.1103/PhysRevB.109.045302
https://doi.org/10.1103/PRXQuantum.5.030357
https://doi.org/10.1103/PhysRevResearch.7.013248
https://doi.org/10.1103/PhysRevB.104.174517
https://doi.org/10.1103/PhysRevB.110.184508
https://doi.org/10.1038/s43246-023-00351-w
https://doi.org/10.1103/PhysRevB.100.041304
https://doi.org/10.1038/s41578-020-00262-z
https://doi.org/10.1038/s41563-024-02095-5
https://doi.org/10.1103/PRXQuantum.5.030337


S. C. TEN KATE et al. PHYS. REV. APPLIED 24, 064005 (2025)

[28] S. Probst, F. B. Song, P. A. Bushev, A. V. Ustinov, and
M. Weides, Efficient and robust analysis of complex scat-
tering data under noise in microwave resonators, Rev. Sci.
Instrum. 86, 024706 (2015).

[29] S. W. Bedell, S. Hart, S. Bangsaruntip, C. Durfee, J. A.
Ott, M. Hopstaken, M. S. Carroll, and P. Gumann, (Invited)
Low-temperature growth of strained germanium quantum
wells for high mobility applications, ECS Trans. 98, 215
(2020).

[30] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Theory of
superconductivity, Phys. Rev. 108, 1175 (1957).

[31] M. Watanabe, K. Inomata, T. Yamamoto, and Jaw S. Tsai,
Power-dependent internal loss in Josephson bifurcation
amplifiers, Phys. Rev. B 80, 174502 (2009).

[32] G. Romero, I. Lizuain, V. S. Shumeiko, E. Solano, and
F. S. Bergeret, Circuit quantum electrodynamics with a
superconducting quantum point contact, Phys. Rev. B 85,
180506(R) (2012).

[33] S. Park, C. Metzger, L. Tosi, M. F. Goffman, C. Urbina,
H. Pothier, and A. L. Yeyati, From adiabatic to dispersive
readout of quantum circuits, Phys. Rev. Lett. 125, 077701
(2020).

[34] C. Metzger, S. Park, L. Tosi, C. Janvier, A. A. Reynoso,
M. F. Goffman, C. Urbina, A. Levy Yeyati, and H. Poth-
ier, Circuit-QED with phase-biased Josephson weak links,
Phys. Rev. Res. 3, 013036 (2021).

[35] R. Haller, G. Fülöp, D. Indolese, J. Ridderbos, R. Kraft,
L. Y. Cheung, J. H. Ungerer, K. Watanabe, T. Taniguchi,
D. Beckmann, R. Danneau, P. Virtanen, and C. Schönen-
berger, Phase-dependent microwave response of a graphene
Josephson junction, Phys. Rev. Res. 4, 013198 (2022).

[36] Philip F. Bagwell, Suppression of the Josephson current
through a narrow, mesoscopic, semiconductor channel by
a single impurity, Phys. Rev. B 46, 12573 (1992).

[37] M. R. Sahu, F. J. Matute-Cañadas, M. Benito, P. Krogstrup,
J. Nygård, M. F. Goffman, C. Urbina, A. L. Yeyati, and

H. Pothier, Ground-state phase diagram and parity-flipping
microwave transitions in a gate-tunable Josephson junction,
Phys. Rev. B 109, 134506 (2024).

[38] L. Massai, B. Hetényi, M. Mergenthaler, F. J. Schupp, L.
Sommer, S. Paredes, S. W. Bedell, P. Harvey-Collard, G.
Salis, A. Fuhrer, and N. W. Hendrickx, Impact of interface
traps on charge noise and low-density transport proper-
ties in Ge/SiGe heterostructures, Commun. Mater. 5, 151
(2024).

[39] S. Park and A. L. Yeyati, Andreev spin qubits in mul-
tichannel Rashba nanowires, Phys. Rev. B 96, 125416
(2017).

[40] S. Bosco, M. Benito, C. Adelsberger, and D. Loss,
Squeezed hole spin qubits in Ge quantum dots with ultrafast
gates at low power, Phys. Rev. B 104, 115425 (2021).

[41] C. Adelsberger, S. Bosco, J. Klinovaja, and D. Loss,
Enhanced orbital magnetic field effects in Ge hole
nanowires, Phys. Rev. B 106, 235408 (2022).

[42] S. Hoffman and C. Tahan, Resolving Andreev spin qubits
in germanium-based Josephson junctions, ArXiv:2506.
13988.

[43] M. Luethi, K. Laubscher, S. Bosco, D. Loss, and J. Kli-
novaja, Planar Josephson junctions in germanium: Effect
of cubic spin-orbit interaction, Phys. Rev. B 107, 035435
(2023).

[44] D. Costa, P. D. Vecchio, K. Hudson, L. E. A. Ste-
houwer, A. Tosato, D. D. Esposti, M. Lodari, S. Bosco,
and G. Scappucci, Buried unstrained germanium chan-
nels: A lattice-matched platform for quantum technology,
ArXiv:2506.04724.

[45] O. O. Shvetsov, A. Khola, V. Buccheri, I. P. C. Cools, N.
Trnjanin, A. Geresdi, T. Kanne, and J. Nygård, Approach-
ing the ultrastrong-coupling regime between an Andreev
level and a microwave resonator, Phys. Rev. Appl. 24,
044015 (2025).

[46] https://doi.org/10.5281/zenodo.17580733.

064005-14

https://doi.org/10.1063/1.4907935
https://doi.org/10.1149/09805.0215ecst
https://doi.org/10.1103/PhysRev.108.1175
https://doi.org/10.1103/PhysRevB.80.174502
https://doi.org/10.1103/PhysRevB.85.180506
https://doi.org/10.1103/PhysRevLett.125.077701
https://doi.org/10.1103/PhysRevResearch.3.013036
https://doi.org/10.1103/PhysRevResearch.4.013198
https://doi.org/10.1103/PhysRevB.46.12573
https://doi.org/10.1103/PhysRevB.109.134506
https://doi.org/10.1038/s43246-024-00563-8
https://doi.org/10.1103/PhysRevB.96.125416
https://doi.org/10.1103/PhysRevB.104.115425
https://doi.org/10.1103/PhysRevB.106.235408
https://arxiv.org/abs/2506.13988
https://doi.org/10.1103/PhysRevB.107.035435
https://arxiv.org/abs/2506.04724
https://doi.org/10.1103/f81h-xjcv
https://doi.org/10.5281/zenodo.17580733

	I. INTRODUCTION
	II. DEVICES AND RESONATOR CHARACTERIZATION
	III. MICROWAVE SPECTROSCOPY OF DEVICE 1
	IV. COULOMB INTERACTION IN A LONG JUNCTION
	V. MICROWAVE SPECTROSCOPY OF DEVICE 2
	VI. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX A: DEVICE FABRICATION
	B. APPENDIX B: PACKAGING AND MEASUREMENT SETUP
	C. APPENDIX C: RESONATOR COMPENSATION
	D. APPENDIX D: DEVICE 1 GATE DEPENDENCE
	E. APPENDIX E: DEVICE 3 GATE DEPENDENCE
	F. APPENDIX F: THEORETICAL MODEL FOR FINITE JUNCTIONS
	G. APPENDIX G: DEVICE 2 DRIVE-POWER DEPENDENCE
	H. APPENDIX H: DEVICE 2 GATE DEPENDENCE
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


