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per cycle degrades the quantisation of the measured current. This unreliable delivery
of multiple electrons per cycle has limited the use of on-demand single electron
sources in electron quantum optic experiments. We present highly quantised current
with multiple electrons pumped per cycle. We experimentally demonstrate that in
our pumps an increase in electron throughput per cycle does not lead to an
appreciable degradation in the accuracy of the produced current.

Our pump is realised in an aluminium gallium arsenide two-dimensional electron
gas, where electrons are pumped through a one-dimensional split-gate confinement
potential under the influence of an applied source-drain voltage Vsp, and where the
pump is driven by a trapezoidal arbitrary waveform. This combination of a split-gate
potential, Vsp bias and trapezoidal wave form has led to the observation of robust
quantised plateaus where not just a single electron, but a multiple integer number of
electrons are pumped per cycle with a high degree of robustness and without the
need of a magnetic field. For seven electrons per cycle, we report an increase of over
two orders of magnitude in pumping accuracy from 2.72 x 107 in devices operating
in the conventional pumping regime, to 1.64 x 10~ in pumps operating in what we
call the long plateau regime, a regime accessed under a change in a split-gate pumps
applied Vsp voltage. This pump will find direct use in quantum transport
measurements where the metrological accuracy of single electrons pumped per
cycle is not required and the low throughput per cycle of electrons is limiting.

Keywords: Quantum information; Quantum entanglement; Single-electron;
Quantum dot; Electron pump; Electron quantum optics

1 Introduction

There is considerable interest in pumping multiple electrons per cycle in the field of solid-
state quantum information processing [1]. This includes work on flying qubits [2, 3],
electron interferometry [4], and electron pair partitioning [5-12]. Traditionally, exper-
iments performed on quantized acousto-electric effect devices [13—15] and finger gate
pumps [16—18] are limited to pumping just one or two electrons per cycle, as an increase
in the number of electrons per cycle degrades the quantisation of the pumped current
plateaus [19]. Current quantisation can be improved with the application of a high perpen-
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dicular magnetic field [20-22] or driving the pump with a custom trapezoidal waveform
instead of a sinusoidal [23]. In the Experimental Results section we present our findings
when applying a customised trapezoidal RF waveform to a recently published [24] new
pump design where the quantum dot is defined using a split-gate, finger-gate pair and the
pump is operated in what we define as the long pumping regime (LPR). By combining the
split-gate QD geometry with a trapezoidal RF waveform for the first time, we demonstrate
the ability to pump multiple electrons (greater than three) per cycle with an accuracy and
robustness not before seen in any other single electron pump and without the need of a
magnetic field.

In the Discussion section we attempt to explain this new pumping regime by investigat-
ing the screened potential, gate energies, source drain bias, single particle energy states
as well as RF signal where we explicitly look at the trapezoidal waveform and discuss the
effects it has on the pumping mechanism.

2 Experimental results

2.1 Device and experimental setup

The device design and experimental setup is given in Fig. 1a). A Ti/Au entrance finger gate
(red) and split gate (green) are used to define the entrance and exit gate respectively of the
QD in the AlGaAs 2DEG. DC voltages were applied to all gates using a NI12969 cDAQ
with the RF signal coupled to the exit gate via a bias tee. The RF source used was a HP
E4400B for driving a simple sinusoidal wave. When driving the pump with a trapezoidal
wave form a AWG7122C Tektronix model arbitrary waveform generator was used.

The device was fabricated on MBE grown high mobility GaAs/AlyGa;.xAs Si-doped
2DEG wafers with the 2DEG 90 nm below the surface (10 nm GaAs cap, 40 nm Si-doped
GaAs/Al Ga; xAs, 40 nm GaAs/Al,Ga; 4 As spacer, and GaAs substrate with a carrier den-
sity n = 1.9 x 10'! cm2 and mobility 1 = 1.014 x 10 cm?/Vs). The 2DEG channel pattern
was defined using electron-beam lithography (EBL) and etched to a depth of 40 nm using
wet chemistry. The gates were defined using EBL and deposited with Ti/Au in a thermal
evaporator. 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. The sample was loaded into a Leiden Cryogen-
ics dilution fridge with a base temperature of 7 mk. The pumped current was measured
using a Keithley 6430 source measure unit (SMU), which was connected to the drain side
of the pump. The source side was grounded.

2.2 Pumpmaps

Pumping in the conventional pumping regime (CPR) or LPR is determined by the magni-
tude of the applied source-drain bias Vgp in such split-gate, finger-gate pumps [24]. The
exact dimensions of the split-gate also has an impact. A systematic study of the effects
of the split-gate geometry remains the subject of further investigations. In Fig. 1b) the
CPR is shown with the Vgp bias set to 0 mV and a RF sinusoidal wave applied to the en-
trance finger-gate V. This pump map was taken from a different device utilising the same
finger-gate split-gate geometry, but with slightly different dimensions. The first seven
plateaus are indicated on the plot. As the number of pumped electrons increases, plateaus
become narrower in Vi and degrade due to an increase in slope [25]. This is an indi-
cation of the break down in pump accuracy for multiple integer pumping as reported in
previous studies [26, 27], where electron-electron interactions suppress the plateau length
and accuracy. In such split-gate finger gate pumps an increase in source drain bias (for-
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Figure 1 a) Electron microscope image of the device used in the LPR and schematic of the experimental
setup. RF and DC voltage are applied to the finger-gate (red) and only DC voltage is applied to the split-gate
(green). b) Numerical derivative pump maps in the CPR (f = 180 MHz with amplitude Amp = 1 V;5) and LPR
(fundamental f = 181.81 MHz with Amp = 1 V) of the pumped current with a tailored trapezoidal signal
from the AWG applied in the LPR. ¢) Schematic showing the same snap shot during the pump cycle for
different Vsp bias Vsp regimes. The dotted lines in the left and right schematic correspond to the form of the
exit barrier in the middle schematic where Vsp =0 and is used as a comparative reference point

ward biased) tunes the pump into the LPR regime as demonstrated in Hume et al. [24],
but now we also apply a trapezoidal signal to Ve, instead of a standard sinusoidal wave.
This produces a pump map in the LPR regime given in Fig. 1b). This novel pump map now
dramatically modified in structure, differing not only from the form when operating in the
CPR but now with the application of a trapezoidal signal, also from what was reported by
Howe et al. [24]. The LPR pump map, shows the first four plateaus clearly visible with the
fifth starting to emerge from the right. In comparison to the pumpmap produced in the
CPR, all plateaus are well defined and remain equally robust in Ve, with an increase in
robustness in Ve with the fourth plateau. The number of electrons that are pumped per
cycle for a fixed Veye and Vet can be precisely controlled with the applied Vsp voltage, see
Fig. 2¢) and corresponding discussion that follows.

In Fig. 1c), schematics showing a snap shot in time during the pump cycle for differ-
ent applied source drain voltages Vsp represented by the chemical potential energy of the
leads(us, q) are given. What follows is a qualitative description of the pumping mecha-
nism and the effects the applied Vgp voltages have on the exit split-gate potential energy.
A rigorous quantitative investigation incorporating not just the effects of the Vgp voltage,
but also gate geometry as well as the explicit wave form of the RF signal is presented in
the Discussion section later on in the paper.

In all three schematics in Fig. 1c), the gates defining the potential profile are indicated by
the colour bars with the finger-gate (red) on the left and the split-gate (green) on the right.
The broadness of the potential on the right is due to the larger dimensions of the split-gate
versus the finger-gate. The RF signal is only applied to the finger-gate on the left. In all
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three schematics, the QD energy profile has been taken at a time in the pump cycle when
the entrance gate potential energy has risen up through the Fermi level in the source (1)
forming a QD with two electrons captured. The DC voltages, RF frequency and amplitude
are the same in all schematics. Only the applied Vsp voltage differs between schematics
as shown. The pumping mechanism requires that as time progresses the entrance gate
potential energy rises further up as the gate becomes more negative due to the RF signal,
bringing the trapped electrons in the dot closer to the point where they can leave via the
exit gate. If the energy of the occupied electron states within the dot are at least aligned
with the exit barrier energy, electrons will leave the dot via the drain. Here with the split-
gate exit barrier as apposed to conventional pumps with a finger-gate exit barrier, the Vsp
bias can be used as a tuning parameter impacting the likelihood for the electrons to leave
the dot via the exit split-gate. The centre schematic shows the time snap with u; = 14. The
two captured electrons for the set parameters (DC gate voltages, RF power and frequency)
remain trapped with a close to zero probability of leaving the dot to the drain. For this
discussion we take the centre schematic as the reference state. Without altering the set
parameters, in the left schematic only the Vsp voltage is changed such that p; < p;. This
causes a marked increase in the potential energy of the exit gates (the dotted line shows the
potential energy of the exit gate when p, = 1) resulting in stronger confinement of the
electrons decreasing further the likelihood the electrons will leave to the drain. In the right
schematic, once again the set parameters are left unchanged but now the the Vgp voltage
is changed such that ps > 14. Here the exit gate potential energy is reduced substantially
bringing the captured electron states in resonance with the exit barrier allowing for the
electrons to leave via the drain as pumped quantised current.

2.3 RF wave form and Vsp dependence
In Fig. 2a), single line scans of the normalised pumped current operating in the conven-
tional pumping regime (CPR) (blue) and the LPR (red) are shown. For the LPR an RF
trapezoidal waveform (inset Fig. 1a) red) is applied with a pulse width fixed at 0.5 ns and
rise time 4.0 ns. The slope on the falling edge of the trapezoidal pulse is a sinusoidal seg-
ment with frequency 62.5 MHz. The pulses shown in the inset have been converted from
gate voltage to the potential energy on the gate. The voltage signal from the AWG has an
amplitude of 1 V,,, sampled at 12 GS/s, with 66 sample points per cycle, to give a fre-
quency of 181.81 MHz. In the case of the CPR, a simple sinusoidal signal (inset Fig. 1a)
blue) with f = 180.0 MHz and amplitude of 1 V,, is applied. In both cases Ven = —425 mV.
Noticeable is the scale of Vi on the x-axis, contrasting the enhanced robustness in the
plateau length when operating in the LPR instead of the CPR, with over an order of mag-
nitude difference. Analysis on the effects the different wave forms have on the entrance
gate potential is presented in the Discussion section. As detailed in Giblin et al. [23] the
use of a trapezoidal signal allows for a tailored signal to be constructed such that at critical
stages in the pump cycle such as the loading of electrons into the QD from the source, the
oscillating entrance gate is slowed. At stages less critical such as the ejection of electrons to
the drain and subsequent return to the start of loading the dot again, the signal is sped up.
In such a way, the overall duty cycle of the pump is preserved to ensure high throughput
of current.

In Fig. 2b) a pump map shows the formation of high integer single electron plateaus
(two to seven) in the LPR with the same trapezoidal RF signal for different Vsp voltages.
Vent is fixed to =530 mV. Vg is swept from —9000 mV to —1000 mV on the x-axis, whilst
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Figure 2 a) Single line scans of the normalised pumped current operating in the LPR (red) and the (CPR)
(blue). Vent = =425 mV for both scans. Inset: Tailored trapezoidal signal from the AWG(red) and sinusoidal RF
signal(blue). The signals have been converted from voltage to potential energy b) Pump map of Vsp voltage
versus Vet of the normalised pumped current in the LPR. Vent = =530 mV. ¢) Pumpmaps of Vent versus Veyit in
the LPR showing the transition to higher pumped integer current as the Vsp voltage is increased in 10 mV
steps. The change from a monochromatic RF sinusoidal signal to a synthesised trapezoidal signal, leads to
dramatically different pumpmaps when compared to the CPR (Fig. 1b). In the LPR pump maps in b) and c).
f=181.81 MHz with Amp =1V,

the Vgp bias is stepped from —100 mV to 200 mV in 1 mV steps on the y-axis. On simple
inspection there is no gradual shortening of the length of the plateaus in Ve with an
increase in electron number per cycle as is the case in the CPR. An increase in robustness
with Vi is observed in the form of the pump map however the same stability in Vgp
is not apparent. In metrology, the level of accuracy of a pump operating in the CPR is
usually presented in-terms of the V¢ [28] only. Here we present our results utilising the
same convention.

In Fig. 2c) a series of pump maps from the split-gate finger-gate pump operating in the
LPR with a trapezoidal RF signal applied, shows the progression of the maps as the Vsp
bias is changed from 0 mV to 50 mV in steps of 10 mV. The colour key on the bottom
left corner of the figure indicate the number of electrons pumped per cycle for different
Vent and Ve of the pumpmap. Striking is the evolution of the plateaus to a higher integer
number of pumped electrons as the Vsp voltage is changed, for the same set of DC gate
voltages and without any discernible change in the structure of the pump map. As the Vgp
voltage is increased the fourth and fifth plateau (indicated in yellow and red respectively)
emerge monotonically from right to left. The evolution of the plateaus to higher integer
number of pumped current in such a manner has not been observed before and is only
observed when a trapezoidal RF signal is utilised.

A more in-depth analysis of these effects is presented in the Discussion section of the

paper.
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Figure 3 a) Pumpmaps of Vent versus Vet in the CPR for plateaus five and seven. log [n — e—’f | is represented
by the colourbar. b) Pumpmaps of Vsp Voltage versus Ve in the LPR for plateaus five and seven. logq [n - # |
is represented by the colourbar. The white stars indicate the [xy] position of the minimum value of
logyg In- e_/f" with the numerical value quoted in the white boxes. In the CPR, f = 180 MHz with amplitude
Amp = 1Vp, and Vsp =0 mV. In LPR the fundamental is f = 181.81 MHz with Amp = 1 Vpp and Vene = =530 mV

2.4 Pump accuracy

Quantitative analysis based on work by Giblin et al. [28] was carried out to determine
how the accuracy of the pumped current in the LPR and CPR changes when the number
of electrons transported per cycle is increased.

Figure 3 shows the log, |7 — §| for both the CPR and LPR presented as a set of
pumpmaps, where # an integer, represents the number of pumped electrons expected on
the plateau under investigation, /, the measured pumped current, f, the first harmonic of
the synthesised trapezoidal RF signal in the LPR or the only harmonic in the case of the
sinusoidal RF signal in the CPR and e the charge of the electron. High integer plateaus for
n =5 and n = 7 are shown. For the CPR, Fig. 3a), the plateaus are shown in Vet with Vep
stepped on the y-axis, the Vsp bias is set to 0 mV. For the LPR, the plateaus are shown
in Ve with the Vgp voltage stepped on the y-axis. Vene = —530 mV. The white stars indi-
cate the minimum value of log,, |n— é | with the numerical value of this minimum quoted
in the white boxes. The smaller the minimum value, the closer the normalised pumped
current is to the expected integer value 7. The corresponding [x,y] settings in the case of
the CPR [Vent,Vexit] and for the LPR [Vgp,Veit] give the respective parameter voltages
where the value of pumped current differs the least from the expected value given by
I = nef. A moving average of ten data points applied in the direction of V. was taken
to smooth the produced pumpmaps. In comparing Fig. 3a) to Fig. 3b), the minimum value
Min(log,, |n — él) obtained for the plateaus #n = 5 and # = 7 in the LPR is considerably
smaller than that in the CPR. This was the case for all plateaus from n =1 to n="7. The
colour bar range representing Min(log,, [n— é |) in Fig. 3 indicates a remarkable improve-
ment in accuracy and robustness for the LPR in V., when compared to the CPR with over

two orders of magnitude improvement.
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Utilising such a pump with a multiple integer number of electrons transported per cy-
cle, offers clear advantages over multiple electron pumps in parallel with single electrons
pumped per cycle [29] where the complications in experimental setup and uncertainty
from each pump, which adds linearly, is avoided. Such a combination of parallel pumps
would not allow a state of multiple entangled electrons rending them inappropriate for
more advanced quantum interference measurements.

Figure 4 a) and b) show the minimum values of Min(log,, |# — él) for plateaus n = 4 to
n =7 in both the CPR and LPR respectively. Al is the uncertainty in the reading taken from
the SMU and is given by 0.050%1 + 200 fA. AI is added and then subtracted separately to
the current / reading before calculating log,, [n — é | such that two values are determined
giving the range in uncertainty for /. This is shown in Fig. 4a) and b) where a straight line
fit to Min(logy, |1 — é ) is given. In the CPR the accuracy of the pumped current degrades
linearly as more electrons are pumped per cycle. In the case of the LPR there appears to be
no change in the accuracy in pumped current as the number of electrons pumped through
the QD per cycle is increased. In the CPR the demonstration of high pumped accuracy of
below 2 x 1077 at a current of around 100 pA has been demonstrated [30] in high fields
with work by Hohls et al. [31] uncertainties of the order 10~° were shown. These results
however were achieved with only a single electron # = 1 pumped per cycle, with no work
shown on the accuracy achieved for a higher number # > 1 of electrons per cycle. The
work here was also limited by the capabilities of the measuring setup which is not of the

metrological grade as utilised in key meteorological labs around the world.

3 Discussion

To explain the experimental findings and account for the unprecedented improvement in
robustness and accuracy for a higher integer number of pumped electrons per cycle in the
LPR, we present analysis on the key design and operational parameters. Pumps operating
in the CPR have until recently [24] been defined with a finger-finger (FF) gate geometry as
apposed to a finger-split (FS) geometry [32] as is utilised in this work. We define first the
screened potential seen by the 2DEG by the different gate geometries in both regimes. This
difference in device design, we claim is fundamental to the key experimental observations
made in this paper. We further explore the two-dimensional form of the QD potential and
determine where the minima form and the effect the lateral modes (LMs)(see Fig. 7) have
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on the dot. The impact of the Vgp bias on the defining gate potentials is also studied, paying
attention to the minima of the potential as well as the maximum height of the exit gate
potential. Finally, we examine the single particle energy levels in both regimes for the gate
specific screened potential and consider the impact the use of a non-monochromatic RF
trapezoidal signal instead of a simple monochromatic sinusoidal signal has on the capture

and ejection of electrons during the pump cycle.

3.1 Screened potential

We model the region near the gates for both FF gate and FS gate QDs in the adiabatic limit
by solving the Laplacian boundary value problem. For a single gate; either split or finger,
of width 25, a useful analytic approximation [33] along the channel ((y = 0) see Fig. 7) of
the induced charge ping on the 2DEG is:

Cs enx/d(l _ eZ:—rb/d)
Pina(®,0) = — (e7b/d 1 gr/d bydy’ 1)
embld 4 emxld)(] 4 gmx+b)id)
where d is the distance between gates and 2DEG, and Cg has the controlling factor
2Vg
Co o 1 + ewa/d’ )

where 2a is the width of the gap in a split gate. 2 = 0 corresponds to a finger gate, and
Vg is the potential applied to the gate. The proportionality constant may be found from a
single numerical evaluation of the potential. The potential on the 2DEG is set to zero, as

it is grounded. Assuming a linear response, the screened potential within the 2DEG may

be approximated by
whie
d’scr = _—2pind7 (3)
Meqe

where € is the permittivity of the substrate, 7, and g, are the electron mass and charge

respectively [33].

3.2 Coupling of gate energies and the effect of bias
We make use of equation (3) to model the two-gate potential defining the QD in both
geometries. The following discussion only considers the dot potential in one dimension
(y = 0). The peak in potential energy of the exit barrier along the center of the channel
(Uext) is proportional to the voltage applied to the exit gate (Vex). Increasing the size of the
gap in the split-gate lowers the coupling between Ve, and U,y such that the same change
in Vi results in a smaller change in Uey. In Fig. 5a) the profile of screened potential energy
along the y = 0 channel for a FF gate pump operating in the CPR is shown. In 5b) the profile
of screened potential energy along the y = 0 channel for a FS gate pump operating in the
LPR is shown. The dotted blue and red curves show the form of the harmonic oscillator
potential which is used as an approximation to determine the minima and curvature of
the QD potential (see Coupling to Lateral Modes section for more detail).

In the CPR, the exit gate finger-gate with zero gap, results in the strong coupling be-

tween Ve and Uex. This is in contrast to the split-gate in the LPR where the much lower
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Figure 5 Profile of screened potential energy along channel y = 0 showing the entrance Uent and exit Uext
barrier heights for a) FF operating in the CPR and b) FS operating in the LPR. Each is linear in the applied
voltages Vent and Uey respectively. Here Ven is =1 V and Vex; is =3 V in both plots

coupling between Vey and Uy results in a smaller dot potential. There is clearly an or-
der of magnitude increase for the potential Uy of the finger gate in the CPR versus the
potential Uey; of the split gate in the LPR despite the same voltages applied(Vex: = =3 V).
The entrance finger gate in both regimes has the same applied voltage of Ven = —1 V. The
minimum in the QD potential energy for fixed gate voltages is indicated in the figures by
U(xp). From the figures not just the magnitude of the minima differ (CPR U(xp) ~ 4.5 meV,
LPR U(xp) ~ 6.5 meV) but so to the position in x (CPR x &~ 80 nm, LPR x & 90 nm). This
difference will become more apparent when the potential is explored in two dimensions
later in the discussion.

We now consider the bias voltage Vsp across the pump which has a dramatic effect on
the pump maps as observed in the experimental data even when Vsp is much smaller than
the voltages applied to the gates. The effect of Vsp on the electrostatic potentials near the
gates is negligible, however we are not interested in the potential on the 2DEG (which must
vanish in our model) but instead the screened potential within the 2DEG, which is smaller
by around an order of magnitude compared to the applied gate potentials. We model the
bias within the 2DEG as a phenomenological addition [34] to the screened potential

¢ = ¢bias + Gsers (4‘)

where along the channel one has

VSD 5x
Pbias(%) = T |:1 + tanh(%)] (5)

Page9of 17
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LPR(right) showing QD position and lateral modes. The doted red lines indicate the outline of the Ti/Au gate
structures fabricated using electron beam lithography in the measured devices

For a forward bias, this effectively lowers the barrier height of a split-gate, as shown in
the labelled curves in Fig. 6, where the coupling strength of the exit gate voltage Vex to
barrier energy height Uy is shown for a split gate (red) with a gap of 4 = 200 nm in the
LPR and finger gate (blue) 2 = 0 nm in the CPR.

Both gates have a width of 400 nm, so the difference in coupling strength is only depen-
dent on the size of the gap. The lower coupling evident in the split-gate allows for finer
control of the exit barrier height that results in higher resolution probing of the energy lev-
els in the quantum dot at ejection. This is a contributing factor to the longer plateaus in
Vext visible in the LPR data. The single particle energy levels are explicitly determined later
on in this discussion. The change in applied bias Vgp is shown only for the split-gate as Vgp
has been shown experimentally to have little to no effect on the finger-gate and pumping

direction [19]. An increase in forward bias shows a decrease in coupling strength in the
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Figure 8 Center-channel potential (solid line) and energy level spacing (dashed lines) over the course of the
pumping cycle at a fixed exit gate voltage. The energy level spacing increases from capture as the curvature
of the quantum dot increases. (i) The high exit barrier in the CPR suppresses pumping. (i) The exit barrier in
the LPR with zero bias voltage is low enough to allow a single electron to be pumped. (iii) Applying a forward
bias of 100 mV in the LPR lowers the exit barrier allowing multiple electrons to be pumped

split-gate, further increasing the resolution of the exit gate with applied voltage. This too
contributes to the enhancement in robustness of pumped electrons and dot size as seen
from the pumped electron data in the LPR.

3.3 Coupling to lateral modes

For a more representative form of the dot potential and to determine any relevant differ-
ences that arise from the different gate geometries in both regimes, the problem is further
explored in two-dimensions. A Taylor expansion of the screened potential of the QD at
the minima is taken to second order. From this, the curvature in the potential minima in
the x and y directions is found. In Fig. 5a) the blue dotted parabola depicts the form of
this expanded and approximated potential in the CPR whilst the red dotted parabola in
Fig. 5b) depicts the expanded and approximated potential in the LPR. Due to these poten-
tials, the resulting spectrum of single particle states is therefore the sum of two oscillators
with ‘spring constants’ set by d,,¢ and 9,,¢

1 1
E,,My = hw, (nx + 5) + ho, (ny + 5) (6)

In Fig. 7 the screened 2D potential of the QD for both regimes is shown [33]. For a FF
gate pump operating in the CPR, the QD minima (green circle with QD labelled arrow)
forms approximately midway between the two finger-gates, where the lateral curvature
0yy¢ is small. For a FS pump operating in the LPR, the QD minima (green circle with QD
labelled arrow) forms further along the channel close to the middle of the split-gate, where
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the lateral confinement is large. Lateral modes (LMs) are also indicated in the figures. In
both device geometries (FF and FS) the lateral modes offer a reservoir of sates that can
either be occupied and act as a local unwanted source of electrons to the QD or remain
empty and act as a local unwanted drain to the QD. The LMs therefore contribute to the
level of uncertainty in the pumped current during the pump cycle. The potential energy
of the LMs in the FS gate pump operating in the LPR is found to be more positive than the
FF gate pump operating in the CPR, but are further from the QD minima. Consequently,
the coupling of the LMs to the dot are therefore weaker than in the CPR, where a near-
continuum of states couple more readily to the QD.

3.4 Single particle energy states

We now investigate the evolution of the single particle states in the QD during the pump
cycle for both gate geometries (FF vs FS) and demonstrate how the application of a forward
bias can increase the number of pumped electrons through FS gated QDs.

In Fig. 8 strip i) the time evolution (black arrows) of the pump cycle is shown in the
CPR where a FF gate geometry is used to define the QD. Here the potential at the center
of the channel is modelled as a superposition of the screened potential from two 200 nm
wide entrance finger-gates with one situated at %, = —100 nm, and the other at 100 nm.
In Fig. 8 strip ii) and iii) the time evolution (black arrows) of the pump cycle is shown in
the LPR where a FS gate geometry is used to define the QDs. The potential at the center
of the channel is modelled as a superposition of the screened potential from a 200 nm
wide entrance finger-gate situated at xene = —100 nm, and a 400 nm wide exit split-gate
situated at xexr = 300 nm with a gap of 200 nm. In Fig. 8 strip i) and ii) the SD bias is set to
0 mV whilst in strip iii) the SD bias is to 100 mV. Gate voltages are applied to the entrance
and exit gates as indicated in the figure, where the Ve, values (as marked in the first row)
is the the same for all entrance gates in the corresponding column and the exit gate is
set to Vexe = —15.00 mV for all plots. The energy level spacing is approximated using the
curvature of the resultant screened potential of the surface gates as shown in Fig. 5a) and
5b). The curvature is given by the second order power series expansion centered on the
local minimum of the potential (xy), allowing the system to be approximated as a quantum
harmonic oscillator with an energy spectrum

1
En:ha)<n+ —), @)
2
where w is given by the curvature of the potential at x,.
mw? = 8,%L[(x)|x0 (8)

The formation of the quantum dot differs substantially between the regions i),ii) and iii).
We label the first column (F) as the start of the formation of the QD, the second column
(C) the capture of electrons in the QD and the third column (E), the ejection of the no
longer confined electrons. All labelling is taken with respect to the LPR with SD= 0 mV. In
all three cases, the curvature of the QD is low at the start of the pump cycle and increases
as the entrance barrier rises. This results in a higher energy level spacing at ejection than at
capture as is visible from the spacing between the single particle states (dotted lines (blue
and red)) in all three regimes. The dense blue dotted lines in the CPR for Vep = —=1.00 V
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indicate a smaller single particle energy gap when compared to all the other cycles in Fig. 8.
The spacing between energy levels dE is indicated in each figure. When the entrance bar-
rier reaches its maximum, all states that are below the exit barrier remain trapped within
the dot limiting the pumped current. In the LPR, despite the same voltages applied to both
the entrance and exit barriers as in the CPR, states appear above the exit barrier potential
resulting in a non-zero quantised current. Applying a forward bias in the LPR lowers the
exit barrier, but not to the extent that this has a major effect at capture. Therefore the same
number of electrons are captured, but more of the captured electrons are pumped as mul-
tiple energy levels are above the potential energy of the exit barrier. This model indicates
the mechanism by which increasing the forward bias allows more electrons to be pumped
as seen experimentally in Fig. 2. Whilst Vsp does have an effect on the ejection of the elec-
trons from the pump in a similar way to an increase in RF signal amplitude [22], the Vgp
also directly impacts the resolution of the exit gate voltage by changing the coupling of
the voltage applied to the energy as indicated in Fig. 6. In our model we make no claims
regarding the depth of the dot between the CPR and LPR rather we highlight the increase
in resolution in the exit gate with split-gate configuration over the finger-gate design used
in pumps operating in the CPR. Thermal broadening remains a problem contributing to

the uncertainty in pumped current in both regimes.

3.5 Non-monochromatic entrance gate RF potentials

The effect on the pump map of changing from a sinusoidal wave to a trapezoidal non-
monochromatic wave driving the entrance gate was discussed in the Pumpmaps section
earlier on. In an attempt to understand this phenomena we model the gate as a trans-
mission line with distributed inductance (L), capacitance (C), and resistance (R) per unit
length. We find that the potential near the channel (y & 0) (see Fig. 7) develops qualita-
tively new features when the driving potential is non-harmonic.

In Fig. 9 we plot the effective potential difference between the 2DEG and finger gate at
y = 0. In Fig. 9a), the harmonic input signal Vj, (black line) (that is the output from the
signal generator) appears along with the effective RF gate potential (Vg1,Va2,Vaa), where
each G; with i = 1,2, 3 has slightly different geometric parameters as well as R,L and C.

In addition to the irrelevant horizontal shifts (in the case of V; a large shift due to the
choice of R,L and C) all modelled effective potentials remain symmetric around zero volts
as is the case for the harmonic input signal V;,. This is not the case for the trapezoidal input
(blackline) in Fig. 9b). Here all modelled gates Vg, have a similar horizontal shift as for the
sinusoidal signal but there is a clear change is the symmetric behaviour around zero volts.
This manifests as an asymmetric change in the maximum and minimum in amplitude of
the effective RF signal as shown by the red and blue arrows in Fig. 9b). This means that the
effective range of AC voltage near the channel can differ from that of the signal from the
RF generator. This has a direct impact over the full cycle of pump operation from loading
the dot with electrons from the source to ejecting the electrons to the drain over the split
gate exit barrier. A full analysis of these effects is the subject of ongoing work. The clear
differences seen here in this model between the amplitude of non-monochromatic RF
signal and a simple monochromatic sinusoidal signal offers some insight into the origins

of the differences observed experimentally.
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Figure 9 Comparison of driving potential (Vin, black lines) and effective potential near centre of finger gate
V. The red, blue, and green lines are V for slightly different gate parameters. Top: Sinusoidal input. Bottom:
Trapezoidal input

4 Conclusion

We have experimentally demonstrated an on demand single electron pump operating in
the LPR which delivers multiple (n > 1) electrons per cycle in zero magnetic field with a
plateau length over two orders of magnitude greater than what is produced in pumps for
n > 1 operating in the CPR. In the LPR we have shown the pumping accuracy of plateaus
for n > 4 to remain unchanged as the number of electrons pumped per cycle is increased.
For the delivery of n = 7 electrons pumped per cycle an accuracy of 164 ppm in the LPR
versus 27,221 ppm in the CPR was observed. Such an improvement in the stability and
robustness when pumping a high integer number of electrons per cycle offers exciting new
opportunities for experimental work in quantum transport measurements. These results
were presented in zero magnet field B = 0. Despite high magnetic fields being utilised
in many electron quantum optics experiments, several low fields (7 < 1) effects such as
electron focusing and skipping orbit experiments [35, 36] as well as phenomena that utilise
the Ahronov Bohm effect [37] would be quenched by the large fields used in the field
pumps operating in the CPR.

Future work will determine the energies at which these multiple electrons leave the
quantum dot. If electrons are found to leave in degenerate states these multi-electron
pumps will have a direct application in quantum information and entanglement related
experiments, where pump accuracy at the same level as metrological applications such
as the standard for electrical current [38] is not required. Furthermore, we have demon-
strated the ability to increase the number of electrons pumped per cycle in the LPR without
any discernible change in the pumpmap or accuracy of delivered electrons with a simple
change in Vgp bias. We presented analysis on how this new pumping regime is realised by
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investigating the screened potential seen by the 2DEG for different gate geometries (FF,
ES) in both regimes. The single electron energy levels in the different pumping regimes
were modelled allowing for a clear picture of how these single particle energy levels evolve
during the pump cycle and how they differ between the two regimes. The modelling of the
two-dimensional potential system of the dynamic quantum dot allowed for study of the
lateral modes in the vicinity of the QD, which have a direct impact on the uncertainty in
the pumped current, once again highlighting the discrepancies between the two pumping
regimes. This work together with the effects of the Vgp bias on the defining dot potential
as well as the true effective form of the applied RF signal (sinusoidal versus trapezoidal), as
seen by the electrons in the 2DEG, has helped to explain some of the fundamental mech-
anisms responsible for the vastly different electron pumping outcomes in the CPR and
LPR.
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