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Hybrid quantum dot (QD)-superconductor system can be used to realize Majorana zero modes in arti-
ficial Kitaev chains. These chains provide a promising platform for the realization of Majorana qubits.
Radio-frequency gate reflectometry is a fast, noninvasive, and sensitive technique that can be used to read
out such qubits. In this work, we use gate reflectometry to probe two QDs coupled via a semiconductor-
superconductor hybrid segment. We demonstrate that gate sensing can resolve charge stability diagrams
and clearly distinguish between elastic cotunneling and crossed-Andreev reflection, the two key processes
that allow one to form a Kitaev chain. Furthermore, we show that this information is accessible, even
when the system is completely decoupled from the normal leads. In this closed regime, we show that the
observed quantum-capacitance signal is indicative of parity switching between the even and odd ground
states. Our measurements in both open and closed regimes confirm that gate reflectometry captures the
essential features of interdot coupling and parity dynamics.
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I. INTRODUCTION

Hybrid systems with quantum dots (QDs) coupled to
superconductors [1–3] allow for engineering Majorana
zero modes in artificial Kitaev chains [4]. With the recent
realization of minimal Kitaev chains [5,6] there now exist
concrete proposals to use such systems to implement
Majorana-based qubits [2,7,8] and to demonstrate non-
Abelian operations [8–10]. In order to read out such qubits,
fast measurement techniques are crucial. Radio-frequency
(RF) reflectometry has been demonstrated as a power-
ful readout technique, enabling high-speed, noninvasive
detection of quantum dot charge and spin states by moni-
toring impedance changes in resonator circuits [11,12]. RF
sensing has been widely used to sense charge [13–17] and
spin [18–20] in QD arrays. More recently, RF reflectome-
try has been applied to QD-superconductor hybrid systems
to sense Cooper pair splitting [21,22] and quasiparticle
poisoning (QPP) [23–26]. Gate-based RF reflectometry
is particularly well suited for probing Kitaev chains, as
it integrates naturally with quantum dots—the essential
building blocks of these hybrid systems—enabling com-
pact, noninvasive access to probe the system.

*Contact author: s.goswami@tudelft.nl

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOI.

In this work, we use gate reflectometry techniques to
study a minimal Kitaev chain device in a two-dimensional
electron gas (2DEG) with two quantum dots coupled
by a semiconductor-superconductor hybrid segment. We
perform experiments in two measurement configurations:
with or without normal reservoirs. When the system is
coupled to normal leads, we can measure charge stabil-
ity diagrams (CSDs) with both lead reflectometry and gate
reflectometry. Gate reflectometry can clearly distinguish
the type of coupling between QDs, consistent with lead
reflectometry measurements. When the system is decou-
pled from the normal leads, gate reflectometry can still
be used to probe the quantum capacitance of the system,
and we observed quantum capacitance from even and odd
ground state transitions. The observation of both even and
odd parity in the same measurement indicates that the
ground state of the system can switch by quasiparticle poi-
soning. We verify this by partially coupling the normal
leads, allowing us to artificially inject quasiparticles into
the system.

II. METHODS

Figure 1(a) shows a false-color scanning electron micro-
scopic image of a device that is lithographically identi-
cal to the one measured. The device is fabricated on an
InSbAs-Al 2DEG [27]. There are three layers of gates: the
first layer (red) defines the one-dimensional channel; the
second layer (blue) independently controls the chemical
potential of each section; and the third layer (pink) defines
the tunnel barriers. Each gate layer is separated by 20 nm
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FIG. 1. Experimental setup and charge stability diagrams. (a)
False-color SEM image of the device with labeled electrostatic
gates and metallic leads. The two Al leads outlined with dashed
green lines in Fig. 1(a) are connected by a loop [see Fig. S1(a)
in the Supplemental Material [28]]. The scale bar represents 500
nm. (b) Schematic of the RF circuit. The bottom panel shows
a schematic of each resonator, consisting of a parasitic capaci-
tance Cp, an inductor L, a coupling capacitor Cc, and a resistor
as the bias tee. (c) Left: simulated charge occupation number on
QD1. Sharp contours separate ground states with different par-
ity (e.g., the green mark), while within a single parity sector, the
charge occupation changes smoothly (e.g., the red mark). Middle
and right: schematic energy diagrams for the tunneling processes
corresponding to the two markers. (d) and (e) Charge stability
diagrams measured from normal lead N1 and on plunger gate
PG2, respectively.

dielectric Al2O3. The two QDs are coupled by a Josephson
junction (JJ) that hosts Andreev bound states (ABSs). The
junction is formed by two aluminum tips (colored green
with dashed outline). The full device SEM image and basic
characterization of the QDs and JJ can be found in Fig. S1
in the Supplemental Material [28].

A resonator chip is used to perform multiplexed RF
sensing [29]. The schematic of the RF circuit is shown
in Fig. 1(b). There are four resonators used in this exper-
iment: two of them connect to the two normal leads, and
two of them connect to the two QD plunger gates. The

lower panel of Fig. 1(b) shows a schematic of an individ-
ual resonator with a bias tee that allows the application of
DC bias or gate voltage to the device. The reflected com-
plex voltage S11 is recorded for each resonator. For better
visualization, the signal is projected onto a line that maxi-
mizes the signal magnitude and normalized to a single real
value S̃. The detailed signal analysis method is described
in Fig. S4 in the Supplemental Material [28].

When resonant tunneling occurs between normal leads
and the device or between the two QDs, the impedance
of the device changes. The impedance change results in
changes in S11. More specifically, the resistive compo-
nent of the device changes the magnitude of the resonator
response, while the capacitive component shifts the res-
onator frequency [12]. In low-dimensional quantum sys-
tems, like QDs, charge tunneling causes a small correction
term of the total capacitance of the gate electrode due
to the finite density of states in the system [12,30,31].
This is known as quantum capacitance, given by Cq =
e2 dN

dμ
, where N is the charge expectation and μ is the

chemical potential. Notably, the main contribution to our
signal—quantum capacitance—arises only when charge
states are coherently hybridized [11,32].

To understand the quantum-capacitance signal of a
DQD system better, a calculation of the charge expectation
number of a QD in a double quantum dot (DQD) system
is shown in Fig. 1(c) on the left. At the bottom left corner
and the top right corner, the ground state parity of DQD
is even, i.e., (0, 0) or (1, 1). A sharp contour distinguishes
the even and odd ground states. At the charge degener-
acy points where two charge states (0, 1) and (1, 0) start
to hybridize [red marker in Fig. 1(c), left panel], electrons
can hop between the two QD levels [shown schematically
in Fig. 1(c), right panel]. This interdot hopping results in
a change in quantum capacitance (since it is proportional
to d〈N1〉/dμ1) and is detectable in the gate-sensing signal.
On the other hand, when the charge occupation number of
the ground state changes, as indicated by the green marker,
electrons can tunnel from the normal lead to the DQD,
thereby switching the parity of DQD [schematic in the
middle panel of Fig. 1(c)]. This process will result in a
strong response on the lead resonator.

III. RESULTS

A. Using gate sensing to probe the interdot coupling

It has been well established that transport measurements
of CSDs can reveal the type of coupling between QDs
[33–35]. To verify that gate sensing provides the same
information, we simultaneously measure a CSD with gate
reflectometry on PG2 [Fig. 1(d)] and lead reflectometry
via N1 [Fig. 1(e)]. The tunnel barrier between QD2 and
the normal lead (TG4) is pinched off, while the outer bar-
rier for QD1 (TG1) is configured to the tunneling regime.
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FIG. 2. Gate sensing of the interdot couplings. (a) Schematic
of elastic cotunneling coupling. The green dashed lines represent
the Andreev bound state energy levels. The red arrow indi-
cates the interdot hopping mediated by the Andreev bound state.
(b) and (c) Charge stability diagrams with normalized reflected
radio-frequency voltage S̃ on N1 (b) and PG2 (c) in the elastic
cotunneling-dominated regime. (d) Schematic of cross Andreev
reflection coupling. (e) and (f) Charge stability diagram with nor-
malized reflected radio-frequency voltage S̃ on N1 (e) and PG2
(f) in the cross Andreev reflection-dominated regime. The cou-
pling type can be tuned by sweeping the Andreev bound state
gate voltage VABS.

Sweeping the plunger gates of the two QDs, we can mea-
sure tunneling processes in different sections of the device.
When a dot level aligns with the Fermi level, dot-lead tun-
neling occurs, which results in a strong signal on the lead
resonator. This process corresponds to the signal shown
in Fig. 1(d). Near joint charge degeneracy points, the two
charge states in the two QDs start to hybridize, indicated by
the avoided crossings in the CSDs. The resonator response
only shows QD1 Coulomb resonances because QD2 is
decoupled from the normal lead N2 by pinching off TG4
barrier. When we use gate sensing to read out the same
CSD, the resonator instead responds strongly when the
system reaches a joint charge degeneracy point. As dis-
cussed earlier, a quantum-capacitance signal appears when
charge distribution changes adiabatically. We observe the
resonator response exactly at the avoided crossings in
Fig. 1(d), indicating interdot tunneling. When the dot lev-
els are far away from the degeneracy point or in Coulomb
blockade, the tunneling is suppressed and gate sensing
gives no response. Therefore, we confirm that gate sens-
ing provides complementary information about the system,
consistent with RF reflectometry measurements from the
normal lead.

Having shown that our setup is capable of measuring
CSDs with gate sensing, we proceed with probing different

kinds of couplings between the two QDs. The presence
of the superconductor and ABSs allows for tunable elas-
tic cotunneling (ECT) and cross Andreev reflection (CAR)
between the QDs [33,34,36], which is instrumental for
the realization of artificial Kitaev chains [5,6]. Detecting
the dominant type of coupling is important for tuning up
these Kitaev chains. The type of interdot coupling can
be controlled by changing the chemical potential of the
hybrid region. ECT occurs when coherent hybridization
between the dot levels in the odd parity manifold; an elec-
tron can tunnel from one dot to the other mediated by
the ABS. In the CSD measured by lead reflectometry, an
antidiagonal avoided crossing is shown in Fig. 2(b) with
the (0, 1) and (1, 0) region connected, which is the signa-
ture of the ECT coupled regime. The same measurement
with gate reflectometry has a strong signal in the diag-
onal direction in Fig. 2(c), corresponding to the interdot
tunneling near the charge degeneracy point. By sweeping
the VABS gate voltage, we can tune the interdot coupling
from ECT-like to CAR-like. A schematic of the CAR pro-
cess is shown in Fig. 2(d). When the CAR coupling is
dominant and two quantum dot levels are antisymmetric
along the Fermi level, two electrons can form or split a
Cooper pair mediated by Andreev bound states [33,34,36].
In the CSD shown in Fig. 2(e), the direction of the avoided
crossing changed from antidiagonal to diagonal, connect-
ing the (0, 0) and (1, 1) in the CSD. Near the charge
degeneracy point, a strong gate-sensing signal arises along
the antidiagonal direction. Therefore, from the direction
of the gate-sensing signal we can infer the type of cou-
pling between the two QDs. We also show in Fig. S8 in
the Supplemental Material [28] how the gate-sensing sig-
nal evolves as VABS is tuned through the Majorana sweet
spot condition, where the amplitudes of ECT and CAR are
equal.

B. Gate sensing in a closed double dot system

A minimal Majorana parity qubit device comprises of
two pairs of the DQD, and their joint parity (either even
or odd) can be used as the basis of the qubit [2]. When
implementing a parity qubit, it is necessary to decou-
ple the system from the leads to prevent relaxation and
quasiparticle poisoning. In this configuration, while lead
reflectometry is no longer available, gate sensing can still
be used to probe the system. To demonstrate this, we pinch
off both tunnel barriers (TG1 and TG4) to decouple the sys-
tem from normal reservoirs and study the system via gate
sensing.

The alternating RF voltages on the plunger gates (PG1
and PG2) allow for electron tunneling between the two
dots or between a QD and the ABS, resulting in the
quantum-capacitance signals. We find that the CSDs of
a closed system measured by gate sensing [Figs. 3(a)
and 3(b)] look significantly different to the open system
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FIG. 3. Gate reflectometry charge stability diagrams of a
closed system. (a) and (b) Charge stability diagrams measured
by gate reflectometry on the plunger gates of both quantum dots.
Blue and orange arrows indicate different tunneling processes,
as illustrated in (c). (c) Schematics of the possible tunneling pro-
cesses labeled in (b). Processes 1© and 2© correspond to quantum
dot-Andreev bound state tunneling when one dot is off resonance
and the other dot level aligned with the Andreev bound state
energy. Processes 3© and 4© correspond to the interdot tunneling
events when both dot levels are below the Andreev bound state
energy (elastic cotunneling and cross Andreev reflection). (d) and
(e) Numerical simulation of charge expectation number for the
odd and even ground states of one dot in a DQD coupled by
Andreev bound state. (f) Numerical derivative of the ground state
charge with respect to the chemical potential of QD1, μ1. The
signal qualitatively represents quantum capacitance (Cq) mea-
sured via gate reflectometry. The plot has contributions of Cq
from both the odd and even ground states.

[Fig. 1(e)]. We observe Coulomb blockade (white back-
ground) separated by dot resonance signals. The relative
charge occupation is labeled in Fig. 3(a). Instead of one
strong Coulomb peak when the QD is on resonance [as
shown in Fig. 1(d)], we observe two parallel lines, as indi-
cated by the orange arrows in Fig. 3(b). Near the joint
charge degeneracy points, we observed crosslike signals,
indicated by the blue arrows in Fig. 3(b).

In order to understand the microscopic origin of these
features we schematically outline the relevant tunneling

processes [Fig. 3(c)]. When a QD level is aligned with
the ABS level and the other dot is off resonance, electrons
can hop between the QD and the ABS, as illustrated in
Fig. 3(c) 1© and 2©. Similar tunneling process can also
occur directly between the two QDs when they are aligned
or antialigned within the ABS level. In these cases, the
QDs hybridize due to ECT [Fig. 3(c) 3©] or CAR [Fig. 3(c)
4©] coupling mediated by the ABS. The corresponding

features present themselves near the joint charge degen-
eracy points, shown as a crosslike pattern. We note that
a dominant coupling mechanism is not immediately obvi-
ous, based just on these crossing features. However, we
find the crossings change qualitatively while we sweep the
ABS gate voltage, as shown in Fig. S6 in the Supplemental
Material [28].

To get a better understanding of the double line feature,
we compare our experiments with a simple numerical sim-
ulation of the quantum capacitance for a DQD coupled
by ABS [3,35] (detailed description in the Supplemental
Material [28]). We begin with considering the even and
odd ground states separately and calculate the charge occu-
pation of each QD in odd and even ground states as the
function of chemical potential of the two dots. The charge
occupation of QD1 at odd and even ground states is plot-
ted in Figs. 3(d) and 3(e), respectively. As we sweep the
chemical potential of QD1, the occupation changes from
0 to 2 with distinct steps. The qualitative representation of
quantum-capacitance signal can be determined by taking
derivative of 〈N 〉. The derivative of charge of odd state
and even state is plotted in Fig. 3(f) with red and blue,
respectively.

If the DQD is coupled to normal leads, the system can
always relax to the lowest energy ground state by exchang-
ing electrons with the reservoirs in order to flip the parity
when necessary. However, when the DQD is decoupled
from normal reservoirs, ideally the system maintains a
fixed parity, because no electrons can tunnel from the nor-
mal lead. If this were the case, we should have observed
the signal corresponding to only one parity state. Instead,
we observe the quantum-capacitance signal corresponding
to both even and odd states, which indicates parity flip-
ping within the integration time of each data point. We
attribute this parity flipping mechanism to QPP which is
one of the potential decoherence sources for Majorana-
based qubits [37,38]. The source of this QPP could either
be the superconducting leads where Cooper pairs are
broken by some high-energy processes, or from the nor-
mal leads, due to a residual coupling to the DQD. In
Fig. S7 in the Supplemental Material [28] we present
CSDs at different TG4 values (thus different couplings
to the normal lead). The double line feature emerges as
TG4 goes more negative (weaker coupling to N2), sup-
porting our interpretation that this feature originates from
QPP, and is visible when relaxation to the normal lead is
suppressed.
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C. Poisoning from the normal reservoir

In order to study the effect of the normal leads on the poi-
soning, we slightly reduce the barrier to N2 (by modifying
TG4), while ensuring that the measured current remains
below the noise floor of our current meter. When the bias
voltage is kept at 0, the CSD remains similar to the case
where the normal lead is fully decoupled, as shown in
Fig. 4(b). In this case, quantum-capacitance signals from
both even and odd states show comparable strength. By
applying a bias voltage to N2, we artificially induce poi-
soning in the system. We measure the CSD with −200 µV
bias voltage applied on N2, shown in Fig. 4(a). Compared
to Fig. 4(b), the lower branch of the quantum-capacitance
signal is significantly enhanced, as indicated by the blue
arrow. The schematic energy diagram in Fig. 4(d) illus-
trates the mechanism: when the bias is below the Fermi
level and lower than the ABS energy, holes preferentially
tunnel into the system, increasing the occupation of the
lower ABS branch and thereby showing a stronger signal
in the CSD. Similarly, when a +200 µV bias is applied
to N2, the upper branch of the signal becomes more pro-
nounced, as shown in Fig. 4(c) and highlighted by the
orange arrow. The corresponding schematic in Fig. 4(e)
shows that, in this case, electrons more readily tunnel into
the state above the Fermi level, enhancing the population
of the upper ABS branch and its gate reflectometry signal.

A finer bias dependence measurement with only QD2
on resonance is shown in Fig. 4(f). Here we measure the
gate sensor response as a function of the plunger gate
voltage of QD2 VPG2 and bias voltage V2. The two lines
indicate when the QD level aligns with the ABS. Along
the left resonance, the signal strength rises significantly
below −125 µV, which can be interpreted as the point
where Fermi level in N2 aligns with the QD2 and ABS
energy levels. Along the right resonance, the signal is
stronger above +125 µV. The signal strengths are plotted
in the right panel in Fig. 4(f). Combining the two line-
cuts together allows us to extract the ABS energy gap
2�ABS ≈ 250 µV The ABS energy can also be indepen-
dently extracted from the CSDs by converting VPG2 to an
energy, through the PG2 lever arm. Given the lever arm
of PG2 is 0.31 (see the Supplemental Material [28]), and
the voltage difference between the double lines is 0.82 mV,
we estimate 2�ABS = 254.2 µV, which agrees well with
the gap size extracted from Fig. 4(f), thus supporting our
interpretation for the origin of the gate-sensing signal.

IV. CONCLUSIONS

In this work, we have shown that gate sensing can be
used to probe a Kitaev chain device where two QDs are
coupled via tunable ABSs. In an open system, coupled to
the normal leads, we demonstrated that gate reflectometry
allows us to distinguish between ECT and CAR medi-
ated coupling between the QDs. In a closed system the

(a) (b) (c)

(d) (e)

(f)

FIG. 4. Effect of the normal lead. (a)–(c) Charge stability
diagrams measured by gate reflectometry on QD2 under differ-
ent bias voltages V2 (annotated in each panel). The arrows in
(a) and (c) indicate the enhanced tunneling processes. (d) and
(e) Schematic energy diagrams illustrating possible poisoning
events originating from the superconductor and the normal lead,
corresponding to the arrows in (a) and (c), respectively. (f) Gate
reflectometry signal on QD2 as a function of V2, with QD1 off
resonance. The right panel shows the amplitude of S̃PG2 along
the dashed line in the main plot. The weaker portion of the signal
corresponds to the Andreev bound state energy gap.

gate-sensing signal reflects the quantum capacitance of the
system and provides information about the ground state
parity. In particular we find that quasiparticle poisoning
events lead to fast switching of the ground state parity. Fur-
thermore, we identified the normal reservoirs as a potential
source of poisoning, confirmed by artificially injecting
quasiparticles into the QD. In order to use gate reflectome-
try to study Kitaev chain-based parity qubits in the future,
it is important to understand in more detail the mechanisms
that limit the parity lifetime in our devices and to develop
protocols to use the gate-sensing signal to tune up Kitaev
devices in the absence of normal leads. Furthermore, it
is also important to consider that quantum-capacitance
measurements alone may not reliably provide informa-
tion about the Majorana polarization, an important metric
for the qubit quality [8]. Addressing this challenge will
likely require complementary probes and/or measurements
sensitive to the Majorana polarization.
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