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We report direct detection of charge tunneling between a quantum dot and a superconducting island through
radio-frequency gate sensing. We are able to resolve spin-dependent quasiparticle tunneling as well as two-
particle tunneling involving Cooper pairs. The quantum dot can act as an RF-only sensor to characterize the
superconductor addition spectrum, enabling us to access subgap states without transport. Our results provide
guidance for future dispersive parity measurements of Majorana modes, which can be realized by detecting the
parity-dependent tunneling between dots and islands.
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I. INTRODUCTION

Quantum dots coupled to superconductors can give rise
to novel physical phenomena such as π and φ0 junctions
[1–3], Cooper pair splitting [4–6], and Yu-Shiba-Rusinov
(YSR) states [7,8]. These phenomena arise because the single-
electron states of the dot hybridize with the more complicated
many-particle states of the superconductor. Recently, such
hybrid systems have gained interest in the context of Majorana
zero modes (MZMs) where the quantum dot (QD) can, for
example, be used as a spectrometer [9]. Moreover, projective
parity measurements can be achieved by coupling a QD to
a pair of MZMs, which are located on a superconducting
island (SC) [10,11], enabling topologically protected quan-
tum computation. These projective measurements rely on the
parity-dependent hybridization between a single dot level
and the MZMs [12,13]. Therefore, unambiguous detection
of coherent tunneling between a QD and a superconducting
island is needed to implement this readout.

Dispersive gate sensing (DGS) provides direct access to
charge hybridization between weakly coupled dots or islands.
More precisely, tunneling within these structures can impart
a frequency shift on a resonant circuit that can be observed
on short time scales with high accuracy. In this way, exper-
iments have revealed coherent charge hybridization between
superconductors [14–16] and semiconductor double quantum
dots [17–20]. Moreover, capacitive RF sensing has been used
to study charging of QDs connected to normal and super-
conducting reservoirs [21–23]. As such, DGS presents an
excellent opportunity for studying charge tunneling in hybrid
structures containing QDs.

In this paper, we report direct detection of different types of
charge-tunneling processes between a QD and a SC through
DGS on the QD. From observations of the resonator response,
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supported by numerical simulations, we find that the nature
of the tunneling depends crucially on the ordering of the
relevant energy scales of the SC. When the smallest scale is
the energy of the lowest single-particle state, the QD and SC
can exchange quasiparticles, giving rise to the characteristic
‘even-odd’ effect. Conversely, when the charging energy of
the SC is lowest, we detect signatures of Cooper pairs tun-
neling out of the SC. Depending on the tunneling amplitude,
this results in either 1e charging of the QD, with the other
electron leaving into a reservoir, or 2e charging of the QD.
Tunneling to the single-particle states can, however, be re-
enabled by operating the device in a floating regime where
the total number of charges in the two systems is conserved.
These results show that DGS allows us to effectively perform
RF-only tunneling spectroscopy on the SC. To this end, we use
the QD and capacitively-coupled resonator as a probe to char-
acterize a subgap state in the SC without need for transport
via leads. Our method is complementary to recent experiments
that employed the dispersive response of inductively-coupled
resonators to probe the Andreev bound state occupation in
galvanically-isolated nanowire Josephson junctions [24,25].

A schematic of our experiment is shown in Figs. 1(a) and
1(b). The QD-SC hybrid double dot is formed in an InAs
nanowire with an epitaxially grown Al shell on two of its
facets. The superconducting island consists of a proximitized
wire segment, which is defined by removing the Al outside a
1.2μm window using wet etching. The low-carrier density in
the wire allows for gate-tunable subgap states in the SC [26].
Tunneling barriers are implemented with gates, insulated from
the wire by 10 nm AlOx. They are used to define the QD and to
control the various tunneling rates. Large-lever arm top gates
(‘plungers’) on both QD and SC can be used to tune the chem-
ical potentials. We have measured two nominally-identical
devices, labeled A and B. For both devices, we connected the
QD plunger to an off-chip, superconducting resonator with a
resonance frequency of 449.5 (443.2) MHz for device A (B)
[27,28]. We use its response near the resonance frequency to
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FIG. 1. Experimental setup and sample characterization. (a) A
gate sensor detects the tunneling of charges on/off the QD. Charge
hybridization between QD and SC results in an anticrossing in the
energy spectrum at zero detuning ε = 0 and shifts the LC resonator,
causing in a change in amplitude A and phase φ the response of a
probe signal at the bare resonator frequency f0. (b) False-colored
electron micrograph of a nominally equivalent hybrid double dot.
An additional dot, shown on the right of the device, is unused in
this experiment. (c) Coulomb blockade measurement of the SC. Left:
Device A, measured using RF reflectometry off the source (circuit
not shown). The even-odd pattern indicates E0 < ES

C. Right: Device
B, measured using standard lock-in techniques. The doubling of the
period at low bias Vb illustrates that E0 > ES

C. (d) Energy dispersion
of the superconducting island for device A (left) and device B (right).
The even (odd) energy levels are shown in blue (green). The odd
parity sector consists of a discrete subgap state at E0 and a continuum
of states above � (shaded).

probe charge tunneling on and off the dot. All measurements
are done at temperatures of T ≈ 20 mK and at zero magnetic
field unless otherwise indicated.

The relevant energy scales in our devices can be obtained
from Coulomb blockade measurements: Figure 1(c) shows
Coulomb diamonds of the superconducting island alone, mea-
sured through conductance. The diamonds of device A display
a clear even-odd pattern, indicating that the energy of the
lowest odd-parity state, E0, is smaller than the charging energy
of the superconducting island, ES

C = e2/2CS
� , where CS

� is
the total capacitance of the SC [Fig. 1(d)] [29,30]. For this
device, we estimate E0 = 72μeV and ES

C = 112μeV from
the extent of the diamonds. Conversely, the charging of the
superconducting island of device B is 2e periodic, indicating
that E0 > ES

C [30,31]; here, we estimate E0 ≈ 90μeV and
ES

C ≈ 70μeV. While in an ideal BCS superconductor E0 is

equal to the superconducting gap �, current measurements on
device A and the negative differential conductance observed
in device B indicate the presence of subgap states [10,28].
We attribute the difference in charging energies and E0 be-
tween the devices to a combination of a slightly smaller wire
diameter for device A and typical sample-to-sample variations
arising from fabrication. In both devices, the charging energy
of the dot, EQD

C ≈ 200–300μeV, is the largest energy scale
in the system, and the typical QD level spacing exceeds the
thermal energy [28].

II. DETECTING TUNNELING BETWEEN QD AND SC

In the following, we investigate the change in resonator
response when charges are able to tunnel between the QD
and SC at zero bias, beginning with device A. To this end,
we form a hybrid double dot by tuning the gates T1 and T2
close to pinchoff, and T3 into pinchoff. Figures 2(a) and 2(b)
show the resonator response as a function of the two plunger
gates in the weakly coupled regime. Both amplitude and phase
response display the charge stability diagram (CSD) of the
hybrid double dot, which shows a clear 1e pattern along the
QD gate, and an even-odd pattern along the SC gate; this is
again a manifestation of E0 < ES

C, and the CSD shape can be
readily reproduced by computing the charge ground states of
the system [28].

We focus on the interdot transitions, highlighted in
Figs. 2(a)–2(c), where we observe a strong amplitude and
phase response on all charge degeneracy points. Interestingly,
we see a strong difference in the resonator response across
interdot transitions with a different parity of the total particle
number, indicating a difference between the coupling between
the involved states [32].

This dependence on total parity can be understood as a
spin-dependent tunnel coupling [33]. To see this, we label the
states according to their pairing; for the SC states as even/odd,
and for the QD states as singlet/doublet: |e/o, S/D〉. We
can differentiate couplings between two sets of states: |e, D〉
to |o, S〉 and |e, S〉 to |o, D〉. The coupling is different for
these two sets because of spin degeneracy: From |e, S〉 either
of the two electrons forming the singlet can tunnel with
equal probability, giving rise to a twofold degeneracy in the
coupling between |e, S〉 and |o, D〉, i.e., between the states
with total even parity. On the other hand, from |e, D〉 only
one of the two electrons can tunnel from QD to SC due to
Pauli exclusion; in this case no degeneracy is present. As a
result, the transition rate between states of total even parity is
expected to be

√
2 times stronger than between states of total

odd parity, corresponding to a
√

2 times smaller frequency
shift. We model the resonator response across the interdot
transition by using a circuit QED model derived from input-
output theory [17,28]. We find a good agreement between
our data and the model using todd

C = t even
C /

√
2. However, the

weak parameter dependence of the model makes it unreliable
to confirm the spin dependence of the tunnel coupling. To
obtain quantitative agreement, we measure the frequency-
dependent resonator response at a pair of interdot transitions
that show this parity effect [Fig. 2(d)]. From fits to the
resonator responses we extract frequency shifts with a ratio
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(a) (b)
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(d)

FIG. 2. Spin-dependent tunneling between a QD and a SC.
(a), (b) Charge stability diagram of device A measured in phase
(a) and amplitude (b). The charge states are labeled (nSC, nQD)
with respect to the state (N, M ) with N and M even. Dashed pink
lines: Expected locations of the lead-island transitions, in accordance
with data obtained from a resonator connected to the SC gate, and
simulations of the charge ground state of the system [28]. (c) Line-
cuts of the phase (green dots) and amplitude (blue dots) along two
interdot transitions. Dashed line and left-pointing triangle marker,
left panel: Transition between (0, 2) and (1, 1), representative of
transitions between states of total even parity. Continuous line and
right-pointing triangle marker, right panel: Transition between (1, 2)
and (2, 1), representative of transitions between states of total odd
parity. The lines are fits to a circuit QED model with todd

C = t even
C /

√
2

[28]. We find a good fit with t even
C = 20 GHz and g0 = 100 MHz.

(d) Full-frequency response of the resonator (symbols) together with
fits (lines) obtained from a pair of interdot transitions that show the
parity effect [outside the gate space shown in (a), (b)].

of ( f0 − f odd)/( f0 − f even) = 1.45 ≈ √
2, consistent with the

expected spin-dependent tunneling amplitude.
For device B, the situation changes significantly. The

energy ordering E0 > ES
C implies that quasiparticle states are

not accessible [Fig. 1(d)]. We form a hybrid double dot by tun-
ing T1, T2, and T3 close to pinchoff. The CSD for a weak QD-
SC coupling is shown in Fig. 3(a). The diagram is 2e periodic
in the SC gate, indicating that the island is charged via An-
dreev reflections from the lead. The QD is again 1e periodic.
To model the measured CSDs, we compute the charge ground
state by diagonalizing an effective Hamiltonian of the system
that includes charging effects, the superconducting gap in the
island, and coupling terms [28]. This model, with the energy
scales extracted from the Coulomb blockade measurements

and an adjustable tunneling amplitude [rightmost panel in
Fig. 3(a)], describes the observed CSD well.

The different gate charge periodicity for the QD and SC
leads to interdot transitions that change the total charge of
the dot-island system. This implies that a reservoir must be
involved in the corresponding charge-transfer process. The
observed resonator signal, with a linecut shown in Fig. 3(b),
results from tunneling on and off the QD and thus should
not contain information of SC-lead coupling [32]. A possible
candidate for the precise underlying process that gives rise to
our data is crossed Andreev reflection (CAR) [4,5]. There, a
hole from the QD is converted to an electron in the lead, con-
sistent with the charge states involved in the experiment. This
process is exponentially suppressed in the length of the is-
land exp (−L/πξ ), where ξ is the superconducting coherence
length [34]. Still, with L = 1.2μm and assuming a coherence
length of ξ ∼ 260 nm [11] this remains a plausible scenario.

III. FLOATING REGIME

Interestingly, increasing the tunnel coupling allows for
bringing the system into a regime where a particle-conserving
interdot transition emerges. The CSD in a more strongly
coupled regime, together with a simulation of the charge
ground states, is shown in Fig. 3(c). In this regime, we assume
an induced gap in the quantum dot, consistent with earlier
studies on YSR states [8]. Here, we observe that the regions
with odd charge number in the QD shrink, while the regions
with an even number of QD charges connect, resulting in an
even-odd pattern in both gates. Now, the interdot transition
appears purely dispersive [Fig. 3(d)]: We observe only a small
phase shift, without any amplitude response. Overall, our data
is consistent with coherent Cooper pair transfer between the
dot and the island.

As we have seen, the main difference between the two
devices is that the odd states of the SC cannot be directly
accessed in the regime E0 > ES

C. This changes in the absence
of lead reservoirs because quasiparticles that tunnel from
the QD onto the SC are confined to the system [16]. The
additional energy associated with decharging the QD makes
Cooper pair tunneling energetically unfavorable when E0 <

ES
C + EQD

C . We realize this situation experimentally in device
B by closing the outer tunnel barriers, through gates T1 and
T3. The resulting CSD and corresponding calculation of the
ground state transitions are shown in Figs. 4(a) and 4(b). It can
readily be seen that no transitions to a reservoir take place, and
the even-odd pattern is indicative of the alternating occupation
of even and odd states of the SC.

Importantly, even though SC and QD are now galvanically
isolated from the environment, the gate sensor still allows us
to study the quasiparticle states in the SC. To show this, we
measure the evolution of the even-odd spacing as a function
of temperature [Fig. 4(c)]. This spacing is a measure for the
free energy difference of the SC. In particular, the temper-
ature evolution of the free energy difference can be used to
identify and characterize subgap states [35]; for proximitized
nanowires, this has earlier been studied in transport [10].
The extracted free energy difference Fo − Fe as a function of
temperature is shown in Fig. 4(d). A fit to the model from
Ref. [10] yields a gap of � = 220μeV, a subgap state energy
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(a) (b) (d)

(c)

FIG. 3. Cooper pair tunneling in a hybrid double dot. (a) Charge stability diagram measured in phase (left) and amplitude (middle) along
with a simulation of the charge ground state (right) in the weakly coupled regime. The charge states are labeled (nSC, nQD) with respect to
the state (N, M ) with N even. Dashed pink lines: Locations of the transitions from the (0, 0) state as a guide to the eye. The gray scale in the
simulation indicates the sum of the charge in the combined system. (b) Linecuts of the phase (green) and amplitude (blue) along the (−2, 0)
to (0, −1) interdot transition. This transition involves a reservoir with a continuous spectrum, indicated by the shaded region above the lowest
available energy state. The schematic shows how these states couple via crossed Andreev reflection. (c) Same as in (a) for the strongly coupled
regime. Dashed pink lines: Locations of the lead transitions from the (−2, −1) and (0, −1) states as a guide to the eye. (d) Linecuts of the
phase (green) and amplitude (blue) along the (2, −2) to (0, 0) interdot transition. These states couple via Cooper pair tunneling.

(a) (b)

(c) (d)

FIG. 4. Spectroscopy of a subgap state in the floating regime.
(a) Charge stability diagram measured in phase in device B. The di-
agonal lines indicate that the total charge in the system is conserved.
(b) Calculated positions of the transitions in good agreement with the
measured stability diagram. Inset: Energy spectrum with even states
in black and odd states in green, showing that the even-odd pattern
is caused by the parity effect even though E0 > ES

C. (c) Temperature
dependence of the even-odd pattern. (d) The evolution of the free
energy difference with temperature (black dots), with a fit to the
model described in Ref. [10] (green line). The free energy difference
is extracted from the even-odd pattern via Fo − Fe = (Se − So)eαsc/4
with αsc = 0.9 the lever arm of the SC gate.

of E0 = 106μeV, and an Al volume of V = 2.9 × 105 nm3,
consistent with the dimensions of the island. We note that the
slightly larger energy of the subgap state is consistent with
the more negative plunger gate voltage for this measurement.
The excellent quality of the fit corroborates our initial as-
sessment of the presence of a subgap state [Fig. 1(b)]. This
result shows clearly that the resonator response of the QD gate
sensor can be used to characterize states of the SC, even when
leads for transport experiments are not available.

IV. SUMMARY AND OUTLOOK

In summary, we have performed dispersive gate sensing
on a quantum dot that can exchange particles with a super-
conducting island. Analysis of the resonator response has
allowed us to directly detect the charge-tunneling processes
that take place between the dot and the superconductor. We
have observed single or multiparticle tunneling processes,
depending on the dominating energy scales of the hybrid
double dot. Our results show that DGS provides an excellent
tool for studying subgap excitations. In particular, using a
QD and gate sensor allows performing spectroscopy without
transport, which is relevant in cases where particle number
should be conserved, such as likely required for qubit de-
vices that operate based on parity. The ability of DGS to
resolve differences in tunnel couplings—as seen for the case
of spin-dependent tunneling—provides a very simple means
for precisely characterizing hybridization while leaving the
system in the ground state. Going forward, these demonstrated
abilities will be crucial for the realization and operation of
Majorana qubits based on proximitized nanowires [12,13].
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Our results thus set the stage for the implementation of
quantum measurements of topological qubits.

ACKNOWLEDGMENTS

We thank B. van Heck, K. Flensberg, A. Geresdi, A. Kou,
and T. Karzig for useful discussions and J. M. Hornibrook

and D. J. Reilly for providing the frequency multiplexing
chips. This work has been supported by the Netherlands
Organization for Scientific Research (NWO), Microsoft, the
Danish National Research Foundation, the European Research
Council, and a Justus and Louise van Effen excellence
scholarship.

[1] S. De Franceschi, L. P. Kouwenhoven, C. Schönenberger, and
W. Wernsdorfer, Hybrid superconductor–quantum dot devices,
Nat. Nanotechnol. 5, 703 (2010).

[2] J. A. Van Dam, Y. V. Nazarov, E. P. A. M. Bakkers, S. De
Franceschi, and L. P. Kouwenhoven, Supercurrent reversal in
quantum dots, Nature (London) 442, 667 (2006).

[3] D. B. Szombati, S. Nadj-Perge, D. Car, S. R. Plissard,
E. P. A. M. Bakkers, and L. P. Kouwenhoven, Josephson φ0-
junction in nanowire quantum dots, Nat. Phys. 12, 568 (2016).

[4] L. Hofstetter, S. Csonka, J. Nygård, and C. Schönenberger,
Cooper pair splitter realized in a two-quantum-dot Y-junction,
Nature (London) 461, 960 (2009).

[5] L. G. Herrmann, F. Portier, P. Roche, A. L. Yeyati, T. Kontos,
and C. Strunk, Carbon Nanotubes as Cooper-Pair Beam Split-
ters, Phys. Rev. Lett. 104, 026801 (2010).

[6] R. S. Deacon, A. Oiwa, J. Sailer, S. Baba, Y. Kanai, K. Shibata,
K. Hirakawa, and S. Tarucha, Cooper pair splitting in paral-
lel quantum dot Josephson junctions, Nat. Commun. 6, 7446
(2015).

[7] D. C. Ralph, C. T. Black, and M. Tinkham, Spectroscopic
Measurements of Discrete Electronic States in Single Metal
Particles, Phys. Rev. Lett. 74, 3241 (1995).

[8] E. J. H. Lee, X. Jiang, M. Houzet, R. Aguado, C. M. Lieber,
and S. De Franceschi, Spin-resolved Andreev levels and parity
crossings in hybrid superconductor–semiconductor nanostruc-
tures, Nat. Nanotechnol. 9, 79 (2014).

[9] M. T. Deng, S. Vaitiekenas, E. B. Hansen, J. Danon, M. Leijnse,
K. Flensberg, J. Nygård, P. Krogstrup, and C. M. Marcus, Ma-
jorana bound state in a coupled quantum-dot hybrid-nanowire
system, Science 354, 1557 (2016).

[10] A. P. Higginbotham, S. M. Albrecht, G. Kiršanskas, W. Chang,
F. Kuemmeth, P. Krogstrup, T. S. Jespersen, J. Nygård, K.
Flensberg, and C. M. Marcus, Parity lifetime of bound states
in a proximitized semiconductor nanowire, Nat. Phys. 11, 1017
(2015).

[11] S. M. Albrecht, A. P. Higginbotham, M. Madsen, F. Kuemmeth,
T. S. Jespersen, J. Nygård, P. Krogstrup, and C. M. Marcus,
Exponential protection of zero modes in Majorana islands,
Nature (London) 531, 206 (2016).

[12] S. Plugge, A. Rasmussen, R. Egger, and K. Flensberg, Majorana
box qubits, New J. Phys. 19, 012001 (2017).

[13] T. Karzig, C. Knapp, R. M. Lutchyn, P. Bonderson, M. B.
Hastings, C. Nayak, J. Alicea, K. Flensberg, S. Plugge, Y.
Oreg, C. M. Marcus, and M. H. Freedman, Scalable designs for
quasiparticle-poisoning-protected topological quantum compu-
tation with Majorana zero modes, Phys. Rev. B 95, 235305
(2017).

[14] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R.-S. Huang,
J. Majer, S. Kumar, S. M. Girvin, and R. J. Schoelkopf, Strong

coupling of a single photon to a superconducting qubit using
circuit quantum electrodynamics, Nature (London) 431, 162
(2004).

[15] T. Duty, G. Johansson, K. Bladh, D. Gunnarsson, C. Wilson,
and P. Delsing, Observation of Quantum Capacitance in
the Cooper-Pair Transistor, Phys. Rev. Lett. 95, 206807
(2005).

[16] A. A. Esmail, A. J. Ferguson, and N. J. Lambert, Cooper pair
tunneling and quasiparticle poisoning in a galvanically isolated
superconducting double dot, Appl. Phys. Lett. 111, 252602
(2017).

[17] K. D. Petersson, L. W. McFaul, M. D. Schroer, M. Jung,
J. M. Taylor, A. A. Houck, and J. R. Petta, Circuit quantum
electrodynamics with a spin qubit, Nature (London) 490, 380
(2012).

[18] T. Frey, P. J. Leek, M. Beck, A. Blais, T. Ihn, K. Ensslin, and
A. Wallraff, Dipole Coupling of a Double Quantum dot to a
Microwave Resonator, Phys. Rev. Lett. 108, 046807 (2012).

[19] J. I. Colless, A. C. Mahoney, J. M. Hornibrook, A. C. Doherty,
H. Lu, A. C. Gossard, and D. J. Reilly, Dispersive Readout of
a Few-Electron Double Quantum dot with Fast rf Gate Sensors,
Phys. Rev. Lett. 110, 046805 (2013).

[20] A. J. Landig, J. V. Koski, P. Scarlino, C. Reichl, W.
Wegscheider, A. Wallraff, K. Ensslin, and T. Ihn, Microwave-
Cavity-Detected Spin Blockade in a Few-Electron Double
Quantum Dot, Phys. Rev. Lett. 122, 213601 (2019).

[21] M. F. Gonzalez-Zalba, S. Barraud, A. J. Ferguson, and A. C.
Betz, Probing the limits of gate-based charge sensing, Nat.
Commun. 6, 6084 (2015).

[22] L. E. Bruhat, J. J. Viennot, M. C. Dartiailh, M. M. Desjardins,
T. Kontos, and A. Cottet, Cavity Photons as a Probe for Charge
Relaxation Resistance and Photon Emission in a Quantum Dot
Coupled to Normal and Superconducting Continua, Phys. Rev.
X 6, 021014 (2016).

[23] L. E. Bruhat, T. Cubaynes, J. J. Viennot, M. C. Dartiailh,
M. M. Desjardins, A. Cottet, and T. Kontos, Circuit QED with a
quantum-dot charge qubit dressed by Cooper pairs, Phys. Rev.
B 98, 155313 (2018).

[24] M. Hays, G. de Lange, K. Serniak, D. J. van Woerkom, D.
Bouman, P. Krogstrup, J. Nygård, A. Geresdi, and M. H.
Devoret, Direct Microwave Measurement of Andreev-Bound-
State Dynamics in a Semiconductor-Nanowire Josephson Junc-
tion, Phys. Rev. Lett. 121, 047001 (2018).

[25] L. Tosi, C. Metzger, M. F. Goffman, C. Urbina, H. Pothier,
S. Park, A. L. Yeyati, J. Nygård, and P. Krogstrup, Spin-Orbit
Splitting of Andreev States Revealed by Microwave Spec-
troscopy, Phys. Rev. X 9, 011010 (2019).

[26] A. E. Antipov, A. Bargerbos, G. W. Winkler, B. Bauer, E. Rossi,
and R. M. Lutchyn, Effects of gate-induced electric fields on

174508-5

https://doi.org/10.1038/nnano.2010.173
https://doi.org/10.1038/nnano.2010.173
https://doi.org/10.1038/nnano.2010.173
https://doi.org/10.1038/nnano.2010.173
https://doi.org/10.1038/nature05018
https://doi.org/10.1038/nature05018
https://doi.org/10.1038/nature05018
https://doi.org/10.1038/nature05018
https://doi.org/10.1038/nphys3742
https://doi.org/10.1038/nphys3742
https://doi.org/10.1038/nphys3742
https://doi.org/10.1038/nphys3742
https://doi.org/10.1038/nature08432
https://doi.org/10.1038/nature08432
https://doi.org/10.1038/nature08432
https://doi.org/10.1038/nature08432
https://doi.org/10.1103/PhysRevLett.104.026801
https://doi.org/10.1103/PhysRevLett.104.026801
https://doi.org/10.1103/PhysRevLett.104.026801
https://doi.org/10.1103/PhysRevLett.104.026801
https://doi.org/10.1038/ncomms8446
https://doi.org/10.1038/ncomms8446
https://doi.org/10.1038/ncomms8446
https://doi.org/10.1038/ncomms8446
https://doi.org/10.1103/PhysRevLett.74.3241
https://doi.org/10.1103/PhysRevLett.74.3241
https://doi.org/10.1103/PhysRevLett.74.3241
https://doi.org/10.1103/PhysRevLett.74.3241
https://doi.org/10.1038/nnano.2013.267
https://doi.org/10.1038/nnano.2013.267
https://doi.org/10.1038/nnano.2013.267
https://doi.org/10.1038/nnano.2013.267
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1126/science.aaf3961
https://doi.org/10.1038/nphys3461
https://doi.org/10.1038/nphys3461
https://doi.org/10.1038/nphys3461
https://doi.org/10.1038/nphys3461
https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1038/nature17162
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1088/1367-2630/aa54e1
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1103/PhysRevB.95.235305
https://doi.org/10.1038/nature02851
https://doi.org/10.1038/nature02851
https://doi.org/10.1038/nature02851
https://doi.org/10.1038/nature02851
https://doi.org/10.1103/PhysRevLett.95.206807
https://doi.org/10.1103/PhysRevLett.95.206807
https://doi.org/10.1103/PhysRevLett.95.206807
https://doi.org/10.1103/PhysRevLett.95.206807
https://doi.org/10.1063/1.5009079
https://doi.org/10.1063/1.5009079
https://doi.org/10.1063/1.5009079
https://doi.org/10.1063/1.5009079
https://doi.org/10.1038/nature11559
https://doi.org/10.1038/nature11559
https://doi.org/10.1038/nature11559
https://doi.org/10.1038/nature11559
https://doi.org/10.1103/PhysRevLett.108.046807
https://doi.org/10.1103/PhysRevLett.108.046807
https://doi.org/10.1103/PhysRevLett.108.046807
https://doi.org/10.1103/PhysRevLett.108.046807
https://doi.org/10.1103/PhysRevLett.110.046805
https://doi.org/10.1103/PhysRevLett.110.046805
https://doi.org/10.1103/PhysRevLett.110.046805
https://doi.org/10.1103/PhysRevLett.110.046805
https://doi.org/10.1103/PhysRevLett.122.213601
https://doi.org/10.1103/PhysRevLett.122.213601
https://doi.org/10.1103/PhysRevLett.122.213601
https://doi.org/10.1103/PhysRevLett.122.213601
https://doi.org/10.1038/ncomms7084
https://doi.org/10.1038/ncomms7084
https://doi.org/10.1038/ncomms7084
https://doi.org/10.1038/ncomms7084
https://doi.org/10.1103/PhysRevX.6.021014
https://doi.org/10.1103/PhysRevX.6.021014
https://doi.org/10.1103/PhysRevX.6.021014
https://doi.org/10.1103/PhysRevX.6.021014
https://doi.org/10.1103/PhysRevB.98.155313
https://doi.org/10.1103/PhysRevB.98.155313
https://doi.org/10.1103/PhysRevB.98.155313
https://doi.org/10.1103/PhysRevB.98.155313
https://doi.org/10.1103/PhysRevLett.121.047001
https://doi.org/10.1103/PhysRevLett.121.047001
https://doi.org/10.1103/PhysRevLett.121.047001
https://doi.org/10.1103/PhysRevLett.121.047001
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1103/PhysRevX.9.011010
https://doi.org/10.1103/PhysRevX.9.011010


JASPER VAN VEEN et al. PHYSICAL REVIEW B 100, 174508 (2019)

semiconductor Majorana nanowires, Phys. Rev. X 8, 031041
(2018).

[27] J. M. Hornibrook, J. I. Colless, A. C. Mahoney, X. G. Croot, S.
Blanvillain, H. Lu, A. C. Gossard, and D. J. Reilly, Frequency
multiplexing for readout of spin qubits, Appl. Phys. Lett. 104,
103108 (2014).

[28] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.100.174508 for additional data and a de-
tailed discussion of the used models.

[29] D. V. Averin and Y. V. Nazarov, Single-Electron Charging of a
Superconducting Island, Phys. Rev. Lett. 69, 1993 (1992).

[30] B. van Heck, R. M. Lutchyn, and L. I. Glazman, Conductance
of a proximitized nanowire in the Coulomb blockade regime,
Phys. Rev. B 93, 235431 (2016).

[31] F. W. J. Hekking, L. I. Glazman, K. A. Matveev, and R. I.
Shekhter, Coulomb Blockade of Two-Electron Tunneling, Phys.
Rev. Lett. 70, 4138 (1993).

[32] M. Esterli, R. M. Otxoa, and M. F. Gonzalez-Zalba, Small-
signal equivalent circuit for double quantum dots at low-
frequencies, Appl. Phys. Lett. 114, 253505 (2019).

[33] A. Cottet, C. Mora, and T. Kontos, Mesoscopic admittance of a
double quantum dot, Phys. Rev. B 83, 121311(R) (2011).

[34] M. Leijnse and K. Flensberg, Coupling Spin Qubits via Super-
conductors, Phys. Rev. Lett. 111, 060501 (2013).

[35] P. Lafarge, P. Joyez, D. Esteve, C. Urbina, and M. H.
Devoret, Measurement of the Even-Odd Free-Energy Differ-
ence of an Isolated Superconductor, Phys. Rev. Lett. 70, 994
(1993).

174508-6

https://doi.org/10.1103/PhysRevX.8.031041
https://doi.org/10.1103/PhysRevX.8.031041
https://doi.org/10.1103/PhysRevX.8.031041
https://doi.org/10.1103/PhysRevX.8.031041
https://doi.org/10.1063/1.4868107
https://doi.org/10.1063/1.4868107
https://doi.org/10.1063/1.4868107
https://doi.org/10.1063/1.4868107
http://link.aps.org/supplemental/10.1103/PhysRevB.100.174508
https://doi.org/10.1103/PhysRevLett.69.1993
https://doi.org/10.1103/PhysRevLett.69.1993
https://doi.org/10.1103/PhysRevLett.69.1993
https://doi.org/10.1103/PhysRevLett.69.1993
https://doi.org/10.1103/PhysRevB.93.235431
https://doi.org/10.1103/PhysRevB.93.235431
https://doi.org/10.1103/PhysRevB.93.235431
https://doi.org/10.1103/PhysRevB.93.235431
https://doi.org/10.1103/PhysRevLett.70.4138
https://doi.org/10.1103/PhysRevLett.70.4138
https://doi.org/10.1103/PhysRevLett.70.4138
https://doi.org/10.1103/PhysRevLett.70.4138
https://doi.org/10.1063/1.5098889
https://doi.org/10.1063/1.5098889
https://doi.org/10.1063/1.5098889
https://doi.org/10.1063/1.5098889
https://doi.org/10.1103/PhysRevB.83.121311
https://doi.org/10.1103/PhysRevB.83.121311
https://doi.org/10.1103/PhysRevB.83.121311
https://doi.org/10.1103/PhysRevB.83.121311
https://doi.org/10.1103/PhysRevLett.111.060501
https://doi.org/10.1103/PhysRevLett.111.060501
https://doi.org/10.1103/PhysRevLett.111.060501
https://doi.org/10.1103/PhysRevLett.111.060501
https://doi.org/10.1103/PhysRevLett.70.994
https://doi.org/10.1103/PhysRevLett.70.994
https://doi.org/10.1103/PhysRevLett.70.994
https://doi.org/10.1103/PhysRevLett.70.994

