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Trapping and Counting Ballistic Nonequilibrium Electrons
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We demonstrate the trapping of electrons propagating ballistically at far-above-equilibrium energies in
GaAs/AlGaAs heterostructures in high magnetic field. We find low-loss transport along a gate-modified
mesa edge in contrast to an effective decay of excess energy for the loop around a neighboring, mesa-
confined node, enabling high-fidelity trapping. Measuring the full counting statistics via single-charge
detection yields the trapping (and escape) probabilities of electrons scattered (and excited) within the node.
Energetic and arrival-time distributions of captured electron wave packets are characterized by modulating

tunnel barrier transmission.
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The ability to prepare and subsequently detect discrete
particles constitutes a crucial component for applications
ranging from metrology over sensing to quantum informa-
tion technologies, for example in utilizing single ions [1] or
electrons [2] for quantum computation, or photons for
quantum cryptography [3]. In electron quantum optics
(EQO), the solid-state analog to quantum optics, the recent
introduction of on-demand single-electron sources is
advancing experiments that have previously been realized
with continuous electron sources [4-9] by offering an
inherent time control, for instance in mesoscopic capacitors
[10-12], leviton injections [13], single-electron pumps
(SEPs) [14-16], or the application of surface acoustic
waves (SAWSs) [17,18]. However, implementing a single-
electron detector for an EQO experiment with ballistic
electrons poses the challenge to detect ballistic electrons
either on-the-fly or to trap them prior to detection.
Combining single-particle detection with an on-demand
single-particle source provides direct access to the full
counting statistics, independent of the bosonic or fermionic
nature of the observed particles, and ensures high signal
fidelities even in circuits with simultaneous multiparticle
injection. Additionally, multiple detectors can easily be
combined and inherently record coincidence correlations.

Here, we present a single-electron circuit that traps
ballistic electrons emitted from an SEP source at non-
equilibrium energies of some 10 meV. Continuous-current
measurements characterize low-loss electron propagation
towards a node, where single-electron counting provides a
measure of the high scattering probability enabling
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trapping. This technique resembles “sample and hold"
circuits in analog electronics, where a voltage is sampled
by charging a capacitor that retains the voltage for readout.
The single-electron counterpart consists of four functional
elements: an electron is emitted on-demand (source) and
ballistically traverses a waveguide section (WG). At the
circuit’s output, the electron is then trapped inside a node
by energy relaxation (capture) and read out (detect). This
requires different propagation characteristics between
waveguide (ideally lossless transport) and capture-node
(ideally complete loss of excess energy) [Fig. 1(b)], which
will be analyzed throughout this Letter. Following the
denotation of detection efficiencies # to register a photon
at the detector, which is one of the key parameters in
quantum optics setups [19], separate coefficients #yyrces
WG Meaptures ANA. 7gereer are assigned to the functional
components, where (1 —#nwg) and 7pure €Xxpress the
scattering probabilities in the waveguide and on the node,
TeSPeCtiVely’ and Mcircuit = MsourceMWGHcapture/Tdetect-

The two circuit geometries investigated [samples A
and B, Figs. 1(a) and S1 [20], respectively] have been
realized [21] in the same GaAs/AlGaAs heterostructure
with 97 nm nominal 2DEG depth, charge -carrier
density 1.9 x 10" cm™2, mobility 1.15 x 10° cm? V=571,
and quantum life time 2.9 ps [22]. Components are
formed by Cr/Au gates upon a shallow-etched channel.
Measurements are carried out in a dry dilution refrigerator
with base temperature below 50 mK and at 10 T
perpendicular magnetic field (v = 1).

A nonadiabatic single-parameter single-electron pump
[14,23,24] is used as an on-demand source of nonequili-
brium electrons. It is confined by three gates (pump
entrance and exit barriers Gp; and Gp,, side gate Gp3)
and excited by a f = 300 MHz sinusoidal pulse on Gp;.
The several-10-meV excess energy of the emitted electrons
scales with Gp,’s barrier height [15,25] and separates
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FIG. 1. (a) False color SEM micrograph of sample A with
measurement setup (dotted: bias source and ammeters exclu-
sively employed for precharacterization [20]). Active regions are
colored [mesa “green,” dc-only gates (yellow), dc-and-ac gates
(different colors)]. Red, orange, and yellow lines sketch possible
transport paths for an electron (yellow dot), potential barrier
transmissions of an electron are indicated as green beam splitters.
(b) Sketched energy diagram showing the different propagation
paths. (c) Bias-dependent scattering length Awg (sample
B, Vg, =0 mV).

transport from the Fermi sea. In continuous operation, this
would correspond to a generated current [ = e¢f =~ 48 pA
with elementary charge e. SEPs have been reported in
metrological applications with sub-ppm accuracy [26] and
hence do not currently limit the circuit fidelity. Here,
Nsource = 0.999 is estimated from the difference of measured
continuous current to ef (not shown).

In perpendicular magnetic field, the injected electrons
propagate along the sample edge with an imposed chirality,
as in a ballistic waveguide. The confinement potential of
this edge determines scattering cross sections and thereby
the contributions of scattering mechanisms affecting propa-
gating electrons. The electrons’ injection energies substan-
tially exceed those of systems in the integer quantum Hall
effect v = 2 regime at excess energies < 1 meV, where
relaxation mechanics have extensively been elaborated
(e.g., [12,27-31] and references therein). In the waveguide
section, the etch-defined edge potential is modulated by an
edge-depletion gate G, (here biased by V5, = =350 mV;
stated voltages generally refer to signal’s dc parts), intro-
duced for suppression of electron-electron interactions [32]
and shown to modulate and suppress longitudinal optical

(LO) phonon emission rates [32,33] by minimizing scatter-
ing cross sections and spatially separating transport from
the mesa edge. Sample A is designed with a short wave-
guide length lyg =~ 1.25 um to characterize scattering on
the node unimpeded by residual losses in the waveguide.
The survival probability Pg of an electron ballistically
reaching the detector node, equivalent to 7wg, is obta-
ined from the continuous current transmitted over the
node entrance barrier Gy; (not shown) as Pg = pwg~
(0.997 /Nsource) ~ 0.998. A characteristic scattering length A
can be estimated in a simple, exponential model [33-35]
from Pg=exp(—1/1), yielding Awg ~0.5mm>> Iy, which
expresses low-loss ballistic transport.

Sample B (Fig. S1 [20]) integrates more components and
an increased waveguide length of lyg =~ 3 pm to demon-
strate the functionality in more complex circuitry (data is
marked explicitly).

Hot-electron measurements (as in [20,35]) characterize
the Py of ballistic electrons as a function of injection bias,
yielding an energy-dependence of Ay that is exemplarily
depicted in Fig. 1(c) [36]: at small injection energies E,
electron-electron interactions dominate Awg [35,37] by
fully suppressing Pg (consistent with Ref. [35], which
describes the effect of electron-hole excitation by the
injected hot electrons via a phenomenological, length-
dependent threshold energy Ey,). Maximal Ayg is attained
above Ey, (at few 10 mV bias), where the wave function
overlap for electron-electron scattering is reduced and LO
phonon emission not yet possible, before Ay deteriorates
with further increasing E, in accordance with enhancing
LO phonon emission [20,38,39]. Consequently, for EQO
the injection energy of on-demand electrons should target
the intermediate regime of optimal Ayg. In the waveguide
section, Adyg is enhanced by modulating the edge potential
via increasingly negative V¢, , similar to observations in
Ref. [33], however, it levels near Vg =~ —300 mV.
Extracting the confinement potential to enable calculation
of predicted LO phonon emission rates [32,33,38] is
inhibited by geometric restrictions preventing the required
time-of-flight measurements. However, comparing Aywg to
results in Ref. [33] indicates phonon emission rates
similarly exceeding model predictions [40], substantiating
the presence of additional processes, possibly indirect LO
phonon emission involving supplemental longitudinal
acoustic phonon emission [33,39].

Electrons that scattered while propagating through the
waveguide are reflected by Gy, and sunk into an ohmic
side contact. Propagation across the node in an etch-defined
mesa-edge potential is investigated by recording 7¢ypure OF
trapped electrons within a counting scheme, yielding a
combined scattering probability of all mechanisms con-
tributing to trapping. A distance of 4.2 um between Gy,
and node exit barrier Gy, creates a large node extent,
forming an elongated quantum dot with lithographic
circumference of 10.4 ym and typical charging energy of
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FIG. 2. (a) Sketched sequence of ac modulations built from

four intervals [initial (i), final (iii) detector state readout (marked
in red), (ii) electron transport, (iv) reset; not to scale] used for
each measurement cycle. (b) Exemplary counting histogram
[Vg,, = =334 mV in Fig. 3(a)]. Measured detector signal is
categorized into 200 bins and shown as final over initial detector
state. Cyan lines enclose counts identifying a change by —1, 0, or
+1 electrons.

few ten weV. Assuming drift velocities of magnitude
5% 10* ms™! [32,33] would imply node transit times
below 100 ps, distinctly exceeding reported temporal wave
packet extents of few ten picoseconds [41-43].

The detector dot is formed by split gates against the edge
of a separate mesa structure, an additional floating gate
increases capacitive coupling to the node. Separation of the
two mesas avoids the strong electrostatic screening and
resulting reduction in detector resolution accompanying
complete split-gate realizations [44]. The detector dot is
operated in the Coulomb blockade regime to record charge
changes on the node, with two readouts per repetition of
the counting cycle, following the sequence depicted in
Fig. 2(a): after completing the first readout [of the initial
detector state, (i)], emission of an electron is triggered (ii),
while after the second readout [final detector state, (iii)], the
node state is reset (iv). The cycle repetition rate of 24 Hz is
dominated by the charge-detection bandwidth of detector
dot readout (62.5 to 83.3 Hz) and is limited by the coupling
of an added electron onto the detector dot (which was
observed to decrease with increasing node size and incom-
plete floating-gate coverage), the detector dot sensitivity
and the required signal-to-noise ratio.

To estimate 7capure A0 Hgegects 10° cycles are recorded and
the data binned into a 2D histogram, depicting final over
initial detector state. Exemplary data can be seen in Fig. 2(b),
where counts on the diagonal represent constant detector
signals (i.e., node’s charge state remains unchanged within a
given cycle), while off-diagonal signatures reflect changes
in the deposited charge. Multiple clusters emerge, clearly

separated in the x direction [corresponding to a varying node
occupation in interval (i) due to the reset (iv)] and in the y
direction [corresponding to electrons emitted on demand in
interval (ii)]. Despite the large node size of > 4 ym?, a peak
separation of > 56 [20] is achieved. With 1 — 5geiee S 1075,
identification errors do not limit #,.,;. The counts are
summed to N, [cyan lines in Fig. 2(b)] and lead to the full
counting statistics P, = (N,/>_; N;) of a change in the
node’s charge by n electrons. The high probability P =
0.996 indicates efficient scattering of electrons in this
segment and is equivalent to the achieved maximal circuit
fidelity, nircyic ® 0.996, revealing the near-unity 7capure =
(ﬂcircuit/”sourcenWGrldetect) ~0.999 that is similarly repro-
duced in sample B (cf. [20]). The achievable fidelity of
these circuits is largely limited by transport properties of the
waveguide and compares well to fidelities of (nonballistic)
electron transport inside SAW-induced moving quantum
dots [17,45].

For the trapping of on-demand electron wave packets, it
is particularly important to also consider the intrinsic
energy-time correlation of the wave packets emitted by
SEPs [46,47]. Within our trap-and-detect scheme, these
wave packet characteristics are in the following accessed
by utilizing the energy-dependent transmission of the
node-defining barriers [15,16,32,41,43,47]. The resulting
tomographic projections of the wave packet furthermore
provide the basis for the synchronization of energetic,
temporal, and spatial wave packet overlaps required for
interferences of electron wave packets in nonequilibrium
EQO experiments.

Figure 3(a) demonstrates the progressive blocking of
lower-energy electrons with increasing barrier height of
Gy, depicting the wave packet’s energy distribution, with
an asymmetry (cf. inset) caused by non-Gaussian emission
characteristics of the SEP [46,47]. A relative energy-scale
can be derived [20] and is displayed on the top axis of
Fig. 3(a) (zero set for maximum electron energy arriving at
Gy1). The energetic width of the distribution is evaluated as
the transition’s full width half maximum (FWHM) in
oP,/0Vg,, to SE~4 meV and agrees well with other
experiments [15,41,43]. This provides an upper bound to
the energetic width of the wave packet [41] that is
fundamentally limited by convolution with the barrier
characteristics, the relative contribution of which is difficult
to estimate even in a recent tomography scheme [47].

The SEP’s emission energy E, considered so far within
Fig. 3(a) lies in the maximal-Ayg region, close to the gradual
onset of LO phonon emission [20]. However, the emission
energies of SEPs can span a large range, exceeding E >
100 meV [15,25]. Trapping at an increased emission
energy E; is shown in Fig. 3(b) (AE,=FE; —Ey~20meV
[20], compare positions of both transitions in Fig. 3;
energy increase by synchronized excitation of Gp; and

G p,) and exhibits consistently high ng'pmre ~ nf;‘pmre despite
the increased emission energy, as apparent from
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FIG. 3. Energy-dependent probabilities for detection of single
electron wave packets depending on node entrance barrier heights
for two electron emission energies E (a) and E; = Ej + 20 meV
(b) plotted on identical scales (Gy, raised above emission
energies). Barrier height increases to the left, transitions P =
1 - P; =0 depict energy distributions of wave packets [48].
FWHMs are highlighted in dark red, (a) with inset of derivative
OP,/9V,, . Error bars represent statistical errors. Orange back-
ground and blue stripes mark regions inaccessible to detector
readout (no clear, consistent charge state observable, hinting at
nonlinear transmission properties of Gy;) and of missing
electrons, respectively. Red line indicates the value taken for
Fig. 4(a). P, > 0 due to nonideal SEP quantization.

Neirenie & 0.992. The energetic width SEF1 ~'5 meV is also
close to the lower-energy value. A larger energy increase
by AE, ~50 meV (E, = Ey + AEZ, data in [20]) yields
SEF2~9.5meV and reduced 752 ~0.90, which
however is mainly due to deteriorating quantization of the

source, nf&urcc. There is no discernible indication for a
decrease in 7cupre OVer the inspected 50 meV emission-
energy range.

In the energy-resolved measurements at increased emis-
sion energies, additional signatures appear in the limit
of small node entrance barrier heights [blue stripes in
Fig. 3(b), [49]], where P; drops for decreasing barrier
heights, while P, increases and in some cycles the charge
on the node is reduced, P_; > P_, > 0. The appearing
P_;, P_, > 0 cannot be plausibly explained as a modula-
tion of source, waveguide, or detector functionality and is
directly related to electrons emitted from the SEP [50]. We
interpret P_;, P_, > 0 as a process of energy redistribution
from relaxation of the hot electron, similar to observations
in Ref. [51], enabling thereby excited electrons to escape
the node. At E,, this region extends towards stronger
negative V¢, , in accordance with the increased energy
available for redistribution upon scattering. Including P_,,
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FIG. 4. (a)Energy-resolved capturing for G, probes scattering
while traversing the node. Data shown at E (VE‘l = —334 mV)

and E; (small markers; for clarity only P and P, shown,
Vglm = —370 mV). Opposed to Fig. 3, transmission over Gy,
results in n = 0. Red line marks value taken for Fig. 3(a).
(b) Time-resolved capturing at E,, by raising Gy, at time delay 7
relative to pump excitation (methods in [20]).

four nonzero elements of the full counting statistics are
recorded within the low-barrier limit of Fig. 3(b), high-
lighting the benefit of the single-electron resolution.

The wave packet’s energy distributions at Gy, are
depicted in Fig. 4(a), probing scattering while traversing
the node. At Ej, no survival probability of electrons
ballistically traversing the node is resolved [Pg0 ~ 0, visible
from (incomplete) wave packet mapping only at vanishing
barrier heights]. Thus, merely by taking into account
scattered electrons maintaining sufficient energy to pass
small Gy, Pyax. transmission ~ (.52 can be used to estimate an
upper limit for /1N0de < 6.5 um. This represents, in contrast
to propagation in the gate-modified potential of the wave-
guide section, a change of approximately two orders of
magnitude for transport through the etch-defined edge
potential and for E close to the energetic regime of strong
electron-electron scattering (cf. [20]).

At the increased emission energy E;, however, a sub-

stantial ballistic survival probability Pf‘ ~ (.88 is evident
from the clear transition detected at elevated barrier Gy,

[also Fig. 4(a)], corresponding to ANode ~ 34 ym. lNode

INode circumference Would suggest a pronounced fraction of
electrons being able to escape the node after traversing its
circumference in a full loop. This is however contradicted
by the miniscule escape probabilities seen in the low-barrier
limits of Fig. 3, which indicate an even further reduced
scattering length with near-unity #7.,pures. We conclude that
more mechanisms beyond the changing edge potential are
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contributing to these high trapping fidelities, for example
backactions of the active charge detector [52]. The
combined scattering probability, however, methodically
cannot identify individual scattering mechanisms.
Furthermore, additional modifications of scattering may
result from the node being isolated, e.g., by loop excitations
(E'Loop excitation << Eo), as for example observed in Ref. [53].
Manipulating the node’s electrochemical potential or, via
in-plane gating, its edge-potential profile did not measur-
ably enhance 77¢,pre- Ultimately, defining a narrow, energy-
selective “capture window” [labeled w in Fig. 1(b)] would
allow for detecting energetically sharp, incident electron
wave packets even after minor energy losses.

The wave packet’s arrival-time distribution at Gy is
pictured in Fig. 4(b) as a function of the time delay z at which
Gy is raised to block the incident wave packets from
entering the node (cf. [20]). Its relatively wide FWHM ot ~
250 ps is an upper bound to the temporal width of the
electron wave packet [20], limited by barrier characteristics
but consistent with the dependence on the SEP’s operating
point [15,46,47]. Despite ot being of the same order of
magnitude as the estimated transit time around the node, the
distinct trapping capability persists due to the high scattering
probability on the node preventing electrons from exiting
after fully traversing its circumference. This technique of
time-resolved detection also constitutes the minimal module
for a proposed single-shot voltage sampling [43].

In conclusion, strongly differing scattering probabilities
were measured in neighboring segments of a single-
electron circuit, allowing capturing and detection of single
electrons after ballistic propagation, resolving the full
counting statistics and estimating wave packet character-
istics. The resolution of these can prospectively be
enhanced by manipulating SEP emission characteristics
and applying tomographic schemes [47] or optimizing
barrier characteristics [54]. The demonstrated robustness
of detection to shifting injection energies is especially
important for future collision and interferometry experi-
ments requiring an energetic overlap between wave packets
emitted from independent nonequilibrium sources.
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