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Abstract

We present a detailed study of the effect of a strong perpendicular magnetic field on single-electron
pumping in a device utilising a finger-gate split-gate configuration, characterised by high pumping
precision. In the quantum Hall regime, we demonstrate electron pumping from Landau levels in
the leads, where the measurements exhibit pronounced fluctuations in the lengths of the pumping
plateaus with magnetic field, reminiscent of Shubnikov—de Haas oscillations. In order to explain
this similarity, we introduce a new physical model for the dynamics of the operation of a
single-electron pump. We show that the pumping process is dependent on the density of states of
the 2D electron gas in the leads within a single narrow energy window. Applying our model to
experimental data allows for the determination of physical parameters of the pump and its
operation; such as the capture energy of the electrons, the broadening of the quantised Landau
levels in the leads, and the quantum lifetime of the electrons.

1. Introduction

Technological applications, such as quantum information processing, nano-electronics, and electron
quantum optics require the control of individual electrons with a high degree of accuracy [1-17]. AlGaAs
high frequency single-electron pumps [18, 19] as well as silicon pumps [20-22] capable of delivering
quantised charges, have been extensively studied for this purpose in the past decades, with considerable
advancements made [23, 24]. Much effort has been spent on improving the accuracy of these pumps
[25-28], with new efforts to utilise machine learning to characterise the pumps [29]. In this paper we
examine the pumping mechanism itself when operating in the quantum Hall regime, paying particular
attention to the capture process during the pump cycle. In the characterisation of deterministic
single-electron pumps, the universal decay cascade (UDC) model presented in the seminal work by
Kashcheyevs et al [30] remains the only paradigm. Its main result is the equation [30, 31]:

I:efZexp[—exp(—an (Vexit — 01))] (1)

which gives good agreement with experimental data and allows for the determination of a set of parameters
Qun, 0y (where 1 is the plateau number), acting as a ‘fingerprint’ quantifying the accuracy and dynamics of an
individual device. The model, however, is limited in its ability to explain experimentally observed physical
phenomena. This limitation needs to be overcome as more complex devices are utilised as electron

pumps [32].
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We present experimental observation of a split-gate finger-gate (SFG) electron pump [31] operating in a
perpendicular magnetic field. The evolution of the pumped current is studied as the magnetic field is swept
from 1 to 9 T. We aim to interpret the behaviour of the field-dependent pumped current in terms of the well
established theory of Landau levels allowing for the extrapolation of experimental properties such as the
quantum lifetime of the electrons and capture energy during the pump cycle. Some studies of the effect of a
magnetic field on electron pumping have suggested monotonic lengthening of the pumping plateaus, and
thus increased pumping precision [33—-37]. Fletcher et al [36] attributed this to the increased sensitivity of
tunnelling rates to the potential profile and the suppression of back tunnelling. Others [38, 39] observed
oscillations of the plateau lengths, which Leicht et al [38] compared to the Hall resistance of the pump as a
function of magnetic field, implying a role of the Landau level quantisation of the leads to pumping.

Our observations, making use of the high precision of the SFG pump configuration [31], show dramatic
oscillations of the plateau length, closely correlated with the Shubnikov—de Haas (SdH) oscillations we
measure in the same device. We thus assume that the density of states in the leads holds the dominant role,
while other effects of the magnetic field [36] constitute an additional weaker dependence.

This allows us to introduce a new physical model for the operation of the pump, which is in agreement
with the results of the UDC model, and separates the individual properties of the device from the effect of
the magnetic field. It gives new insight into the dynamics of the pumping process, describes the data
qualitatively and allows us to determine the capture energy of the pump and the electrons’ quantum lifetime.

2. Experiment

The SEM image of the pump and the schematic of the experiment are shown in figure 1(a), with further
details on fabrication and measurement given in the Methods section. The pump in our experiment was run
at constant RF amplitude (Vamp = 300 mV), frequency (frr = 180 MHz), entrance gate DC offset voltage
(Vent = —600 mV) and source—drain bias (Vsp = 100 mV). The magnetic field B and the exit gate voltage
Vexit Were set as variable parameters. Figure 1(b) shows a pumpmap [40] of the current as a function of Ve
and B.

The principle of device operation is illustrated in figure 1(c) (i)—(iv), which shows the time evolution of
the cross-section of the spatial 3D potential created by the gates (we show e, the negative of the electrostatic
potential, illustrating the potential energy of electrons). At the beginning of the cycle (i), the left entrance
barrier is low and the dot potential profile has a single maximum. As the entrance barrier potential increases
(ii), a local minimum appears in the potential, creating confined states which can exchange and become
occupied with electrons from the source (capture stage). With further increase of left barrier height (iii), the
confined states become isolated from the source and move with the evolution of the potential profile. Here,
no further electrons can enter the dot and the decay of electrons back to the source is suppressed. Finally (iv),
the confined states are destroyed and all electrons are ejected into the drain.

We note that figure 1(c) merely illustrates the configuration of the electrostatic potential energy of the
pump. The number of pumped electrons per cycle at constant RF frequency and amplitude depends on both
the DC gate voltages, as well as the magnetic field (figure 1(b). Here we have tuned the pump into a regime
where the DC voltage and RF on the exit gate ensure that the electrons are always ejected and we only
concern ourselves with the capture process during the pump cycle. Exploring the capture process is the
primary focus of the paper.

Figure 1(d) shows four pumping traces at different magnetic fields for a fixed entrance gate offset voltage
and RF parameters. The pumped current evolves as a function of the exit gate voltage Vi, with the integer
number of pumped electrons increasing as the DC voltage on the exit barrier is made more positive (the
barrier is lowered) — this is a common feature of electron pumping [18, 19].

As a function of magnetic field, the first three traces in figure 1(d) show a trend towards plateau
lengthening, in agreement with previous studies [33, 34]. The plateau length dependence is however
non-monotonic, as can be seen from the 8 T trace, but instead oscillatory. This behaviour is further
emphasised in figure 1(b), a full magnetic field dependent pump map, where a dramatic resonance peak at
around 7.2 T is visible.

These oscillations are reminiscent of magnetic field dependencies seen in the SAH effect, similarly to the
Hall resistance in Leight et al [38] To make a comparison, we study the SdH effect in the pump by measuring
the longitudinal resistance of the device as a function of magnetic field, first with the finger gate grounded
(figure 1(e), orange) and then with an RF signal on the finger gate (figure 1(e), turquoise) with the
parameters of the RF signal set as used during pumping.
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Figure 1. (a) A false colour SEM image of the SFG device with experimental set-up. Two terminals are shown, however the device
contains a four terminal Hall geometry allowing for routine measurement of the quantum Hall effect and SdH. (b) 2D colour
map showing the dependence of the pumped current on the magnetic field B and exit voltage Vexit. (c) A set of schematics
illustrating a single pump cycle in a SFG pump. The red and green profiles show the potential energy profiles created by the
source/drain electrode, and the thick lines the Fermi levels of the corresponding bath (following the colour scheme in panel (a).
(i) At low momentary values of eVey (1) the potential profile presents a single maximum, preventing direct current from the
source to the drain. (ii) As eVen(#) increases, confined states form in the potential profile, and exchange electrons with the source.
(iii) Further increase of eVen(#) isolates the confined electron(s) from both the source and the drain, such that no further electron
can enter or decay from the QD. (iv) All confined states are destroyed and electrons are deposited into the drain. (d) Pumping
traces in Vit for several values of B. The lengthening of the plateaus can be observed initially, in agreement with previous work
[31], but it is not monotonic in B. (e) The starting voltage of the first plateau, ed; (solid purple) vs. the Shubnikov—de Haas effect
in the same sample with RF excitation on the finger-gate (dashed turquoise) and without (dashed orange).

t B

The purple plot in figure 1(e) shows the potential energy barrier height (absolute value of the exit gate
voltage) corresponding to the start of the first pumping plateau (current is at e~! a2 0.37, where e is the
natural exponent, of the expected plateau value, see equation (1)) as a function of magnetic field. While the
three plots in figure 1(e) are far from identical, there is significant similarity in their peak structures that
requires explanation.

As the magnetic field oscillations in the SdH effect originate in the Landau quantisation of the electron
states, we make the conjecture that similarly, the pumping of electrons is largely defined by the density of
states in the source of the pump. The difference between the pure SdH signal (figure 1, orange) and the first
plateau starting potential (figure 1, purple) can be explained by the presence of RF signal (figure 1,
turquoise), as well as the exact mechanism of pumping. The change in electron density observed when
comparing the orange and turquoise plots is attributed to the voltage applied by the RF signal generator to
the finger gate. This voltage locally modifies the electron density, either increasing or decreasing it depending
on the specific characteristics of the applied signal. In this experiment, we replicate the RF signal used during
the pump cycle, which generates an overall potential profile averaged over the full RF cycle. This profile
results in a depletion of electrons. There is also present an expected increase in the longitudinal resistance.
This is due to the reflection of one or more edge states by the RF gate [41].

The model and quantitative data analysis to follow expands on this experimental observation.

3. The model

3.1. Motivations

A single-electron pump is a complex open quantum system incorporating both particle and energy
exchange, a time-dependent Hamiltonian, multiple competing time-scales, out-of-equilibrium conditions
and multi-electron processes, all of which make it a serious challenge for theoretical description [42].
Combinations of these effects are studied in topics such as far-from-equilibrium thermodynamics in
nanodevices [43], as well as in applications of driven quantum dots such as quantum heat engines and
refrigerators [44—47].
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Figure 2. (a) The pumping onset voltage &, for the first four plateaus (n = 1...4) linearly scaled to coincide with each other. (b)
The calculated scaling factors of §,—d4. (c) Pumped current vs. Ve for varying magnetic fields from B=1Tto B=9Tin 05T
steps, horizontally rescaled by the magnetic field-dependent parameter A(B). Red dashed line shows the UDC fit to the averaged
trace.

Single-electron pumps also exhibit additional complexity due to qualitative changes, such as the creation
and destruction of confined states, as well as strong system-bath coupling associated with it. Quantitative
changes, such as the cycling of addition energy further complicate the system.

The double-exponential fitting equation for the pumping curves [31] of the UDC model (equation (1))
is the primary theoretical approach to the description of single-electron pumps. It gives a good fit to the
pumped current in a wide variety of electron pump geometries [31] and allows to compare devices operating
in identical experimental conditions. Despite later expansions [48, 49] on the model, alternative proposals,
such as the Sudden Decoupling Theory [50-52], and attempts at a dynamical analysis of the system [53],
there is currently no well-established link between the ‘fingerprint’ coefficients «,, d, and the key physical
parameters, such as temperature, magnetic field, RF signal amplitude, or frequency. Such a connection can be
found from the explicit consideration of a physical model. Recent work [54] performed a dynamical analysis
for a driven quantum dot from an open quantum system perspective, including a study on two-electron
emission processes, however such approaches are computationally involved and highly model-dependent.

We propose a qualitative and intuitive approach, using experiment as a starting point. Our experimental
data (figure 1(b)) provides a systematic high-precision study of the dependence of quantised pumping on the
magnetic field. Our observations serve as a basis for developing a physical model of the dynamics of the
electron pump.

3.2. Empirical observations
Before constructing a model, we further detail our experimental observations. Figure 1(e) compares the
onset of pumping of the first plateau as a function of Vi (dark blue), which corresponds to the current
reaching e ™! a2 0.37 of the true expected integer plateau, where e is the natural exponent, to the SAH
resistance in B—turquoise (with RF) and orange (No RF). The pump map in figure 1(b) shows the same
peak pattern for all plateaus (n = 1,2,3,4).

We proceed with a direct comparison of the first four plateaus. In figure 2(a) we plot the onset voltages
for the first four pumping plateaus, §,—d4 (voltage points from n =1 (blue) to n =4 (red) as a function of B,
linearly scaled to minimise the sum of the squares of differences between the corresponding data points from
each pump plateau for all B. The scaling factors 7(n) follow a power law in 7(n) ~ n® with a = 1.58.
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01—04 coincide (overlap of all curves in figure 2(a)) up to a linear transformation indicating that all
pumped plateaus follow the same oscillatory pattern reminiscent of the SdH oscillations, instead of a
separate magnetic field dependence for each J,,. The pump plateaus all dilate in the same way, either
contracting or expanding in Ve as the magnetic field is varied.

This allows us to introduce a single parameter A(B) governing the overall length of the pumping trace,
such that the UDC equation (equation (1)) can be written as:

I=ef Y exp[—exp(—au(Veit — A(B)J;))] (2)

where the coefficients §; are magnetic field-independent.

To further substantiate our claim that the entire pump map is represented as a single pumping trace
dilating and contracting with magnetic field as a whole, we present figure 2(c), which shows pumping traces
at different magnetic fields dilated by \(B) coinciding in their plateau positions, with the exception of the
high field traces. Additionally, figure 2(c) shows the UDC fit (dashed red) to the average of the pumping
traces, which comprises the pumping trace inherent to the device at B=0 with A\(0) = 1 and the
experimental conditions,such as frequency and temperature, remaining constant. The pump traces shown
here are taken from a pump map operating in the UDC regime. For a full V., vs Ve pump map of this
device please refer to the following papers [24, 31] where the same device was measured.

From these experimental observations, we can thus conclude that the magnetic field dependence of
pumping can be described as that of a single device-dependent pumping trace, dilating and contracting with
magnetic field by the length factor A(B). This dilation strongly resembles the SAH oscillations of longitudinal
resistance of the 2DEG, which is proportional to the density of states at the Fermi-level (figure 1(e)).

3.3. The 0-DIP model and dot parameters
We now propose a physical model explaining our experimental observations.

The main physical premise of the UDC model [30] is that the quantum dot is ‘loaded’ with electrons
while its energy levels are beneath the Fermi level, and once the quantum dot is energetically raised above it,
non-equilibrium relaxation, or backtunnelling, occurs until some number of electrons remain to be pumped
into the drain. However, this is not corroborated by our experiment.

Electron pumping is inherently governed by electron exchange between a 2DEG and a quantum dot.
Such processes are commonly dependent on the density of states in the electrode [55], which, in our case, can
be seen in the SAH resistance. However, the sharp Landau level signatures in A(B), the overall trace length
factor, can only be observed if all electron exchange processes determining the pumping at a given magnetic
field are confined to an energy window much narrower than the width of the Landau level, in contradiction
to the usual description of the UDC model.

To explore the physical nature of electron pumping and explain the origin of this energy confinement of
electron exchange, we first assume that for the electrons in the pump, the leading term in energy is due to the
electrically defined potential of the pump, with the magnetic field-dependent contribution being a small
correction to it. Thus, we begin with the analysis of a 1D model of the electron potential energy profile.

When voltages Vey: and Ve are applied to the entrance and exit electrodes, the potential energy profile
E(x) is a sum of two smooth differentiable peak functions Eepg(pent(X) and Eexit@exit (x). The peak maxima are
given by Eept and Eeyr, which depend linearly on the voltages applied (figure 3(a)) and eyt (x) and @ent(x)
are the dimensionless spatial potential profile functions with maximum values of 1. If the peaks are
sufficiently close to one another, for every value of E.; there exist a value of E.p; for which the total potential
profile exhibits an inflection point with a zero derivative on the source side of the potential profile. We call
this configuration (figure 3(b)) the 0-DIP potential (for ‘zero derivative inflection point’). The value of the
inflection point energy at the the 0-DIP potential configuration is proportional to Eei; (and therefore Veyi),
where we define the proportionality coefficient as «.

The significance of the 0-DIP potential is that it approximately separates two configurations of the
dynamically defined dot—that with no confined electron states, and that containing one or multiple
confined states. We assume that the first confined state forms in a ‘shallow’ potential, making both the energy
E. at which it first forms and the corresponding E.p; close in value to the inflection point aEey. A crucial
point in our model is that a further increase of E.,,; during the RF cycle leads to a rapid reduction in the
tunnel coupling between the now-formed confined states and the source (figure 3(c)), and after a small
increment dE in entry barrier height, the dot is effectively completely isolated, not only from the drain, but
also from the source (grey shaded profile in figure 3(b)). This means that E, the energy of the formation of
the first confined state can be thought of as the capture energy, since all electron exchange processes occur
within a narrow energy window after this energy as indicated in figure 3(b) by the blue shaded strip.
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Figure 3. (a) A labelled schematic of the potential profile parameters. The green and red peaks show the exit potential profile and
the constant offset of the entrance potential respectively. The black curve is the 0-DIP potential, realised at one of the momentary
values of Eent, which lie within the grey shaded area with the width being the amplitude of the RF signal Agg. (b) The device
potential profile in the vicinity of the 0-DIP configuration. As En; goes past the the 0-DIP configuration (the grey shaded profile),
the first confined state appears at E., after which the coupling with the source falls exponentially. All electron exchange processes
occur within the blue shaded energy range. The shaded red profiles show an arbitrary density of states dependences, weak (pale
red) or strong (dark red) in energy. (c) Schematic showing the zoomed-in region of the QD potential close to the 0-DIP point
with the length scale dimensions (Wy width, and Dy4 depth) indicated. The grey area indicates the 0-DIP configuration. x4 and
x_ are the local maximum and minimum respectively, x; is the inflection point, xo is the inflection point in the 0-DIP
configuration. (d) The schematic showing the change in tunnel rate I" and an arbitrary source electron density #(E) as the energy
of the entrance barrier is changed (dE).

To substantiate this claim, we define two fundamental dimensions of the dot: Wy—the width of the
entrance potential barrier and the characteristic size of the dot (the distance between the local minimum and
maximum in the potential profile, x_ — x in figure 3(c), and Dg—the depth of the dot and the height of the
potential barrier (the potential energy difference between x_ and x.; ), and study their evolution as a function
of dE in a one-dimensional system close to the 0-DIP point. Analytically making use of Taylor expansion (see
Methods) we find the following two expressions for the effect of the potential energy profile parameters on
the dot shape:

Wa= Civy/ i
- 3)
Dd == CD m

where Cyy and Cp are energy-independent coefficients.

The effective barrier width and height both increase with dE, as the pump goes past the 0-DIP
configuration. And since the coupling between the confined states in the dot and the source falls
exponentially with both Wy and Dy, the result serves as further support for the claim that the dot is only
coupled to the source in a narrow energy window (figure 3(d)). While the exact form of the dependence will
be different for a two-dimensional case and will depend on the geometry of the electrodes, qualitatively it

6
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will follow the 1D case. Additionally, an increase of Wy with lower E.y;; agrees with more electrons per cycle
being pumped with less negative Veyis.

We note that the different physical model is not in contradiction with the results of the UDC model, as
equation (1) does not change with the range of energies at which back-tunnelling occurs. Furthermore, we
are not attempting to describe the exact dynamics of electrons around the 0-DIP point, between the
formation of confined states and the quantum dot being decoupled from the source—such work can form a
separate study. We simply claim that however complex the exchange dynamics, they are limited to a small
energy window, and can be used to probe the density of states in the source, as the capture probability
depends on it.

Figure 3(b) shows the energy profile of the pump close to the 0-DIP point and a source with an arbitrary
density of states. A change in Ey; leads to two effects—a change in the inflection point, aEeyit, and therefore
capture energy E., and a change in the size of the dot, and therefore the probability of capture. Since the
pumping trace length is a function of magnetic field B only, we can conclude that the first effect is not
significant and the change of capture energy over our line scan is small compared to the width of the Landau
level (if it were not the case, we could observe a decrease of the number of pumped electrons with an increase
of exit voltage, see figure 3(b), dark red). This means that any change in the capture energy throughout the
experiment is small in comparison to the width of the Landau level.

An important distinction is that while in our model pumping depends on the density of states at the
capture energy, the SdH resistance gives the density of states at the Fermi energy, which is a function of
magnetic field. This will be the source of some misalignment between the data in figure 1(e).

4. Quantitative data analysis

In our 0-DIP model, we assume that successful electron capture by the quantum dot occurs when the dot’s
capture energy, E,, is resonant with an occupied Landau level in the source reservoir. Once capture has taken
place, the quantum dot decouples rapidly from the source over a narrow energy bandwidth.

To validate our assumptions in the 0-DIP model, we investigate the correlation between the dynamics of
the density of states of the Landau levels in the source at the capture energy, with the oscillatory behaviour of
the pumped current in B. A direct calculation of current would require additional assumptions about the
dynamics at capture. We aim to investigate how the probability of capture is increased with a corresponding
increase in the density of states in the source that leads to an enhancement in robustness of pumped current
in Ve as seen in figure 4(b) (red trace).

The Landau level energies including spin are quantized according to

1
E, = (n + 2) hw. + ppBsg, (4)

where w, = 2 denotes the cyclotron frequency, the + for spin up and down respectively, e is the elementary

pe
charge, B is the magnetic field strength, m* the effective electron mass, yp = 22?* the Bohr magneton, S the
spin factor(s = % for electrons) and g the Landé g-factor (g = 1). The degeneracy per unit area, or the density

of states, associated with each Landau level is given by

=1 5)
The density of states given here is assuming the Landau level is described by the Dirac delta function, which
is only the case for an ideal system where scattering is completely ignored [56]. It is more realistic to assume
that the electron survives for a finite time, 7;, between scattering events. 7; is known as the quantum
lifetime—the average time a carrier remains in a momentum eigenstate before scattering [57].
As a consequence, the energy of the Landau level is defined with a precision

r=—. (6)
Ti

Each Landau level acquires a finite width and can be modelled as a Gaussian with a full width at half
maximum (FWHM) denoted by I'. The states from equation (5) are therefore spread into the area now given
by the Gaussian shaped Landau level.

As the magnetic field is increased, both the Landau level energies and the associated density of states
increase as well. By tracking these changes in tandem with the Fermi energy Er—defined here as the
maximum electron energy within the topmost occupied Landau level—we compare the field-dependent
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Figure 4. (a) Schematics of the evolution of the spin-split first Landau level for B values chosen around the main resonance peak
centred at B=7.3T. The black shape markers indicate the chosen B values on the resonance peak in panel b. The Fermi energy is
indicated by the red vertical lines, the turquoise dotted line indicates a fixed capture energy and the blue line a changing capture
energy, with B. (b) Onset of 1st plateau pumping (experimental data) in red taken directly from figure 1(e). Blue and turquoise
plots indicate the simulated density of states for changing capture energy and fixed capture energy respectively vs B field. I" shows
from where in the experimental data (red) plot the Landau broadening was determined. Inset: density of states for changing
capture energy vs B field, shown considering electron spin splitting (blue) and ignoring spin splitting (pink).

evolution of the Landau-level density of states with the experimentally observed magnetic field dependence
of the pumped current (figure 1(e), blue trace). A strong correlation between these traces would support the
validity of Landau level loading and allow for the extraction of physically meaningful parameters. To quantify
the field dependence of the Landau levels and related parameters, the 2DEG electron density np is needed.
We measured np using the SdH oscillation method. This involved analysing periodic oscillations in the
longitudinal resistivity R,y as a function of inverse magnetic field. The electron density was extracted using
the expression

_2e 1 7)
"= AB)

where A(1/B) is the oscillation period in inverse magnetic field, and the pre-factor of 2 accounts for spin
degeneracy in the absence of Zeeman splitting (a valid assumption for B < 2T).

Two SdH R, traces of the pump device were measured at a base temperature below 100 mK: one with all
gates of the pump grounded (orange trace in figure 1(e)), and another with the quantum dot pump’s finger
gate driven at its operational frequency and amplitude (turquoise trace), as described in section 2 . From the
grounded trace, we identified resistivity minima at fields B = 1.050T and B = 1.568 T, and substituted into
equation (7) to extract a two-dimensional electron density of

np = 1.53 x 10> m 2. (8)

This value is in good agreement with the nominal electron density of 1.87 x 10" m™2, measured
independently by the Cavendish Laboratory at the University of Cambridge. The slight discrepancy is
attributed to device fabrication effects, which likely modify the 2DEG properties.

From the SdH trace in figure 1(e) (orange trace) we can determine the B field at which the electrons start
to occupy only the lowest Landau level. We make use of the filling factor v (representing the number of
occupied Landau levels), which is defined by

_ i _ noh 9)

ng eB

Setting v = 1 for the occupation of only the first Landau level, we find B = 6.36 T. This corresponds with the
final SdH minimum ( see orange trace with arrow in figure 1(e)(where the Fermi energy sits in an localised
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state above the first full Landau level) as well as the minimum in pumped current marked by an M in
figure 1(e) (blue trace).

This field value will be of use in estimating the capture energy of the dot as detailed later in this section.

We next extract the Landau level broadening I, as defined in equation (6), from the FWHM of the
resonance peak in figure 1(e) (blue trace), which is replotted for clarity in figure 4(b) (red trace). From this
analysis, we obtain I' = 0.84 meV, corresponding to a quantum lifetime 7; = 0.78 ps, consistent with values
previously reported in the literature [58—60]. In the pumping regime, the application of an RF signal
introduces additional scattering mechanisms that are expected to reduce the quantum lifetime. A detailed
investigation of the dependence of 7; on RF frequency and amplitude is a subject for future study.

The above method used to determine I' is supported by the observation that the minimum in pumped
current occurs at B = 6.36 T, coinciding with the condition v = 1 in the orange SdH trace, where the Fermi
energy lies in a region of low density of states. We attribute the observed oscillations in pumped current as a
function of magnetic field, to the modulation of the density of states in the source lead at the capture energy.
Specifically, an increased density of states enhances the likelihood of electron capture, resulting in a broader
plateau in pumped current versus Vg, while a reduced density of states suppresses capture, leading to a
decrease in current plateau length. The resonance in pumped current observed at B= 7.3 T (indicated by the
black square in figure 4(b) is therefore interpreted as corresponding to a maximum in the density of states at
the capture energy. This therefore requires the capture energy to align with the centre of the first Landau
level. We will attempt later in this section to validate this assumption for the full range of B field from 1 — 9 T.

Therefore, applying equation (4) with n=1 at B= 7.3 T, we estimate the capture energy of the pump dot

E.=9.4meV. (10)

We assume first that this capture energy is independent of magnetic field.

Using MATLAB®, we calculate the density of states in the source lead at E over the magnetic field range
B =1—9T, shown as the dotted turquoise trace in figure 4(b). On the same axes, we re-plot the onset of the
first current plateau (from figure 1(e), blue trace) now the red trace. The comparison reveals some
correlation between the oscillatory structure in the pumped current and the density of states at constant E.

In an attempt to improve on this, we instead calculate the capture energy as a field-dependent quantity
E.(B), assuming in the first-instance a linear dependence across the full magnetic field range. This captures
potential magnetic confinement effects in the quantum dot, leading to a changing energy of the first confined
state beyond the inflection point. We scale E. from a value of 9.42meV at B = 7.2'T, varying linearly by
AE. = 2.4meV over the full B range. This corresponds to E. = 7.5meV at 1 T and E. = 9.9meV at 9T, in
steps of AB=9.0 x 10~*T. The resulting density of states trace (dark blue line in figure 4(b) exhibits strong
correlation with the pumped current, as highlighted by vertical dotted lines marking aligned oscillation
peaks. For completeness we model the same density of states for a changing energy in B but now ignoring
spin. Here we set the second term in equation (4) to zero and assume no lifting of the degeneracy in each
Landau level for all B. The result is given in the inset in figure 4(b), no spin—pink trace, along with the
inclusion of spin—blue trace. A clear difference is visible, indicating spin effects are essential in modelling
the pump behaviour in magnetic field and need to be accounted for.

Despite the improved agreement arising from the linear dependence of E.(B) on B, successful electron
capture still requires that the source resonant Landau level is occupied. To verify whether this holds true in
our calculation, we examine the evolution of the broadened Landau levels alongside the Fermi energy Ep,
modelling as discussed earlier each Landau level as a Gaussian with a FWHM of I' = 0.84 meV. Figure 4(a)
illustrates the spin-split first Landau level (n = 1) for selected magnetic field values taken from the resonance
peak of the pumped current as indicated by the solid black shape markers. The red vertical lines denote the
position of the Fermi energy Er. We compute Er at T = 0K by noting that the total area under the Landau
levels up to Er must equal the measured two-dimensional electron density np = 1.53 x 10> m~2. Using
equation (5) to include the B dependency in the Landau levels density of states, we integrate the
Gaussian-shaped density of states as a function of energy for each magnetic field and determine Er as the
energy at which the cumulative area equals np. This approach enables a field-dependent determination of Ep,
which is then used to evaluate the occupation of the Landau levels as the magnetic field is varied.

In figure 4(a), the turquoise dashed vertical line indicates the fixed capture energy E., while the solid blue
vertical line shows the changing capture energy in B, E.(B). At B=7.3T, the Fermi level lies within the
lowest Landau level, confirming that all electrons reside in the n =1 state. As B increases from 6 to 9T, the
varying capture energy E.(B) scans through the first Landau level. At B=6T the capture energy is in the
extended state of the Landau level with a low density of states (figure 4(a) (star)). This corresponds to a drop
in pumped current as shown in the red trace in figure 4(b). As the field is increased and the pumped current
increases, the capture energy moves through the Landau level with an increase in density of states, peaking at
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B =7.3T, which corresponds with the resonance of the pumped current, before dropping off again. The
black solid shapes on the pumped resonance peak (figure 4(b) red trace) are used to identify the relevant
schematic in figure 4(a) showing the corresponding Landau level in the source lead, together with the
capture energy and Fermi energy . This simulation indicates that the large pumped resonance peak is due to
the changing capture energy E.(B) probing the first Landau level going through a maximum in density of
states as B is swept.

5. Conclusion

Our experimental data of single-electron pumping through a SFG quantum dot at high magnetic fields
demonstrates oscillatory behaviour reminiscent of the SAH effect. The inclusion of a split-gate on the exit
side of the quantum dot allows for an increase in gate resolution due to a lower lever-arm term [31]. This,
with the change in potential profile on the exit side of the quantum dot from a simple Gaussian to a
saddle-point potential, has allowed for further probing of the dynamics of these on-demand electron sources.

Our analysis together with a new physical description for the pumping dynamics based on the
foundations of the UDC model has allowed for the first reported direct measurement of the capture energy,
the broadening of Landau levels in such pump devices and therefore the quantum lifetime of the pumped
electrons. This demonstration of single electron pumping in the quantum Hall regime, where electrons are
captured from specific Landau levels, shows the capture energy to be independent of the exit gate DC voltage
for fixed B field, but a change in the capture energy is observed as the B field itself is varied.

Furthermore, we have demonstrated that the split-gate configuration of the electron pump leads not only
to high pumping precision, as shown in previous work [24, 31], but to a narrow energy window for the
loading of the pump—narrow enough for individual Landau levels to be resolved. The explicit determination
of the capture energy in a single-electron pump based on a 2DEG provides valuable insight into the energetics
of the loading process and sets a quantitative benchmark for optimising pump performance. Our finding
that the capture energy exhibits a linear dependence on the applied magnetic field highlights the role of
Landau level formation and offers a tunable parameter for controlling electron capture with high precision.
Additionally, by extracting the quantum lifetime of electrons in the pump, we gain access to de-coherence
and scattering time-scales that are critical for understanding non-adiabatic errors and achieving high-fidelity
pumping. The observed magnetic field dependence of the pumped current, shown to correlate with the
changing density of states in the source lead, establishes a direct link between the pump environment and its
charge transfer accuracy. This work is especially relevant for quantum metrology and the development of
electron-based quantum technologies, where control of accurate on demand single-electrons is paramount.

Our experimental observation of pumping from a narrow energy band, together with the simple physical
description of the pump dynamics can serve as a foundation for future more involved theoretical modelling
to explore the effect of other parameters on pumping, such as temperature and frequency.

6. Methods

6.1. Fabrication and experiment setup

Our device comprises a single-electron pump with two Ti/Au gates in a finger-gate split-gate geometry (red
and green in figure 1(a) respectively). Only the entrance gate, in our the case the finger-gate, is coupled
directly to the Agilent RF signal generator. The pumped current is measured via a Keithley 6430
source-measure unit capable of measuring at the femto-ampere level. DC voltages are applied to the gates via
multiple channel 16 bit DAQs. Unlike the earlier pump configurations, in which oscillating voltages have
been applied to both the exit and entrance gate [18, 61], we follow a later protocol [19, 62], in which the
potential of the exit gate is held constant during the pump cycle, and the entrance gate oscillates due to the
RF signal added to the constant potential via a bias T. The gates were fabricated using electron beam
lithography with Ti/Au thermally evaporated. The entrance finger gate (red) and split gate (green) are used
to define the QD entrance and exit gate respectively. DC voltages were applied to all gates using a N12969
c¢DAQ with the RF signal coupled to the exit gate via a bias tee. The RF source used was a HP E4400B driving
a simple sinusoidal wave.

The device was fabricated on a two-dimensional high mobility GaAs/Al,Ga;_,As Si-doped electron gas
system grown using molecular beam epitaxy. The 2DEG was formed 90 nm below the surface (10 nm GaAs
cap, 40 nm Si-doped GaAs/Al,Ga;_,As, 40 nm GaAs/Al,Ga; ,As spacer, and GaAs substrate with a carrier
density 7 = 1.9 x 10" cm~2 and mobility zz = 1.014 x 10°cm?Vs™!). The 2DEG channel pattern was
defined using electron-beam lithography and etched to a depth of 40 nm using wet chemistry. The split gate
has a width and gap of 400 nm, whilst the finger gate a width of 150 nm. The pitch of the gates are 200 nm.
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The sample contained four AuGeNi ohmic contacts. Two were utilised for measurement of pumped current
and four when measuring the SdH effect. The sample was loaded into a Leiden Cryogenics dilution fridge
with a base temperature of 7mK and a 10 T superconducting magnet. The pumped current was measured
using a Keithley 6430 source measure unit, which was connected to the drain side of the pump. The source
side was grounded.

The SdH plot without the RF signal (figure 1, turquoise) differs from assessment measurements in the
same wafer with a standard Hall bar. This difference can be attributed to the geometry of the mesa in the
pump deviating substantially from a standard Hall bar geometry. The inclusion of Ti/Au gates as well as the
fabrication process itself also affect the wafer, altering the electron density and mobility. The application of
the RF signal further influences the magnetic field dependence of the device resistance, however both retain
the general peak structure of the signature SdH.

6.2. Dot parameters—analytical consideration

We find the dependence of the quantum dot parameters Wy and Dq—width of the potential barrier and the
dot depth in a 1D case—shortly after the system has passed the 0-DIP configuration. The potential profile
E(x) is the sum of the potential profiles of both electrodes:

E (X) = Eent@Pent 1+ EexitPexit (11)

where @enr and ey are the normalised functions of the potentials creates by each of the electrodes
independently, we assume they are smooth, differentiable, with a simple peak, and max(pen) =
max(Pexit) = 1.

In the 0-DIP configuration, Ee, = Eet- If xg is the inflection point, then the first and second derivatives
of the potential profile in it are equal to zero:

E' (XO) = OéEexit<)0e/nt (XO) + EeXithe/xit (XQ) =0

(12)
E" (x0) = aBexitPent (X0) + EexitPexit (¥0) =0
Shortly past the 0-DIP configuration, Eene = @Eexit + dE, the derivatives at the same point are:
E'(x0) = dEpey (x0)
(13)

E" (x0) = dEpeq (x0)

In this case (see figure 3(d)), the potential has three special points—the new inflection point x;, the local
maximum x4 and the local minimum x_. Assuming that dE is small and the special points lie within a small
vicinity of the former inflection point x, we find the distance between the new and the former inflection
points dx; in the Taylor expansion. Postulating E’'(xy + dx;) = 0, we arrive at:

- dE‘Pe/r:t (%0)
i = T 177 (14)
EexitPent (%0) + Eexitp iy (%0)
At the new inflection point, to the first order,
E’ (x;) = dEp(y (x0)
E"(x)=0 (15)

E"" (xi) = aBexitpent (%0) + Bexit it (%)

Finally, we find the distance between the new inflection point x; and the maximum and minimum x; and
x_. Setting

dx?
E’ (x; + dx) :E’(xi)+E”(xi)dx+E"’(xi)T =0 (16)
we arrive at:
2dEpl., (x
dx: - 1’ Spet( 0) 122 (17)
O4Eexit‘Pent (X()) + Eexit@exit (xo)
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We set 2dx, the distance between the local minimum and maximum as the characteristic size of the dot,
which is equal to the width of the potential barrier; and the depth of the dot, or the height of the barrier can
be found as:

dX3
DdZZE/(Xi)dx—FZE/”(Xo)? (18)
which yields:
4 2dEpl (x0)
Dy = —dEp! — = : 19
d 3 Pent (xO) \/ aEexitSDe/rit/ (xO) T EexitQDe/)éi/t <x0> ( )
The final dependence on the externally imposed energetic parameters has the form:
Wa=Cwy/ 5
. (20)
Dy = Cpy\/ G2

where Cyy and Cp are coefficients describing the dependence on all other parameters.
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