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Cooper pair splitters hold utility as a platform for investigating the entanglement of electrons in Cooper
pairs, but probing splitters with voltage-biased Ohmic contacts prevents the retention of electrons from split
pairs since they can escape to the drain reservoirs. We report the ability to controllably split and retain
single Cooper pairs in a multi-quantum-dot device isolated from lead reservoirs, and separately
demonstrate a technique for detecting the electrons emerging from a split pair. First, we identify a
coherent Cooper pair splitting charge transition using dispersive gate sensing at GHz frequencies. Second,
we utilize a double quantum dot as an electron parity sensor to detect parity changes resulting from

electrons emerging from a superconducting island.
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Cooper pairs—bound electron pairs of correlated spin
and momentum—are foundational to superconductivity.
Interestingly, coherently splitting a Cooper pair produces
two entangled electrons forming a Bell state [1]. It is
possible to force a pair to split using Coulomb repulsion in
a pair of quantum dots (QDs) [2]. Accordingly, Cooper pair
splitting (CPS) has been demonstrated in various material
systems [3-13], and the resulting electrons’ spin was
probed through current correlation measurements exploit-
ing spin-polarized QDs [13,14]. In order to confirm and
utilize entanglement of the electrons from a split pair,
however, it is important to retain them, for example, by
removing drain contacts from the QDs. In this manner,
retention of electrons from split Cooper pairs was observed
using charge sensing of metallic islands [15], though splitting
occurred stochastically at sub-Hz rates. Dispersive gate
sensing (DGS) provides distinct information from charge
sensing, since it is sensitive to the hybridization between
charge states [ 16-30], including between states with a split or
recombined Cooper pair.

Probed with DGS, we present the coherent splitting of a
single Cooper pair by varying voltages on a device’s gate
electrodes. Separately, we demonstrate the detection of
an unpaired electron emerging from a superconducting
island (SCI). This is accomplished within a hybrid system
comprising a SCI with normal QDs on either side,
decoupled from leads. Multiplexed DGS of resonators
coupled to the device’s gate electrodes allows us to
distinguish charge transitions in the system, and thus label
relative charge states. Strikingly, one transition corresponds
to two charges from the SCI being loaded into neighboring
QDs, imparting a 1 MHz frequency shift on the probed
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few-GHz frequency resonator. This transition likely corre-
sponds to CPS arising due to crossed Andreev reflection
(CAR), supported by fitting the DGS signal across the
transition to an input-output theory model for an effective
low-energy Hamiltonian. Next, we show how DGS detects
changes in the charge parity of a double quantum dot
(DQD) system. Consequently, DGS can replace charge
sensing in our CPS scheme while retaining electrons
tunneling to the DQD, since no external charge reservoirs
couple to the system. Combined with spin manipulation
and readout techniques [31,32], these demonstrated capa-
bilities could be used to perform a Bell test on electrons
constituting Cooper pairs [33-36].

The devices measured (labeled A and B), shown in
Figs. 1(a) and 1(b), consist of an InAs nanowire with an
epitaxial Al shell. For both devices, lithographically pat-
terned gates define five QDs in the wire, though the Al
covers only the centermost QD (labeled M) such that only
this QD has a superconducting pairing interaction. The
semiconducting QDs (labeled L, R, and P) have a length of
0.44 pm in both devices, while island M has a length of 1.2
and 0.44 pm in devices A and B, respectively. Every QD is
capacitively coupled via top gates to a coplanar waveguide
resonator with a common feedline for multiplexed DGS of
each QD [28,37-39], depicted in Fig. 1(c). Separate gates
control the QDs’ chemical potentials and tunnel barriers.
For additional fabrication details, see Ref. [28]. We infer
the charging energy of the semiconducting QDs from
Coulomb diamond measurements to be EY ~250 peV
(Supplemental Material [40], Sec. SII). From the charge
stability diagrams (CSDs) shown in Fig. 1(f), we extract the
charging energy of the SCI for device A E% ~ 100 peV and
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FIG. 1. Experimental setup and CSDs in the floating TQD
regime. (a),(b) False-colored SEM images of devices nominally
identical to those measured. Devices A and B are highlighted in
the floating triple and quadruple QD regimes, respectively. Gates
are shaded with the assigned colors of their coupled resonators.
(c) Schematic of the on-chip resonators. We measure trans-
mission through a feedline capacitively coupled to 1/2 resonators
connected to device gates. (d) Shell of the cubic color map for the
resonator responses in (e) and (f). For each pair of responding
resonators, the corresponding tunneling process is depicted.
(e) Simulated resonator responses using energies given in the
main text. (f) Measured CSDs of the floating TQD systems.
Individual resonator measurements are shown in Supplemental
Material [40] Figs. S1 and S2. The CSDs are labeled with charge
ground states up to an even charge offset.

its lowest-energy odd-parity state at zero magnetic field
Ey ~ 130 peV. Similarly, for device B, we obtain E3. = 350
and Ej =~ 50 peV. The differing values of E; signify the
presence of distinct subgap states, and are generally
dependent on gate voltages. With devices A and B we
thus compare the regimes of EP < E, and Ep > E,
respectively, verified by a doubling of charge transitions
in device A as the magnetic field is increased (Supplemental
Material [40], Fig. S5). The former case exhibits a
transition corresponding to splitting a Cooper pair, while

in the latter it is suppressed in favor of single-electron
tunneling.

Measurements are conducted in a dilution refrigerator at
a base temperature of approximately 20 mK. Low-power
signals are amplified by a traveling-wave parametric
amplifier [41] and a high-electron-mobility transistor.

We begin by investigating a floating triple quantum dot
(TQD) configuration. By measuring a CSD, we obtain the
island parity and relative charge occupation for different
gate voltages, and thereby infer which charge states
hybridize. Both devices are tuned into a TQD by lowering
barrier voltages T3 and T4 into weak tunneling regimes.
Subsequently, barriers T2 and TS5 are set to strongly
negative voltages to prevent electrons from tunneling to
the leads. In this “floating” regime total charge is con-
served, leaving only two charge degrees of freedom. It is
therefore sufficient to vary two gate voltages (e.g., Vi, and
VR) to reach any available charge state or transition.

To probe the system’s charge stability we employ DGS,
measuring complex transmission responses A; for
ie{L,M,R} of each of the corresponding top gates’
resonators simultaneously with frequency multiplexing.
The responses are projected and normalized to produce
real-valued quantities A} (Supplemental Material [40]
Sec. SI), then superimposed in a single CSD to emphasize
correlations. The resulting three-dimensional color map
and CSDs are shown in Figs. 1(d) and 1(f). We observe
white Coulomb-blockaded regions separated by charge
transitions where electrons hybridize between QDs. As
DGS reflects resonant tunneling, the resonators connected
to all involved QDs show a response. For the transition
between island M and QDL for example, a response is
expected in A}, and Aj, appearing blue in the CSD.
Similarly, the transition between island M and QDR
appears red. These transitions are most prominent since
they are first-order tunneling processes. Meanwhile, an
electron tunneling from QDL to QDR corresponds to a
cotunneling transition via island M [42,43]. These tran-
sitions appear green, but are much weaker than the first-
order transitions in this configuration.

Comparing the CSDs of Fig. 1(f), there is a stark
difference between device A and B: the former exhibits
rectangular regions of stable charge when the SCI has odd
parity, while the latter shows only hexagonal Coulomb-
blockaded regions. To understand this difference, we
compare with charge-state simulations of the QD system
combined with an input-output theory calculation of a
representative resonator response, shown in Fig. 1(e)
[28,44-46]. For these, we use the inferred values of ES,
Eg and E,, and resonator parameters from Ref. [28].
Extracting the lowest-energy states of the system with a
capacitance model allows for calculating a theoretical
resonator response [46—48] (Supplemental Material [40]
Sec. SIII). States are labeled with the relative number of
electrons in dots L, M, and R, respectively, with O charge

157001-2



PHYSICAL REVIEW LETTERS 131, 157001 (2023)

0 1 4 7
(a) 420 (MHz) b 5 (MHz) et
-.n,.la-“'-r 101

110

2w

—2 2

0.15 —0.15 0.00 0.15
¢ (V)

—-0.15 0.00

FIG. 2. Middle resonator response in the floating TQD regime
of device A. (a) The resonance frequency shift Aw, and linewidth
Kkq of the middle resonator. (b),(d) Phase and amplitude response
of resonator M along the { axis defined in (a). (c),(e) Fits of the
response to a low-energy CAR model.

on island M corresponding to an even charge. As expected,
transitions separating two charge states show response only
from resonators coupled to the involved QDs. The different
structure between the two CSDs is controlled by the
conditions E2 < Ej (device A) or E2 > E; (device B).
Crucially, in device A, a transition between (0 2 0) and
(1 0 1) can be observed, corresponding to a Cooper pair
leaving the SCI while QDL and QDR each gain an electron.
Conversely, device B only exhibits transitions involving the
exchange of single electrons.

Next, we examine this (0 2 0)-(1 0 1) transition—only
reachable if Eé < E, as for device A—in more detail in
Fig. 2. The frequency response of the island M resonator is
measured at each gate voltage then fitted to a complex
transmission model [49-51]. In Fig. 2(a), the obtained
resonance frequency shifts from the value in Coulomb
blockade Aw, and photon decay rates x; are shown. The
resonator responds strongly for single-electron transitions
with Awy > 27 x 2.5 MHz.

We isolate the (02 0)-(1 0 1) transition by measuring along
the arrow labeled £, defined as V| + Vi up to an offset, in
Fig. 2(a). This is approximately equivalent to changing island
M’s gate voltage in the opposite direction. Figures 2(b)
and 2(d) show the response across the transition, where a
significant dispersive shift Awy, > 2z x 1 MHz is observed.
There, the underlying tunneling process is likely CPS
dominated by coherent CAR [48], since other processes

are suppressed by large energy costs of breaking a Cooper
pair 2E, or by EX. Additionally, a lesser cost E, — E
suppresses (0 2 0)-(1 0 1) transitions involving intermediate
(1 10)or (01 1) states with a quasiparticle on the SCI.
Including single-electron tunnel couplings however, these
states may be weakly occupied as the least energetically
unfavorable states mediating a CPS process, namely,
CAR [2,52]. CAR mediated by the Al shell is suppressed
by the length of the SCI, L = 1.2 pm over the super-
conducting coherence length, &, as exp(—L/z&) [53], but
can also be mediated by extended bound states in the
proximitized InAs [13,54]. Given a & of 260 nm reported
in similar nanowires [55], we conclude CAR-dominated
CPS is likely.

To corroborate this conclusion, we use a low-energy
Hamiltonian describing CAR mediated by an arbitrary
number of degenerate quasiparticle states and fit the
resonator response to its corresponding input-output model
[16,28,43,44,46,56,57] (Supplemental Material [40]
Sec. SIV). From the fit, we extract the effective electron-
and holelike tunnel couplings 7./, leading to coupling
between the (0 2 0) and (1 0 1) states [58]. Resonator
parameters are fixed by fits from Fig. 2(a), while the ¢ lever
arm is estimated from Coulomb diamond measurements.
This leaves Z .5, the total dephasing and decay rate y, and
the resonator coupling to the (0 2 0)-(1 0 1) transition g, as
free parameters. The fit is plotted in Figs. 2(c) and 2(e),
showing excellent agreement with the data for coherent
tunneling amplitudes of tu ), = fofr./1.1 = 27 x 24 GHz,
y/2m of 1.1 GHz, and g, /27 of 0.23 GHz. Notably, t. ./ is
substantially smaller than the 2E or EX costs of non-CAR-
related tunneling processes, and the dephasing rate is more
than an order of magnitude smaller than the single-electron
tunneling amplitudes. This relation of parameters indicates
that the (0 2 0)-(1 O 1) transition corresponds to the
coherent splitting of a Cooper pair by crossing a single
resonant charge transition.

Future experiments may increase the size in gate space of
the CPS transition by increasing E;/ Ef‘j, or increase the
CAR amplitude by reducing the SCI length relative to &.
Concurrently, the presence of this transition requires that
E} < E,, necessitating a large total capacitance of the SCL
These conditions may be simultaneously met using meth-
ods presented in Ref. [59] to extend the SCI perpendicular
to the nanowire, or to replace it with a grounded super-
conductor as demonstrated in Ref. [13]. Conversely, a finite
E%. or ungrounded superconductor protects the SCI from
quasiparticle poisoning [60], reducing the probability of
independent quasiparticles entering the QDs instead of a
split pair.

Having observed a CPS transition in a floating system,
we next demonstrate how a split pair’s electrons may be
detected without external charge sensors in this experi-
mental geometry. In particular, to detect a single charge
tunneling into a QD it suffices to measure changes in the
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dot’s parity, which we show is achievable using a DQD
probed with DGS. For an isolated DQD where the total
charge is fixed, interdot transitions are spaced in chemical
potential by the sum of the dots’ charging energies [48]. An
electron tunneling into the DQD flips the charge parity and
shifts one QD’s chemical potential by EY, offsetting these
transitions by half their spacing and potentially shifting the
system from Coulomb blockade to charge degeneracy or
vice versa. It has been shown that blockade and charge
degeneracy can be distinguished rapidly with DGS [16-29],
hence DGS is sensitive to parity changes in a coupled DQD.
Furthermore, the readout signal persists for most interdot
detunings 6 = Vi — Vp if the dots are strongly hybridized,
illustrated by a sweep of ¢ in Fig. 3(c). Notably, if the dot
orbitals are also spin polarized, Pauli spin blockade renders
this sensing principle a spin measurement via spin-to-charge
conversion [32,61].

We implement this method in a floating quadruple dot
configuration in device B, shown in Fig. 1(b), since the
performance of device A deteriorated after multiple thermal
cycles. We stress, however, that the parity sensor signal is
independent of the origin of electrons flipping its parity and
the properties of the coupled SCI. Hence, this technique is
equally applicable to devices with a CPS transition or other
Coulomb-blockaded systems. In the quadruple dot regime,
we aim to observe parity changes in the DQD formed by
QDR and QDP. To reach this configuration, TS is tuned to a
strong tunneling regime such that these dots form a DQD
while effectively sharing a single charging energy [47].
Additionally, T2 and T6 are pinched-off to prevent tunnel-
ing to the leads, effectively removing one charge degree of
freedom. We use as voltage coordinates Vi, together with
the detuning between the rightmost two dots 6 and the
voltages’ average ¢ = (Vg + V. )/2, both defined up to an
offset, see Fig. 3(a).

The data acquisition method for this measurement is
identical to the procedure outlined for Fig. 1(f). Here, three-
dimensional CSDs are measured: sweeping o, €, and V.
Slices are shown in Fig. 3(b) for 6 values chosen such
that the sensor DQD is on charge degeneracy for even or
odd parity. The yellow regions signify that an electron
is hybridizing between QDR and a QD whose resonator is
unrepresented in the color map [cf. Fig. 3(c)], which is
QDP by exclusion. Notably, the charge plateaus for which
resonator R responds are opposite between the two &
values, and opposite whenever the sensor changes parity.

Next, we show in Fig. 3(c) the response of resonator P as
a function of 6 measured at the circle and square markers in
Fig. 3(b). We phenomenologically fit the Coulomb oscil-
lations with a periodic Lorentzian and observe that
Coulomb resonance for the solid line occurs exactly when
the dashed line shows Coulomb blockade. Fixing the peak
spacing, we repeat this fitting procedure for all voltages
shown in the CSD. Importantly, the detuning offset §, of the
pattern quantifies the position of charge degeneracy in the
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FIG. 3. Parity measurementusing aDQD indevice B. (a) Chemi-

cal potential schematic of the quadruple dot. (b) Multiplexed CSDs
in the floating quadruple dot regime at fixed § = 0 mV on the left
and 32 mV on the right, with the color map shown above. Charge
plateaus are labeled to represent the relative occupancy of the dots
where the rightmost number represents the combined occupation
of QDR and QDP. The individual resonator responses are shown in
Supplemental Material [40] Sec. SI. (c) Linecuts of the resonator P
response as a function of §, measured at voltages indicated by the
square and circle markers in (b). The solid and dashed curves show
fits to a periodic Lorentzian. At zero detuning between the dots,
resonator P shows a response for one parity value, but is blockaded
for the other. The insets show cartoons of the sensor DQD levels in
both cases.

window —14 mV < § < 43 mV, allowing inference of the
DQD’s relative parity.

To demonstrate this correspondence, we plot o, in Fig. 4.
Clear regions corresponding to the two sensor DQD parities
are visible, consistent with the histogram of §, values shown
on the right. The stark splitting of §, values demonstrates that
readout of parity changes can be accomplished by fixing d to
a value maximizing contrast, such as 6 = 0 in this case. This
may be extended to single-shot readout provided electrons
reside on the sensor DQD longer than the readout time.
Placing one DQD sensor on either side of a superconducting
reservoir or island would then enable time-resolved detec-
tion of both electrons from a split Cooper pair.

We have realized a normal-superconducting-normal
hybrid QD system in an InAs nanowire. Multiplexed
DGS shows different resonators responding depending
on the spatial distribution of tunneling electrons, enabling
us to infer the QDs’ relative charge states [28,38]. With
DGS we observe a coherent CPS transition, repelling two
electrons from the SCI to the surrounding QDs. Crossing
this transition splits a single Cooper pair controllably and
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FIG. 4. Distinguishment of parity in the floating quadruple dot
regime for device B. The detuning for which the sensor DQD is
on resonance, —14 mV < 9§, < 43 mV, is shown. On the right, a
histogram of &, value occurrences defines the color map of the
stability diagram.

retains the resulting individual electrons on the outer dots.
Importantly, this transition cannot occur concurrently to
interdot cotunneling except for the fine-tuned parameters
E(S: = E; in a floating TQD, constraining applications to
quasiparticle-poisoning-protected Kitaev chains [62-64].
Furthermore, we have shown that DGS of a DQD is sensitive
to its parity and can be used to detect electrons ejected from a
neighboring SCI. Lastly, we note the demonstrated sensing
method becomes a spin measurement of electrons entering
the DQD when its levels are spin-polarized [21-24,27,61].
Two such detectors on either side of a superconductor,
combined with spin manipulation techniques [65—69], would
enable performing a Bell test verifying the spin-singlet
entanglement of electrons in Cooper pairs [32-36]. This is
possible through comparison with the Clauser-Horne-
Shimony-Holt inequality for the two spin qubits formed
by the detectors, initialized to entangled states by pulsing
gate voltages across the CPS transition [70,71].

Raw data, analysis code, and scripts for plotting the
figures in this Letter are available from Zenodo [72].
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