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In-flight detection of few electrons using a singlet-triplet spin qubit
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We investigate experimentally the capacitive coupling between a two-electron singlet-triplet spin qubit and
flying electrons propagating in quantum Hall edge channels. After calibration of the spin qubit detector, we
assess its charge sensibility and demonstrate experimentally the detection of less than five flying electrons with
average measurement. This experiment demonstrates that the spin qubit is an ultrasensitive and fast charge
detector with the perspective of a future single-shot-detection of a single flying electron. This work opens the
route toward quantum electron optics experiments at the single-electron level in semiconductor circuits.
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I. INTRODUCTION

Constant progress in material science and nanofabrication
has led to a rapid development of electronic circuits at the
single-electron level [1] with the aim to perform quantum
optics experiments with electrons rather than photons. The ex-
isting Coulomb coupling between electrons provides a mean
for quantum manipulation hardly possible with photons [2].
To push the field of electron quantum optics [3] to the level
of its photonic counterpart, a key ingredient—the single-shot
electron detector—is still missing.

Using an on-chip nanometric electrometer, single-shot de-
tection of an electron can presently only be achieved when the
electron is static for a sufficiently long time [4–6]. Progress
in detection efficiency has pushed down the acquisition time
slightly below 1 μs. This has been demonstrated for elec-
trons trapped in quantum dots [7–10], and is exploited for
spin-based quantum information processing in semiconduc-
tors. Detecting an electron in flight, however, is much more
challenging. In this case, the interaction time between a flying
electron propagating at the Fermi velocity and an electrometer
with an interaction radius of 1 μm [cf. Fig. 1(a)] is set by the
width of the electron wave packet and is usually limited to
1 ns in semiconductor circuits [11]. Thus, an improvement of
several orders of magnitude in charge sensitivity in compari-
son with the one demonstrated for trapped electrons is needed
to enable in-flight detection of electrons.

Over the past decade, extraordinary results have been
obtained with flying electrons in quantum interferometry
[12–18] and one- and two-electron correlation experiments
[19–23]. In the latter experiments, single-electron injection is
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periodically repeated and the DC current or the low-frequency
current noise measurements provide information on the aver-
age value and the fluctuations of the charge that arrives in each
contact. For electronic flying qubit experiments [1,2,24], on
the other hand, it is compulsory to detect single flying elec-
trons efficiently to allow for coincidence measurements and
access high-order quantum correlations. This task being im-
possible with the best continuous electrometer demonstrated
so far, we present a novel stroboscopic detector composed
of such continuous electrometer combined with a quantum
system. Indeed, quantum systems are extremely sensitive to
environmental fluctuations (external perturbations) [25], and
are well adapted to detect single quantum objects. For in-
stance, they have already been used to detect a single phonon
excitation of a nanomechanical system [26–28]. In AlGaAs
two-dimensional electron gas (2DEG) systems, double quan-
tum dot charge qubits or a Mach-Zehnder interferometry have
been proposed to detect flying electrons [29].

Here we propose and experimentally demonstrate the in-
flight electron detection by using a singlet-triplet spin qubit
detector. The electrons propagate in the edge channels (ECs)
of the quantum Hall effect (QHE) [30,31] as edge magneto-
plasmons (EMPs). By capacitive coupling, they interact with
the spin qubit detector defined in a double quantum dot. It
results in a phase shift of the spin qubit. We extract a π phase
shift for 90 ± 5 flying electrons. When averaged, we can de-
tect a signal from as low as 4 flying electrons. The presented
results confirm the potential of such a charge detector for the
single-shot detection of a single flying electron.

II. SAMPLE AND SETUP

To implement the in-flight single-shot detector, we use
GaAs/AlGaAs heterostructures where the electrons are prop-
agating within the ECs [13,14] along the trajectories imposed
by the surface gates as indicated by the red line in Fig. 1(a).
A magnetic field of 430 mT is applied perpendicular to
the surface to define the ECs at filling factor ν = 10 [see
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FIG. 1. (a) Scanning electron micrograph of the sample used.
The DC gates are colorized in blue, the RF ones in green. The orange
disk corresponds to the relevant interaction area capacitively coupled
to the qubit. The blue line represents the 10 edge channels with their
electron density controlled with VR (VL) for the upper (lower) path.
(b) Sketch of the sample with the spin qubit detector capacitively
coupled to the ECs in which flying electrons illustrated with the dot
are propagating. (c) Stability diagram using only the RF gates. The
derivative of the RF sensing quantum dot signal with respect to VRF2,
dV RF/dV RF2, is plotted as a function of the swept RF2 gate voltage
(y axis) and stepped RF1 one (x axis). This map is measured with
1 μs per point repeated 31 times. The indicated voltages are esti-
mated values on the sample considering the AWG amplitude and the
RF coaxial lines attenuations. The light blue lines indicate a change
in the double quantum dot charge configuration labeled in white.
For instance, (1,1) corresponds to the confinement of one electron
in each quantum dot and (2,0) the two electrons in the quantum
dot the farthest to the ECs. (d) Shubnikov–de Haas oscillations
of the conductance G as a function of the magnetic field B. The
electron density of the 2DEG is evaluated to ne = 1.2 × 1011 cm−2.
The mobility of the sample was independently measured equal to
approximately 200 m2 V−1 s−1. At a magnetic field of 430 mT, the
QHE is not fully developed and the Shubnikov–de Haas oscillations
start to show deviation from pure oscillating behavior.

Shubnikov–de Haas oscillations presented in Fig. 1(c)]. To
probe the flying electrons, we engineer a two-electron spin
qubit on the electrons propagation path. The spin qubit is
obtained by confining two electrons in a double quantum dot
defined with electrostatic surface gates (Ti-Au) deposited on
the top of the heterostructure. DC and RF gates are used
to control the spin qubit, shown respectively in blue and
green colors in Fig. 1(a). Nanosecond control is possible by
using RF gates excited with an arbitrary wave-form gener-
ator (AWG; Tektronix 5014). DC gates DC1 and DC5 [see

Fig. 1(a) for labels] are used to control the coupling to the
electron reservoir, tuned in the MHz regime. DC2 and DC4
control the quantum dots chemical potentials while gates DC3
and DC6 are used to tune the interdot tunnel coupling in the
GHz regime.

The readout of the two-electron spin qubit is performed
with the help of a sensing quantum dot (SQD) defined with
gates S1 and S2, and embedded in a radio-frequency (RF)
circuit [9]. To achieve optimal signal-to-noise ratio, the tank
circuit is impedance-matched to the 50 � impedance of the
transmission line at the maximal charge sensitivity of the
SQD. Change in the charge occupancy of the double dot
induces a variation of the SQD conductance (gSQD) and leads
to a change of the circuit impedance. It is measured with
an amplitude demodulation technique and the readout cir-
cuit bandwidth is about 15 MHz. To demonstrate fast charge
readout, we measure a charge stability diagram of the double
quantum dot around the (2,0)-(1,1) charge transition, where
(N1, N2) corresponds to the charge configuration with N1 elec-
trons confined in the quantum dot closest to the SQD and N2

in the other dot. The results are shown in Fig. 1(d) where we
set the acquisition time to 1 μs per point averaged 31 times.
With our setup, because of the dependency of the tank circuit
inductance to the magnetic field, we limit it to 430 mT to work
with the charge sensitivity just shown.

III. SPIN QUBIT AS CHARGE DETECTOR

The dynamic of two-electron spin qubits is highly depen-
dent on the energy detuning ε between the two dots and, as
a consequence, they have been identified as good probes for
charge detection [33]. Such a system is used as a very sensitive
charge detector by implementing the coherent exchange oscil-
lations between antiparallel spin states |↑↓〉 and |↓↑〉. These
oscillations are the results of the exchange of a quantum of
spin between the two adjacent electrons at a frequency propor-
tional to the exchange energy J (ε) [33–35]. As a consequence
of the applied 430 mT magnetic field, the parallel spin states
|T−,+〉 are repelled away from the antiparallel ones to avoid
spin mixing during coherent exchange oscillations. The spin
qubit is first initialized in the singlet spin state |S〉 in the (2,0)
region and transferred to the (1,1) region in the lowest energy
antiparallel spin states using a combination of adiabatic and
nonadiabatic passages [for details see Figs. 2(a) and 2(b)].
A rapid, nonadiabatic detuning pulse switches on the ex-
change interaction and induces coherent quantum oscillations
between the antiparallel spin states. Reversing the complete
pulse sequence to the (2,0) region maps the lowest spin state
|↑↓〉 on the (2,0) charge configuration and |↓↑〉 on the (1,1)
charge configuration. Since these two charge configurations
are coupled differently to the sensing quantum dot, they result
in two different RF-SQD voltages VRF. The signal variations
�VRF of VRF are therefore directly proportional to the |↑↓〉
population.

Having introduced the experimental setup as well as the
measurement scheme, we now discuss the charge sensitivity
of the two-electron spin qubit to the electrostatic environment.
We perform coherent exchange oscillations at different detun-
ing positions ε [35] and for different pulse durations following
the sequence shown in Fig. 2(b). A typical two-dimensional
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FIG. 2. (a) Energy diagram of the two electron spin states in a
double quantum dot as a function of the detuning ε for the considered
charge transition (1,1)-(2,0); the detuning position ε = 0 is defined as
the transition between these two charge states. The exchange energy
J (ε) is the energy splitting between the spin states |S〉 and |T0〉
which varies with ε. The different letters are the different points of
the sequence to induce coherent exchange oscillations. (b) Sketch
of the pulse sequence with the different timings used in the exper-
iment. (c) �VRF as a function of the oscillating time (x axis) and
the oscillating position ε (y axis). Each point corresponds to an
average over typically 5000 identical experimental sequences. The
extracted �VRF is plotted in color scale with in blue (red) the low
(high) intensity. The map is characterized by the acceleration of the
coherent exchange oscillations when increasing the detuning value ε.
The black dashed line indicates the cut along which the curve shown
in (d) is extracted. The low-reported oscillation contrast obtained
for small ε is due to the partial adiabaticity of the exchange pulse
[32]. (d) Single trace of coherent exchange oscillations extracted at
an equivalent oscillating position to the one indicated by the black
dashed line of (c). The dashed lined is the result of the fit of the
data P|↑↓〉(t ) = 1

2 [1 − e−(t/T ∗
2 )2

cos (
∫ t

0
J (ε(t ))dt

h̄ )], with T ∗
2 the dephas-

ing time set to 20 ns [33,34].

map of the detector response �VRF is presented in Fig. 2(c).
These data are fitted to determine the exchange energy J (ε)
expression which is the following:

J (ε(t )) = J0 + J1e
ε(t )
σ , (1)

ε(t ) = (
1 − e−( t

τ
)
)
εAW G − ε0, (2)

with J0 = 10 neV, J1 = 4 μeV, σ = 1.5 mV, τ = 0.85 ns,
and ε0 the reference position of the (1,1)-(2,0) charge tran-
sition.

A single trace for fixed detuning ε (black dashed line) is
shown in Fig. 2(d). One observes an exponential increase of
the oscillation frequency when ε approaches zero detuning.
This phenomenon, already seen in previous works [32,35],
is interpreted as a signature that the gate voltages applied to
vary the detuning change also the dot positions. In the case
of the exchange pulse in ε, it brings the two dots closer and
changes also the tunneling process between the two dots. This

FIG. 3. Sketch of two electrons confined in a double quantum
dot, without (a) and with (b) a flying electron in the nearby ECs.
When a flying electron is passing in the vicinity of the qubit detector,
the detuning is changed and the two confined electrons get closer by
capacitive coupling modifying the qubit dynamics.

experiment confirms the strong sensitivity of the coherent
exchange oscillations to the electrostatic environment of the
double quantum dot, materialized here by the energy detun-
ing ε. It is this phenomenon which will be exploited for the
detection of flying electron wave packets. An electron passing
nearby the detector, as sketched in Fig. 3, induces a variation
in energy detuning δε for a finite time and consequently to
a phase shift of the coherent exchange oscillations. As a re-
sult, the passage of the flying electron will be mapped onto
the population of the S-T0 spin qubit. In comparison with
other electrometers, the advantage of using two-electron spin
qubits for charge detection is twofold: when tuned into the
charge-sensitive regime, the spin qubit detector can be used
as a large detection-bandwidth charge detector. Second, the
information is encoded in the spin qubit population which
can be stored for up to several hundred microseconds [36].
This time is long enough to allow single-shot readout with a
conventional charge detector after spin-to-charge conversion.
Ideally, an induced phase shift equal to π for a given inter-
action time results in a complete spin exchange and hence
unity detection efficiency. Thus, combining a π phase shift
and single-shot spin readout of the S-T0 qubit, possible by
employing a RF-SQD, provides an in-flight single-shot flying
electron detection.

IV. INFLUENCE OF A CONTINUOUS STREAM OF
ELECTRONS ON THE CHARGE DETECTOR

To investigate the spin qubit response to flying electrons,
i.e., local and propagating change of the ECs electron density,
a continuous stream of electrons is generated by applying a
DC bias voltage between VR and VL [see Figs. 1(a) and 4].
From the Landauer-Büttiker formalism [37,38], the chemical
potential of the ECs μedge is defined by the contact which
is emitting the electrons as depicted in Fig. 4. For a positive
magnetic field, the electrons travel anticlockwise at a potential
μedge = μR, without any dependence on μL. With opposite
magnetic field, the propagation direction is reversed with a
potential fixed by μedge = μL. Coherent exchange oscillations
while stepping the bias of the two ohmic contacts for positive
and negative magnetic fields are presented in Fig. 5. A phase
shift is only observed when stepping the bias of the contact
controlling the electron density of the ECs passing nearby the
double quantum dot. Such an observation is first a proof of
the strong chirality at a micrometer scale even if the QHE is
not fully developed over macroscopic distances (cf. Fig. 1).
Second, it clearly demonstrates the sensitivity of the spin qubit
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FIG. 4. (a) Sketch of the sample with the edge channels repre-
sented by a single line; the color indicates which ohmic contact set
their electron density, blue for the left, red for the right. The edge
channels passing nearby to the spin qubit detector, so capacitively
coupled to it, have a chemical potential defined by the right ohmic
contact, μedge = μR = EF − eVR, and is insensitive to changes of
the potential applied to the left contact. (b) Same sketch but for an
opposite magnetic field, then μedge = μL = EF − eVL.

detector to a change in the EC electron density. Here, a π shift
is observed for a bias difference of 600 μV and an interaction
time of 30 ns. The effect of the flying electrons on the coherent
exchange oscillations is similar to that of a polarized gate
electrode. Since the ECs are capacitively coupled to the two
electrons of the spin qubit detector, varying the bias induces
a small detuning shift δε, hence, a change in the oscillation

FIG. 5. (a) �VRF, the voltage amplitude of the singlet triplet
RF-SQD signal, is plotted in color scale as a function of the exchange
pulse duration, swept from 1 to 100 ns, along the x axis and the
DC bias VR (VL), stepped from −300 to 300 μV, along the y axis.
For these two measurements, the magnetic field was set to 430 mT.
The dashed line is a guide for the eye to highlight the phase shift
when VR is stepped. It remains constant when stepping VL. The
evolution of the �VRF amplitude within a map is due to variation of
the RF-SQD charge sensitivity in time. (b) Same measurements but
for the reversed magnetic field. This time the phase shift is observed
when stepping VL. For these maps the coherent exchange oscillations
are faster because of a small sample tuning variation when reversing
the magnetic field. These data have been measured at a detuning
of −10.7 mV with a different sample tuning, i.e., interdot tunnel
coupling lower, than for the rest of measurements presented in this
paper.

frequency. More precisely, the exact position of the electrons
forming the spin qubit is crucial to understand the detuning
shift induced by the DC bias. Indeed, the singlet-triplet spin
qubit is realized at the (1,1)-(2,0) charge transition, where the
(2,0) charge configuration corresponds to a situation where
the two electrons are located in the quantum dot that is
the farthest away from the ECs. For positive (negative) bias,
the ECs electron density is increased (decreased), the two
electrons of the qubit are pushed farther away (attracted
closer) to the (2,0) charge configuration, and the resulting
exchange oscillations are slower (faster). In this experiment
it was the global ECs electron density that was varying while,
in the following, a local and propagating variation of it defined
as EMPs will be used.

V. SPIN QUBIT DETECTOR CALIBRATION

To investigate the potential of using such a spin qubit to
detect individual flying electrons, it is important to understand
the qubit dynamic at positive detuning where maximum de-
tector sensitivity is expected. Indeed, the more positive is the
detuning, the faster are the oscillations and the larger is the
phase shift induced by the flying electrons. Our goal is to
obtain the largest charge sensitivity of the detector to probe
a flying electrons wave packet generated by a subnanosecond
pulse presented in Fig. 8. Therefore, the exchange pulse of the
spin qubit detector, the spin oscillating time, was set to its min-
imum value in our setup of 1 nanosecond for demonstrating
the principle of the experiment. The strategy to optimize the
detection was then to sweep the detuning in order to identify
the best sensitivity point. The resulting coherent oscillations
of the qubit population are presented in Fig. 6(a). They are the
results of the accumulated phase during the exchange pulse.
Such a phase is defined as

∫ t
0

J (ε(t ))dt
h̄ with J (ε) ∝ exp(ε) lead-

ing to an increase of the oscillation frequency with detuning.
These oscillations are fitted using an expression derived from
the model used in Fig. 2(c). We use a Gaussian model for the
pulse in ε(t ); we integrate the evolution between ±tint with
tint = 2.5 ns and assume that most of the dephasing occurs
close to the maximum of the pulse amplitude for a duration
τ = 0.2 ns:

P|↑↓〉(ε) = 1

2

[
1 − e−[τ/T2(ε)∗]2

cos

(∫ +tint

−tint

J (ε(t ))dt

h̄

)]
, (3)

ε(t ) = αe−( t
τ

)2
εAW G − ε0, (4)

T2(ε)∗ = �h̄
dε

dJ
, (5)

where α = 0.84 represents the reduction of the pulse am-
plitude extracted from the finite bandwidth of the signal
generator and ε0 the reference position of the (1,1)-(2,0)
charge transition. In addition to the oscillation amplitude,
there is a second fitting parameter � = 4000 V−1, which is
the inverse of the effective gate noise and is consistent with
previous reported values [39]. Only two oscillations are vis-
ible indicating a rapid reduction of the coherence time with
detuning. This is attributed to the increased sensitivity of the
system to charge noise as the system is brought closer to
the (1,1)-(2,0) crossing [35]. To determine the actual charge
sensitivity of the spin qubit detector, a preliminary step is to

043116-4



IN-FLIGHT DETECTION OF FEW ELECTRONS USING A … PHYSICAL REVIEW RESEARCH 4, 043116 (2022)

FIG. 6. (a) The voltage amplitude �VRF of the spin triplet RF-
SQD signal evolution is plotted as a function of the detuning ε. For
such coherent exchange oscillations in amplitude the interaction time
is set to 1 ns. The solid line is the result of the data fitting described
in the main text. These traces are extracted from the map shown in
(b) for Vbias = 0 and Vbias = −300 μV. The two red dots indicate the
2π and 3π spin rotation position. (b) Voltage amplitude �VRF as a
function of ε for different DC bias applied to the ECs. By applying
a negative Vbias, the EC density increases resulting in an acceleration
of the oscillations, that corresponds to a linear shift in ε.

determine its actual exposure time τ . Indeed, because of the
nonlinear evolution of the exchange energy J (ε), the phase
is mostly accumulated when the exchange pulse approaches
its maximum amplitude. We define τ as the time required
to accumulate 50% of the total phase (from 25% to 75%)
and estimate it from the exchange pulse recorded at room

temperature, fitted with a Gaussian expression then cut in
time bins. For each bin, using the exchange energy expression
obtained from experimental data [shown in Fig. 6(b)] we
calculate the accumulated phase to obtain an exposure time
about τ = 200 ps.

Similar to the coherent exchange oscillations in time (see
Fig. 5), an acceleration of the oscillations while increasing the
ECs electron density is observed in Fig. 6(b). For a DC bias
of 300 μV, a complete π phase shift is obtained, between the
2π and 3π spin rotation, corresponding to a change in the
detuning pulse amplitude of �ε = 0.7 mV. It is highlighted
with the black dashed lines in Fig. 6(a). We observe a linear
dependence between the detuning pulse amplitude and the
edge state bias [see Fig. 6(b)], consistent with the interpre-
tation that the ECs act as a gate for the spin qubit.

To obtain quantitatively the sensitivity in flying electron
number, the voltage bias has to be converted in the number
of electrons Ne interacting with the spin qubit detector during
the exposure time τ . It is obtained via the relation Ne = Iτ

e ,
where e is the elementary charge of the electron, I the current
flowing in the ECs, and τ the detector exposure time. The
evolution of the detuning point ε2π that corresponds to the
detuning where a 2π spin rotation has been accomplished is
therefore analyzed with increasing Ne in Fig. 7(a). We observe
a linear shift of ε2π that permits us to evaluate the expected
shift for a single flying electron δε, equal to 6 μV.

Finally, we estimate in Fig. 7(b) the expected detection
RF signal δVRF = δVRF(ε + δε) − δVRF(ε) induced by a single
electron in our setup. We identify the maximum qubit detec-
tor charge sensitivity, i.e., the largest δVRF, obtained for two
different exchange pulse amplitudes ε, 7.5 mV and 8.5 mV,
respectively the 3π/2 and 5π/2 spin rotation positions, with
δVRF ≈ 300 μV. From this value, taking into account the
calibrated conversion between wave packet electron number
and voltage response, we evaluate that we can unambigu-
ously distinguish a wave packet of less than 100 electrons,
equivalent to a π phase shift, 90 ± 5 electrons within the inter-
action time (≈100 ps). For the results presented in this work
and extrapolating the detection efficiency to the GHz regime
for state-of-the-art electrometers in semiconductor nanostruc-
tures, we obtain comparable charge sensitivity (1 electron in
≈100 ns).

VI. FEW FLYING ELECTRON DETECTION

After calibrating the sensing system, we test it directly on
electrons propagating in the ECs. We engineer a triggered
flying electron wave packet in exciting the gate RF3 [cf.
Fig. 1(a)] with a voltage pulse through capacitive coupling
[40]. The generation pulse excites two EMPs, one at the rising
edge and one at the falling edge [40,41], as sketched in Fig. 8.
Applying such pulse with negative amplitude, the first front
(falling edge) will excite electrons from the Fermi sea and
hence induce a local increase of the ECs electron density. Such
electron density variation is expected to induce an acceleration
of the qubit oscillations which leads to a decrease of �VRF.
On the contrary, the second front of the pulse (rising edge)
induces a local decrease of the ECs electron density (cf. sketch
in Fig. 8) and leads to an increase of �VRF. The number
of flying electrons forming these EMPs is controlled by the
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FIG. 7. (a) Detuning ε2π for which a 2π spin rotation of the ns-
pulse coherent oscillations is achieved [see Fig. 6(b)], as a function
of the number of electrons Ne interacting with the spin qubit detector
when applying a DC bias to the ECs. The ε2π values are extracted
from the fit of the data shown in Fig. 6. From the linear fit of the data
points (red line) we obtain a detuning shift of 6 μV per electron.
(b) Estimated amplitude of the single-electron signal variation δVRF

(green) and the voltage amplitude �VRF of the spin triplet RF-QPC
signal [blue: fit of data shown in upper Fig. 6(a)] are plotted against
the detuning ε. The maximum signal is obtained for the 3π/2 and
5π/2 spin rotation positions, i.e., 7.5 mV and 8.5 mV.

generation pulse amplitude. To probe them we tune the spin
qubit detector in its more sensitive configuration, ε = ε3π/2

(7.5 mV in Fig. 7), set the generation pulse duration to 6 ns
(see Fig. 9), and control the delay between the generation and
detection pulses.

The flying electrons detection is first performed with a
positive magnetic field of 430 mT such that the electrons
travel anticlockwise and pass in the vicinity of the spin qubit
detector (see Fig. 8). The induced signal variation, labeled �,
is shown in Fig. 10(a). We clearly observe two main peaks of
opposite amplitudes separated by 6 ns for delays of −3.5 and
2.5 ns. The main peak full width at half maximum, of about
1 ns, is in agreement with the rise time of the voltage pulses.
When reversing the magnetic field, the response peaks are
completely suppressed [see Fig. 10(b)]. In this case, the EMPs
are following the lower path of the ECs and are absorbed
in the ohmic contact without passing next to the spin qubit

FIG. 8. (a) Sketch illustrating the coupling of the 6 ns generation
pulse applied to a RF gate on the right part of the sample with the
edge channels represented with the red line themselves capacitively
coupled to the spin qubit detector. (b) This pulse generates two edge
magnetoplasmons, one for each front of the pulse as sketched here
with the electron density in red. The first front of the pulse being a
negative voltage variation leads to an increase of the electron density,
the second front, a positive voltage variation, a decrease. The two
edge magnetoplasmons are separated in time by the 6 ns width of the
generation pulse.

detector. These elements strongly indicate that local detection
on-the-fly of electrons has been implemented.

From the data presented in Fig. 10(a), the smallest number
of flying electrons detected by repeating the experiment is
obtained. Indeed, the noise level is of the order of ∼1 mV after
averaging and limited by the slow drift of the qubit detuning.
Taking into account the calibration (300 μV/electron), the

FIG. 9. Sketch of the pulse sequence to detect EMPs. In blue is
the sequence applied on the spin qubit detector, in green the EMP
generation pulse. By default the 1 ns detection pulse is centered on
the generation pulse of 6 ns. Then, when sweeping it (in a 12 ns
window with our setup) the detection can be synchronized with the
rising (falling) edge of the generation pulse for positive (negative)
delay about ±3 ns.
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FIG. 10. (a) Detector signal � as a function of the time delay
between the generation pulse and the detection pulse. � is the voltage
amplitude �VRF of the spin triplet RF-SQD signal averaged over
65 000 single-shot measurements from which the reference signal
measured without generation pulse has been subtracted. This mea-
surement is performed at a magnetic field of 430 mT, for which the
flying electrons travel anticlockwise and pass nearby the spin qubit
detector. The generation pulse amplitude, estimated on the sample,
is represented in color scale. The signal � shows two main peaks
for delays of 2.5 ns and −3.5 ns, of opposite sign and with an am-
plitude linearly increasing with the generation pulse amplitude. Such
behavior tends to indicate the detection of edge magnetoplasmons.
(b) Same experiment as (a) but with B = −430 mT, so opposite
propagation direction in the edge channels. There is no signal vari-
ation, demonstrating the detection of flying electrons in the trace
of (a). (c) Voltage amplitude �VRF as a function of ε for different
voltage amplitude on the RF gate RF3 (cf. Fig. 1). The delay set
to 2.5 ns means a detection synchronized with the falling edge of the
generation pulse, so a decrease of the ECs electron density, for which
the observed deceleration of the oscillations was expected. We can
estimate the gate RF3 lever arm using the data presented in this paper.
From panel (a), the maximum 32 mV of pulse amplitude induces a
π/4 rotation. It is equivalent to about 0.3 mV of detuning shift. This
phase variation is obtained for a DC bias close to 150 μV as shown in
Fig. 5(b). From here we can estimate a lever arm on the ECs of about
1/200. This value is compatible with the geometry of the sample
and the reported ones in quantum dots. It indicates that a few tens
of flying electrons are generated for the maximum amplitude which
agrees with the experimental data. (d) Cut at the ε = ε3π/2 position
of (c) corresponding to the black dashed line. The voltage amplitude
�VRF is decreasing when increasing the generation pulse amplitude,
with a signal variation equivalent to the one shown in (a).

procedure permits us to detect the passage of approximately
4 flying electrons.

In addition to the main peaks, we observe secondary
peaks at different time delays. Their origin is presently

unclear. We speculate that they could arise from charge frac-
tionalization due to the presence of several edge channel
ECs [40–42].

To complement our study of the influence of the EMPs
on the spin qubit, we performed an experiment mimicking
the one shown in Fig. 6 but using flying electrons instead of
a DC current. Since the spin qubit exposure time of 200 ps
is smaller than the 1 ns width of the EMPs [cf. Fig. 10(a)],
the two experiments are very similar when synchronizing the
detection with an EMP. We chose the falling edge of the gen-
eration pulse (decrease of EC electron density) with a delay
of 2.5 ns. The experimental data are shown in Figs. 10(c)
and 10(d) showing a deceleration of the oscillations when
increasing the generation pulse amplitude. This response is
equivalent to the one presented in Fig. 6 where a current
was flowing in the ECs. Therefore, it is another argument
in favor of the detection of propagating charges in the ECs.
Besides, the slice along the approximate position, limited
by the ε resolution, ε = ε3π/2 [Fig. 10(d)], shows the same
≈10 mV signal variation as presented in Fig. 10(a) with an
expected linear evolution. By comparing the detuning shift
of Fig. 10(c) to the equivalent DC bias of the calibration
presented in Fig. 5(b), we obtain a lever arm on the ECs
estimated to be about 1/200 eV/V. Such a value indicates
that the generation pulse excites a few tens of flying elec-
trons for the maximum amplitude [using Fig. 6(a)] which is
in agreement with the experimental data. All these elements
put together strongly suggest the successful development
of a detector able to perform in-flight detection of flying
electrons.

In conclusion, we demonstrated that a singlet-triplet spin
qubit can be employed as an ultrasensitive charge detector
able to detect a few flying electrons. The flying electrons are
excited by a nanosecond voltage pulse and are propagating as
EMPs in the ECs of the quantum Hall effect. The spin qubit is
triggered by a nanosecond exchange pulse in a regime highly
sensitive to electrical perturbation. Signal from as low as 4
flying electrons is obtained in averaged measurements. This
detection scheme is stroboscopic and imposes synchroniza-
tion of the detection pulse with the propagating electrons with
a microsecond duty cycle. Intrinsically, it could eventually
limit the throughput of quantum electron optic experiments.
However, this two-stage detection scheme has nevertheless
the potential of single-shot detection which would represent
a significant step forward for quantum electron optics exper-
iment. To reach this goal, it would first be crucial to enhance
the capacitive coupling between the detector and the flying
electrons through further optimizing the design of the inter-
action region. Also, presently this coupling is limited by the
spreading of the electron wave packet over the many edge
channels due to the low magnetic field. A stronger coupling
could be achieved by using flying qubits operating at low
magnetic field [43]. Operating the spin qubit detector at higher
magnetic field is a solution in the limit of staying below
1 T [44]. Second, manipulating the spin qubit with higher
fidelities would be necessary to increase the overall fidelity of
the readout process. This is possible by reducing the charge
noise and improving the RF-QPC charge sensitivity, from
optimizing the impedance matching of the tank circuit and the
SQD location.

043116-7



VIVIEN THINEY et al. PHYSICAL REVIEW RESEARCH 4, 043116 (2022)

ACKNOWLEDGMENTS

We acknowledge technical support from the “Poles” of the
Institut Néel, in particular the NANOFAB team who helped
with the sample realization, as well as P. Perrier and C.
Hoarau. A.L. and A.D.W. gratefully acknowledge the sup-
port of DFG-TRR160, BMBF–Q.com-H 16KIS0109, and the

DFH/UFA CDFA-05-06. C.B. and T.M. acknowledge finan-
cial support from the French National Agency (ANR) in the
frame of its program ANR Fully Quantum Project No. ANR-
16-CE30-0015-02. T.M. acknowledges financial support from
ERC “QSPINMOTION”. C.B. acknowledges funding from
the European Union’s H2020 research and innovation pro-
gram under Grant Agreement No. 862683.

[1] C. Bäuerle, D. C. Glattli, T. Meunier, F. Portier, P. Roche, P.
Roulleau, S. Takada, and X. Waintal, Coherent control of single
electrons: A review of current progress, Rep. Prog. Phys. 81,
056503 (2018).

[2] R. Ionicioiu, G. Amaratunga, and F. Udrea, Quantum computa-
tion with ballistic electrons, Int. J. Mod. Phys. B 15, 125 (2001).

[3] E. Bocquillon, V. Freulon, F. D. Parmentier, J.-M. Berroir, B.
Plaçais, C. Wahl, J. Rech, T. Jonckheere, T. Martin, C. Grenier,
D. Ferraro, P. Degiovanni, and G. Fève, Electron quantum op-
tics in ballistic chiral conductors, Ann. Phys. 526, 1 (2014).

[4] M. Field, C. G. Smith, M. Pepper, D. A. Ritchie, J. E. F. Frost,
G. A. C. Jones, and D. G. Hasko, Measurements of Coulomb
Blockade with a Noninvasive Voltage Probe, Phys. Rev. Lett.
70, 1311 (1993).

[5] L. Freise, T. Gerster, D. Reifert, T. Weimann, K. Pierz, F.
Hohls, and N. Ubbelohde, Trapping and Counting Ballis-
tic Nonequilibrium Electrons, Phys. Rev. Lett. 124, 127701
(2020).

[6] S. Takada, H. Edlbauer, H. V. Lepage,J. Wang, P.-A.
Mortemousque, G. Georgiou, C. H. W. Barnes, C. J. B. Ford,
M. Yuan, P. V. Santos, X. Waintal, A. Ludwig, A. D. Wieck,
M. Urdampilleta, T. Meunier, and C. Bäuerle, Sound-driven
single-electron transfer in a circuit of coupled quantum rails,
Nat. Commun. 10, 4557 (2019).

[7] T. Müller, K. Vollenweider, T. Ihn, R. Schleser, M. Sigrist, K.
Ensslin, M. Reinwald, and W. Wegscheider, A radio frequency
quantum point contact charge read-out, AIP Conf. Proc. 893,
1113 (2007).

[8] E. J. Connors, J. J. Nelson, and J. M. Nichol, Rapid High-
Fidelity Spin-State Readout in Si/Si-Ge Quantum Dots via rf
Reflectometry, Phys. Rev. Appl. 13, 024019 (2020).

[9] D. J. Reilly, C. M. Marcus, M. P. Hanson, and A. C. Gossard,
Fast single-charge sensing with a rf quantum point contact,
Appl. Phys. Lett. 91, 162101 (2007).

[10] M. C. Cassidy, A. S. Dzurak, R. G. Clark, K. D. Petersson,
I. Farrer, D. A. Ritchie, and C. G. Smith, Single shot charge
detection using a radio-frequency quantum point contact, Appl.
Phys. Lett. 91, 222104 (2007).

[11] Y. Niimi, Y. Baines, T. Capron, D. Mailly, F.-Y. Lo, A. D.
Wieck, T. Meunier, L. Saminadayar, and C. Bäuerle, Effect
of Disorder on the Quantum Coherence in Mesoscopic Wires,
Phys. Rev. Lett. 102, 226801 (2009).

[12] R. Schuster, E. Buks, M. Heiblum, D. Mahalu, V. Umansky,
and H. Shtrikman, Phase measurement in a quantum dot via a
double-slit interference experiment, Nature (London) 385, 417
(1997).

[13] Y. Ji, Y. Chung, D. Sprinzak, M. Heiblum, D. Mahalu, and H.
Shtrikman, An electronic Mach-Zehnder interferometer, Nature
(London) 422, 415 (2003).

[14] P. Roulleau, F. Portier, D. C. Glattli, P. Roche, A. Cavanna,
G. Faini, U. Gennser, and D. Mailly, Direct Measurement
of the Coherence Length of Edge States in the Inte-
ger Quantum Hall Regime, Phys. Rev. Lett. 100, 126802
(2008).

[15] M. Yamamoto, S. Takada, C. Bäuerle, K. Watanabe, A. D.
Wieck, and S. Tarucha, Electrical control of a solid-state flying
qubit, Nat. Nanotechnol. 7, 247 (2012).

[16] S. Takada, C. Bäuerle, M. Yamamoto, K. Watanabe, S.
Hermelin, T. Meunier, A. Alex, A. Weichselbaum, J. von Delft,
A. Ludwig, A. D. Wieck, and S. Tarucha, Transmission Phase
in the Kondo Regime Revealed in a Two-Path Interferometer,
Phys. Rev. Lett. 113, 126601 (2014).

[17] S. Takada, M. Yamamoto, C. Bäuerle, K. Watanabe, A. Ludwig,
A. D. Wieck, and S. Tarucha, Measurement of the transmission
phase of an electron in a quantum two-path interferometer,
Appl. Phys. Lett. 107, 063101 (2015).

[18] H. Edlbauer, S. Takada, G. Roussely, M. Yamamoto, S.
Tarucha, A. Ludwig, A. D. Wieck, T. Meunier, and C. Bäuerle,
Non-universal transmission phase behaviour of a large quantum
dot, Nat. Commun. 8, 1710 (2017).

[19] E. Bocquillon, F. D. Parmentier, C. Grenier, J.-M. Berroir, P.
Degiovanni, D. C. Glattli, B. Plaçais, A. Cavanna, Y. Jin, and
G. Fève, Electron Quantum Optics: Partitioning Electrons One
by One, Phys. Rev. Lett. 108, 196803 (2012).

[20] J. Dubois, T. Jullien, F. Portier, P. Roche, A. Cavanna, Y.
Jin, W. Wegscheider, P. Roulleau, and D. C. Glattli, Minimal-
excitation states for electron quantum optics using levitons,
Nature (London) 502, 659 (2013).

[21] E. Bocquillon, V. Freulon, J.-M. Berroir, P. Degiovanni, B.
Plaçais, A. Cavanna, Y. Jin, and G. Fève, Coherence and in-
distinguishability of single electrons emitted by independent
sources, Science 339, 1054 (2013).

[22] N. Ubbelohde, F. Hohls, V. Kashcheyevs, T. Wagner, L. Fricke,
B. Kästner, K. Pierz, H. W. Schumacher, and R. J. Haug, Parti-
tioning of on-demand electron pairs, Nat. Nanotechnol. 10, 46
(2015).

[23] J. D. Fletcher, P. See, H. Howe, M. Pepper, S. P. Giblin, J. P.
Griffiths, G. A. C. Jones, I. Farrer, D. A. Ritchie, T. J. B. M.
Janssen, and M. Kataoka, Clock-Controlled Emission of Single-
Electron Wave Packets in a Solid-State Circuit, Phys. Rev. Lett.
111, 216807 (2013).

[24] P. Bordone, L. Bellentani, and A. Bertoni, Quantum computing
with quantum-Hall edge state interferometry, Semicond. Sci.
Technol. 34, 103001 (2019).

[25] S. Gleyzes, S. Kuhr, C. Guerlin, J. Bernu, S. Deleglise, U. B.
Hoff, M. Brune, J.-M. Raimond, and S. Haroche, Quantum
jumps of light recording the birth and death of a photon in a
cavity, Nature (London) 446, 297 (2007).

043116-8

https://doi.org/10.1088/1361-6633/aaa98a
https://doi.org/10.1142/S0217979201003521
https://doi.org/10.1002/andp.201300181
https://doi.org/10.1103/PhysRevLett.70.1311
https://doi.org/10.1103/PhysRevLett.124.127701
https://doi.org/10.1038/s41467-019-12514-w
https://doi.org/10.1063/1.2730287
https://doi.org/10.1103/PhysRevApplied.13.024019
https://doi.org/10.1063/1.2794995
https://doi.org/10.1063/1.2809370
https://doi.org/10.1103/PhysRevLett.102.226801
https://doi.org/10.1038/385417a0
https://doi.org/10.1038/nature01503
https://doi.org/10.1103/PhysRevLett.100.126802
https://doi.org/10.1038/nnano.2012.28
https://doi.org/10.1103/PhysRevLett.113.126601
https://doi.org/10.1063/1.4928035
https://doi.org/10.1038/s41467-017-01685-z
https://doi.org/10.1103/PhysRevLett.108.196803
https://doi.org/10.1038/nature12713
https://doi.org/10.1126/science.1232572
https://doi.org/10.1038/nnano.2014.275
https://doi.org/10.1103/PhysRevLett.111.216807
https://doi.org/10.1088/1361-6641/ab3be6
https://doi.org/10.1038/nature05589


IN-FLIGHT DETECTION OF FEW ELECTRONS USING A … PHYSICAL REVIEW RESEARCH 4, 043116 (2022)

[26] A. D. O’Connell, M. Hofheinz, M. Ansmann, R. C. Bialczak,
M. Lenander, E. Lucero, M. Neeley, D. Sank, H. Wang, M.
Weides, J. Wenner, J. H. Martinis, A. N. Cleland, Quantum
ground state and single-phonon control of a mechanical res-
onator, Nature (London) 464, 697 (2010).

[27] Y. Chu, P. Kharel, W. H. Renninger, L. D. Burkhart, L. Frunzio,
P. T. Rakich, and R. J. Schoelkopf, Quantum acoustics with
superconducting qubits, Science 358, 199 (2017).

[28] A. Bienfait, K. J. Satzinger, Y. P. Zhong, H.-S. Chang, M.-H.
Chou, C. R. Conner, E. Dumur, J. Grebel, G. A. Peairs, R. G.
Povey, A. N. Cleland, Phonon-mediated quantum state transfer
and remote qubit entanglement, Science 364, 368 (2019).

[29] I. Neder and F. Marquardt, Coherence oscillations in dephasing
by non-Gaussian shot noise, New J. Phys. 9, 112 (2007).

[30] K. v. Klitzing, G. Dorda, and M. Pepper, New Method for High-
Accuracy Determination of the Fine-Structure Constant Based
on Quantized Hall Resistance, Phys. Rev. Lett. 45, 494 (1980).

[31] M. Büttiker, Absence of backscattering in the quantum Hall
effect in multiprobe conductors, Phys. Rev. B 38, 9375 (1988).

[32] R. Thalineau, S. R. Valentin, A. D. Wieck, C. Bäuerle, and T.
Meunier, Interplay between exchange interaction and magnetic
field gradient in a double quantum dot with two individual
electron spin qubits, Phys. Rev. B 90, 075436 (2014).

[33] O. E. Dial, M. D. Shulman, S. P. Harvey, H. Bluhm, V.
Umansky, and A. Yacoby, Charge Noise Spectroscopy Us-
ing Coherent Exchange Oscillations in a Singlet-Triplet Qubit,
Phys. Rev. Lett. 110, 146804 (2013).

[34] B. Bertrand, H. Flentje, S. Takada, M. Yamamoto, S. Tarucha,
A. Ludwig, A. D. Wieck, C. Bäuerle, and T. Meunier, Quantum
Manipulation of Two-Electron Spin States in Isolated Double
Quantum Dots, Phys. Rev. Lett. 115, 096801 (2015).

[35] J. R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. Yacoby,
M. D. Lukin, C. M. Marcus, M. P. Hanson, and A. C. Gossard,
Coherent manipulation of coupled electron spins in semicon-
ductor quantum dots, Science 309, 2180 (2005).

[36] H. Bluhm, S. Foletti, D. Mahalu, V. Umansky, and A. Yacoby,
Enhancing the Coherence of a Spin Qubit by Operating It as a
Feedback Loop That Controls Its Nuclear Spin Bath, Phys. Rev.
Lett. 105, 216803 (2010).

[37] R. Landauer, Spatial variation of currents and fields due to
localized scatterers in metallic conduction, IBM J. Res. Dev.
1, 223 (1957).

[38] M. Büttiker, Four-Terminal Phase-Coherent Conductance,
Phys. Rev. Lett. 57, 1761 (1986).

[39] F. Martins, F. K. Malinowski, P. D. Nissen, E. J. Barnes, S.
Fallahi, G. C. Gardner, M. J. Manfra, C. M. Marcus, and
F. Kuemmeth, Noise Suppression Using Symmetric Exchange
Gates in Spin Qubits, Phys. Rev. Lett. 116, 116801 (2016).

[40] H. Kamata, N. Kumada, M. Hashisaka, K. Muraki, and
T. Fujisawa, Fractionalized wave packets from an artificial
Tomonaga-Luttinger liquid, Nat. Nanotechnol. 9, 177 (2014).

[41] M. Hashisaka, N. Hiyama, T. Akiho, K. Muraki, and T.
Fujisawa, Waveform measurement of charge- and spin-density
wave packets in a Tomonaga-Luttinger liquid, Nat. Phys. 13,
559 (2017).

[42] V. Freulon, A. Marguerite, J.-M. Berroir, B. Plaçais, A.
Cavanna, Y. Jin, and G. Fève, Hong-Ou-Mandel experiment
for temporal investigation of single electron fractionalization,
Nat. Commun. 6, 6854 (2015).

[43] G. Roussely, E. Arrighi, G. Georgiou, S. Takada, M. Schalk, M.
Urdampilleta, A. Ludwig, A. D. Wieck, P. Armagnat, T. Kloss,
X. Waintal, T. Meunier, and C. Bäuerle, Unveiling the bosonic
nature of an ultrashort few-electron pulse, Nat. Commun. 9,
2811 (2018).

[44] T. Meunier, I. T. Vink, L. H. Willems van Beveren, K. J.
Tielrooij, R. Hanson, F. H. L. koppens, H. P. Tranitz, W.
Wegscheider, L. P. Kouwenhoven, and L. M. K. Vandersypen,
Experimental Signature of Phonon-Mediated Spin Relaxation
in a Two-Electron Quantum Dot, Phys. Rev. Lett. 98, 126601
(2007).

043116-9

https://doi.org/10.1038/nature08967
https://doi.org/10.1126/science.aao1511
https://doi.org/10.1126/science.aaw8415
https://doi.org/10.1088/1367-2630/9/5/112
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevB.38.9375
https://doi.org/10.1103/PhysRevB.90.075436
https://doi.org/10.1103/PhysRevLett.110.146804
https://doi.org/10.1103/PhysRevLett.115.096801
https://doi.org/10.1126/science.1116955
https://doi.org/10.1103/PhysRevLett.105.216803
https://doi.org/10.1147/rd.13.0223
https://doi.org/10.1103/PhysRevLett.57.1761
https://doi.org/10.1103/PhysRevLett.116.116801
https://doi.org/10.1038/nnano.2013.312
https://doi.org/10.1038/nphys4062
https://doi.org/10.1038/ncomms7854
https://doi.org/10.1038/s41467-018-05203-7
https://doi.org/10.1103/PhysRevLett.98.126601

