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Long-ranged coherent qubit coupling is a missing function block for scaling up
spin qubit based quantum computing solutions. Spin-coherent conveyor-
mode electron-shuttling could enable spin quantum-chips with scalable and
sparse qubit-architecture. Its key feature is the operation by only few easily
tuneable input terminals and compatibility with industrial gate-fabrication.
Single electron shuttling in conveyor-mode in a 420 nm long quantum bus has
been demonstrated previously. Here we investigate the spin coherence during
conveyor-mode shuttling by separation and rejoining an Einstein-Podolsky-
Rosen (EPR) spin-pair. Compared to previous work we boost the shuttle
velocity by a factor of 10000. We observe a rising spin-qubit dephasing time
with the longer shuttle distances due to motional narrowing and estimate the
spin-shuttle infidelity due to dephasing to be 0.7% for a total shuttle distance of

nominal 560 nm. Shuttling several loops up to an accumulated distance of
3.36 um, spin-entanglement of the EPR pair is still detectable, giving good
perspective for our approach of a shuttle-based scalable quantum computing
architecture in silicon.

Silicon-based electron-spin qubits show single- and two-qubit
gate'”, as well as readout®’ fidelities reaching the prerequisite for
topological quantum error correction®. This pronounces the need
to increase the number of spin-qubits on a chip in an architecture
which does preserve the qubit’s manipulation and readout perfor-
mance. New qubit readout strategies'>" and ideas for architectures
with sparse’ and dense™ ™" qubit-grids have emerged. Sparse qubit
grids have good perspective to eliminate qubit cross-talk issues of
their dense counter-part™ and to solve the signal-fanout problem"
by employing tiles of on-chip control-electronics>'®". Sparse qubit
architectures require high-fidelity coherent spin couplers that can
bridge distances of several micrometers. One type of coupler
involves high-impedance superconducting resonators, which
necessitate a complex interface between spin and the electrical-
dipole’®?, Other demonstrations focus on spin-qubit shuttling of
one spin-qubit towards another qubit across an array of tunnel-

coupled static quantum dots (QDs) named bucket-brigade
shuttling® . This approach, however, is complicated by the sensi-
tivity of adiabatic Landau-Zener transitions to potential disorder in
the quantum well*®.

In this respect, spin shuttling using a moving QD-referred to as
conveyor-mode shuttling-is more scalable, as it requires only four
easily tunable input signals, independent of its length**?. While
coherent spin shuttling preserving entanglement has been demon-
strated with surface acoustic waves in piezoelectric materials®®, an
array of top-gates connected to four gate sets can induce a moving QD
in a Si/SiGe one-dimensional electron channel (1IDEC)*. A spin qubit
shuttle device (SQS), also called QuBus, employing the conveyor-mode
shuttling in Si/SiGe has been demonstrated, with a shuttle distance of
420 nm and a charge shuttling fidelity of (99.42 + 0.02)%” . Subsequent
improvements pushed the cumulative shuttle distance to 19 pm with a
charge shuttling fidelity of (99.7 + 0.3)%.
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Here, we go one step further and characterise the spin-coherence
of a SQS operated in conveyor-mode. To probe the spin-coherence, we
initialize the SQS by creating a spin-entangled Einstein-Podolsky-Rosen
(EPR)-pair at one end. Since the EPR-pair represents a simple example
of a fully entangled two particle state’®?, it is ideal to probe the
coherence properties of our shuttling procedure. We separate the EPR-
pair by conveyor-mode shuttling at a variable distance and velocity
and combine them to detect the preservation of the spin-
entanglement by Pauli-spin blockade (PSB).

Compared to previous work”, we increased the shuttle velocity by
four orders of magnitude to 2.8 ms™ while preserving the charge
shuttle fidelity at (99.72 + 0.01) % over a distance of nominal 560 nm in
total. By observing coherent oscillations from singlet (S) to unpo-
larised triplet (To) during the shuttle process, we demonstrate the
coherence of the shuttled spin-qubit up to a cumulative distances of
nominal 3.36 um. The dephasing time T, of the EPR-pair is initially on
par with STy dephasing in a tunnel-coupled double quantum-dot
(DQD) in Si/SiGe with a natural abundance of isotopes®’. We observe an
increase of T, with the shuttle distance, which demonstrates the pre-
dicted enhancement of the dephasing time of the shuttled qubit by
motional narrowing®. This motional narrowing is caused by averaging
out quasistatic noise of the spin’s Zeeman splitting due to its motion,
leading to an increased spin-dephasing time?**,

Results

Device Layout and Method

First, we introduce the SQS device and the experimental methods. The
three metallic (Ti/Pt) gate-layers of the SQS device (Fig. 1a) are isolated
by conformally deposited 7.7 nm thick Al,O; and fabricated by
electron-beam lithography and metal-lift off on an undoped Si/
Sip.7Geo 3 quantum well with natural abundance of isotopes similar to
Ref. 27. The 1DEC of the SQS is formed in the Si/SiGe quantum well by
an approximately 1.2 micron long split-gate with 200 nm gate spacing
(purple in Fig. 1a). Seventeen so called clavier gates are fabricated on
top with 70 nm gate pitch. Eight gates are fabricated on the second

a C
B2S2 5S4 B8
1 9

Iser (PA)
275

300

T 1pg
S1 S3
b
Initialize | | Shuttle | (Shuttle)'1$ Detect
| -0-9| |0C—0| |00 |0-6-60-0

Fig. 1| SQS device and experimental method. a False-coloured scanning electron
micrograph of the device used in the experiment showing a top-view on the three
metallic layers (Ist purple, 2nd blue, 3rd green) of the SQS and their electrical
connection scheme. At both ends are single-electron transistors (SETs) formed in
the quantum well by gates LB1, LB2, and LP (RB1, RB2, and RP, respectively) on the
second gate layer with the current path induced by the yellow gates on 3rd layer.
b Typical voltage-pulse sequence for a shuttling experiment, separated into the EPR-
pair initialisation, shuttling of one qubit forward and backward and the entangle-
ment detection. ¢ Charge stability diagram recorded by the left SET current /st with
labels for the absolute electron filling of the outermost left DQD of the SQS. The red
dotted lines indicate boundaries of the PSB region. Labelled circles indicate voltages
on B2 and P1 and correspond to the ones of b. Arrows indicate pulse order.

gate layer labelled P1, P8, 3 x S1 and 3 x S3. Nine gates are on the third
layer labelled B1, B2, B8, B9, 3 xS2 and 2 x S4. Characteristic for our
SQS in conveyor mode, the shuttle gates S1, S2, S3, S4 each represent
one of the four gate-sets containing two to three clavier gates. Clavier
gates of one gate set are electrically connected and thus always on the
same electrical potential’*?’. Since every fourth clavier gate is on the
same potential within the shuttle section, the period A of the electro-
static potential is 280 nm. The SQS contains two single electron tran-
sistors (SETs) at both ends which are used as electron reservoir and
proximate charge sensors sensitive to the electron filling at the ends of
the SQS. Due to a broken clavier gate B8 on the right side of the device,
only the left side of the SQS is used.

Pulse sequence

Figure 1b shows the simplified sequence for a shuttling experiment
(details in the method section). It starts with loading four electrons
from the left tunnel-coupled SET into the SQS. Then, we decouple this
electron reservoir by raising B1, such that the four electrons are trap-
ped in the first QD confined by gates B1 and B2. Next, we form a DQD
under P1 and S1 with B2 controlling the inter-dot tunnel coupling. We
initialise the electron system to a spin-singlet state by waiting in
(n, m) = (4, 0) (stage I) for approximately 1 ms, where n and m are the
electron filling numbers of the left and right QD, respectively. Then, we
adiabatically pulse to the (3,1) charge state (stages I > S) and close the
DQD’s tunnel barrier via B2 (S > T in Fig. 1b, ¢).The electron in the right
QD forms a spin-singlet with the remaining three electrons. We load
four electrons into our system to enhance the energy splitting between
singlet and triplet states and thus increase the PSB region in gate space
(Fig. 1c)'. The analogy to the two-spin EPR-pair is reasonable, since the
simple picture holds that two of the three electrons fill one valley-orbit
shell and the remaining electron is in a singlet state with the electron in
the right QD*.

Afterwards we initiate the electron shuttling process by applying
sinusoidal voltage pulses on the shuttle gates S1-S4 (see details in the
method section). During shuttling, the three electrons remain confined
in the outermost left QD and only the separated electron is shuttled in
a moving QD. After shuttling forward and backward by the same dis-
tance (Fig. 1b), we increase the tunnel coupling within the DQD again
and tune the DQD into PSB (stages T > S - P in Fig. 1b, c). In this way,
only the EPR pair in singlet state can tunnel into (4,0) charge state. For
all three triplet states this charge transition is energetically forbidden.
Finally, we close the barrier once more to freeze the charge state®
(stage F in Fig. 1b, c) and read it out by the current /sgr. A detailed
explanation of the pulse stages S, T, P and F is given in Supplemen-
tary Fig. 4.

Coherent shuttling

In this section, we demonstrate coherent shuttling by measuring STo
oscillations as a function of shuttle velocity vs, distance d and two
values of the global magnetic fields B (Fig. 2a, b). For each measure-
ment of the singlet probability Ps, 50000 shuttle cycles are evaluated.
Note that the QD shuttles a distance d always twice, forward and
backward. We apply a simple sinusoidal signal of frequency f to the
gates S1, S2, S3 and S4 (see method section Charge Shuttling for the
details), thus the shuttle velocity should be approximately constant
and the electron shall be in motion throughout the entire shuttle
process, from initialisation to readout. The total shuttle time g
is adjusted by varying the shuttle velocity vs=fA. The maximum
velocity is Uy, = 2.8 ms~! and the amplitude of the sinusoidal signals is
chosen to be in the regime of large charge shuttling fidelity
F=(99.72+0.01) % across a shuttle distance d =1 (see methods sec-
tion Charge Shuttling). We managed to extend this distance to
d=1.2A1=336 nm finally limited by a drastic drop in electron return
probability. The upper bound of vs does not allow to access data points
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Fig. 2 | Demonstration of coherent shuttling by EPR-pair separation and joined
spin-singlet detection. a, b STy-oscillations as a function of the shuttling time 75
and the qubit shuttle distance d at B=0.8 T (panel a) and B=0.6 T (panel b),
respectively. c: Least-square fit to the data in panel a. d: Least-square fit to the data
in b. e Frequencies extracted from the fit in c. The two frequencies are plotted with
their corresponding a. . encoded in the dot size. f: Ratio of the upper and lower
frequency for each magnetic field. g Ensemble spin dephasing time T, of the EPR
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pair as a function of shuttling distance with 1o-error. Red and purple lines represent
least-square fits of two different fit functions. h: Singlet probability Ps recorded
after shuttling for 0.5D periods of cumulative distance. The time 75 + Tpqp is the
sum of the shuttle time 75 and the time of recording the STy-oscillations in the DQD
Tpap- For clarity, traces are offset and amplitude is scaled for purple data points
(D=8A, D=10A and D =124), for which a zoom-in version is plotted in Supple-
mentary Fig. 2.

in the grey triangular areas (labelled with 7s) of Fig. 2a, b at small 75 and
large d.

We fit each line of measured ST, oscillations for both B (Fig. 2¢, d)
with

T

2
PS(T) = e7 (?2> (a< COS(Z”V<TS + §0<)
+a, cos2my, Ts+@ . ))+C,

@

where Ps is the probability of detecting the EPR pair in a singlet state,
T, is the ensemble dephasing time of the EPR pair, a -, V- -, ¢~ and ¢
are the visibility, frequency, phase and offset of the STo-oscillations,
respectively. Variations in the offset ¢ may arise from singlet initi-
alisation and detection errors and randomly fluctuates among scan-
lines. We empirically find that the data can be best fitted by two
oscillations, hence the two cosine terms with their respective
frequencies and phases are used. We speculate that this might result
from initialising a mixed valley state, as there has been two slightly
different spin resonances observed in the presence of a mixed valley-
state before*~®, Our fits (Fig. 2c, d) match the measured raw-data in
Fig. 2a, b well.

First, we discuss the fitted v... The origin of the measured
STo-oscillations is the Zeeman energy difference between the spin
in the shuttled QD and the spin in the static QD, which is filled by
three electrons. The difference originates from slightly different
electron g-factors Ag and Overhauser-energies AE, due to
hyperfine contact interaction”. This is the same mechanism that
leads to STy oscillations in the case of a DQD without any
conveyor-mode shuttling. These oscillations, which are effectively
at d=0nm, are discussed in the method section about Singlet-
Triplet oscillations. The dynamics of the nuclear spins is slow
compared to a shuttle pulse sequence, but the Overhauser field
might vary along the 1DEC. The electron g-factor depends on

valley state and QD confinement and might vary for the moving
QD along the 1DEC as well**. Hence, the Zeeman energy difference
of the entangled spins and thus the ST oscillation v; frequency
depends on the position x of the moving QD. As this position is
changing during the shuttle process, the frequency v/{(d) becomes
a function of shuttle distance d and it is given by an average over
the shuttling distance d:

1 d
)= g [ dx[AgComB + M), @)

where h is the Planck constant, and pp is the Bohr magneton. We
idealize by neglecting the time-dependence of AF, and Ag and by
assuming a deterministic thus reproducible trajectory x(¢) of the
shuttled QD, when averaging over several shuttling cycles. Due to the
integral, we expect that changes in v;(d) smooth out for increasing d.
Indeed, we observe a shuttle-distance dependence of the STq
oscillation with a smoothing trend towards larger d (Fig. 2e).
Furthermore, we observe that the v. .. scale with the external magnetic
field, which underlines the origin of our observed oscillations being
spin-dynamics in agreement with Eq. (2). Calculating pairwise the
ratios of v. and v, measured at B=0.6 T and B=0.8 T, we arrive close
to the expected ratio of 0.75 (Fig. 2f). This demonstrates the linearity in
magnetic field strength and indicates that the contribution of AE,,«(x) is
small compared to the contribution of the electron g-factor difference.
Furthermore, it shows the two oscillation components have distinct,
but reproducible Ag(x). For small d, the difference of v.. is small
increasing the fitting error, but deviations from the ratio 0.75 cannot
be fully excluded here. The fitted @. . are plotted in the Supplemen-
tary Fig. 1.

Spin-dephasing during shuttling
Most important is the evaluation of the ensemble spin dephasing time
T, of the EPR-pair as a function of d, since it contains information on
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the impact of conveyor-mode shuttling on the spin dephasing. We
observe that T, increases with larger shuttle distance (Fig. 2g). Since
qubit shuttling opens up new dephasing mechanisms®, this result
might be surprising at first sight, but is expected due to a motional
narrowing enhancement of the shuttled qubit dephasing time?. We
quantify the phenomenon by the fit fi(d) in Fig. 2g using

N 1N (1)
<T2> <T2,L> <T2,R> d+l,

To incorporate the dependence of Gaussian decay T, of the
EPR-pair on shuttle distance d, we use the quadratic addition
of inverse T; times for the left (L) and right (R) electron spin and
include a factor for motional narrowing for the shuttled qubit,
where T2 L is the ensemble spin dephasing time of the electron-
spin that remains static in the outermost left QD, and T, S(d)
T;R d Le represents the ensemble spin dephasing tlme of
the forward and backward shuttled electron spin (total distance
2d), averaging over a d long spatial range of quasistatic-noise
of its Zeeman-energy E,(x(t)) having a correlation length [.*°. Note
that the motional narrowing is independent of vs for noise being
quasi-static on the time-scale of the shuttle, but it depends on the
shuttled distance and thus the ensemble volume participating in
averaging out the quasi-static noise. We distinguish between
the static ensemble dephasing times T’ 2L and T2 R Since we
expect the confinement strength w1thm the static QD to be
less than in the moving QD. Our fit to the ensemble dephasing
tlme of the EPR pair (Fig. 2g) results in T2L =(1110£90) ns,

g =(520£20) ns and [=(13+3) nm. This in total yields

S(ZSOnm) (2460+310)ns. This result implies that shuttled
qublt increases its dephasing time by a factor of = 4 when shuttled
twice across a distance of nominal 280 nm due to motional nar-
rowing. Note that the data points in Fig. 2g tend to be lower than
the fit for the largest d, which might be due to dephasing
mechanisms induced by the shuttle process such as motion-
induced valley excitations®. At very short shuttle distance d, a
deformation of the moving QD might add to the change in spin
dephasing time. Assuming a constant shuttle velocity, constant
shape of the moving QD and only motional narrowing of Epe(x),
we derive the fit function f,(d) exhibiting a modified motional
narrowing factor (Fig. 2g). Remarkably, we arrive at very similar
fitting parameters (see Supplementary note 1).

Long distance shuttling

In order to increase the distance of shuttling, we always shuttle at a
maximum velocity v,,,,, and once the shuttled electron returns to the
right QD of the DQD (stage S), we recorded the ST, oscillations by
waiting between additional O to 1 s prior to measure the EPR spin-state.
We plot the spin-singlet probability Ps of the EPR-pair as a function of
the total time s + Tpqp Of shuttling (zs) and waiting (tpqp) (Fig. 2h). Due
to the limited length of the shuttle zone, we increase the cumulative
distance by shuttling in- and out for one period A multiple times. The
total number of periods (D) shuttled forward plus backward is indicated
on the left as the accumulated shuttle distance. For example for the
trace labelled D =2, the voltage pulses applied to S1-S4 are designed to
shuttle the electron one period A =280 nm forward and same distance
back towards the spin-detector. For D =1, the electron is shuttled half a
period forward, and the same distance back towards the detector.
Strikingly, we still observe ST, oscillations for the trace labelled D =12,
for which the electron shuttles alternating six times forward and back-
ward by A being nominally equivalent to an accumulated distance of
3.36 um. The appearance of ST, oscillations show that the EPR-pair
remained entangled after such long shuttling distance.

Singlet probability Ps
0.30 0.35 040 045 050 0.55 060 0.65 0.70

B=05T

B=08T

w
o
o

QD position x (nm)

500 750 O 250

Time Ts+ Tw (ns)

Fig. 3 | STo-oscillations at a constant separation speed of the EPR pair as a
function of shuttling distance x and the total evolution time 75 + Ty, where 75 is
the shuttling time and 7 is the wait time at the stationary QD position x.

a False-colour plot of the measured Singlet return probability measured at B=0.8
T.b Same asinawithB=0.5T.

Mapping local v variations

Coherent shuttling of a spin qubit and EPR separation allows us to
collect information about Ag(x) along the SQS. Instead of shuttling the
spin-qubit forward and backward with a 7s-dependent vs, we shuttle it
by a distance x along the 1IDEC at maximum v,,,,, =2.8 ms~!, wait there
for a time 1y to let the STy oscillations evolve and then shuttle back at
maximum vs for PSB detection. We observe (Fig. 3) STq-oscillations
and similar to Fig. 2a, b, their frequency v(x, B) scales with the B-field as
expected (cmp. Figure 3a and b). Compared to Fig. 2a, b, v(x, B) tend to
fluctuate faster as a function of x. This is expected, since v. . results
from averaging many positions x(¢) in the coherent shuttle experiment
(Eq. (2)) in Fig. 2, while here v dominantly depends on the fixed posi-
tion x. Note that x(t) and thus d is not measured in any case, but
deduced from the expected position of the ideal propagating wave
potential x =152 52, Where @ is the phase of the voltages applied to gates
S1-S4 relative to the initialisation potential. Hence, we neglect potential
disorder and wobbling effects of the propagating wave potential,
which are exemplary simulated in Ref. 26. Notably, v(x) starts to
become nearly constant at x > 210 nm. This could be an indication that
the electron stops moving at this point. If we try to shuttle to
Xx>330nm >/, the electron dominantly does not return, indicating
potential disorder which is sufficiently high to break the QD confine-
ment in the propagating QD.

Discussion

This work shows progress on electron shuttling in conveyor-mode,
building up on earlier demonstrations of charge shuttling”. We
improved the shuttle velocity by four orders of magnitude to a
regime at which coherent shuttling becomes feasible’*. When
moving into and out of the device once, we demonstrate coherent
shuttling by EPR pair separation and recombination across a total
distance of nominal 560 nm and at least 420 nm in case the electron
spins halts at x=210 nm. Furthermore, we detect entanglement
when moving the electron for an accumulated shuttle distance of
nominal 3.36 pm (at least 2.4 pm). Remarkably, the dephasing time
of the shuttled qubit T;,S is enhanced by motional narrowing, while
the static electron-spin dominates the dephasing of the spin-

entangled EPR-pair. Based on the fitted T, »,§ (280 nm)=2460ns
(=2130 ns for fitting with f>(d)), we can estlmate a phase-infidelity
caused by the shuttle time 75 at maximum shuttle velocity vs using
the Gaussian decay

2 2
1-F=1-—exp|— Is ) )= ,,Zd . 4)
Tys T,sYs
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Fig. 4 | Charge Shuttling. a Charge scan of the DQD under gates P1 and S1 with
labelled electron filling. Voltage pulse (red triangle > S - T) of the initialisation in
(3,1) is marked (Stage T is at B2=0.7 V). Inset: Schematic of the electrostatic
potential along the 1DEC under gates B1, P1 and B2 for loading. The respective
electrostatic configurations are marked with red and blue triangles. b Shuttle Pulse.
Schematic of the electrostatic potential under the labelled gates after initialisation
(top). Sinusoidal voltage pulse Vs;(s) applied to S1 -S4 to shuttle the electron one
period (1=280 nm) forward (bottom). ¢ Flowchart of the charge shuttling experi-
ment. Labelled points correspond to panels a and b and Fig. 1b. Coloured arrows in
the load and shuttle sections express that during this part of the pulse other gates
than P1 and B2 are pulsed. The pulse stages M and red triangle are electrostatically
the same. d Charge shuttling fidelity as a function of shuttle pulse amplitude Ujower
at f=10 MHz. e Charge shuttle fidelity as a function of the shuttle pulse frequency f
at Ujower = 150 mV. Inset: Histogram of SET-currents measured during point M with
assigned filling numbers of the QD underneath gate P1.

We estimate a shuttling-induced phase-infidelity = of
1- F=(0.66+0.17)% for a total shuttle distance of nominal
2d =2A=560 nm (at least 420 nm). Assuming a constant shuttle velo-
city, constant shape of the moving QD and only motional narrowing of
Ene(x) (fit equation f5(d) see supplementary material) yields a matching
infidelity of 1 — 7 =(0.88+ 0.18)% within the error range.

Next, we have to increase the shuttle distance by improving
confinement of the moving QD. The competing electrostatic potential
disorder can be reduced by replacing Al,O; by SiO,, which exhibits less
interface defects, and by thinner dielectric layers*. We already
achieved a charge shuttle fidelity of (99.7 £ 0.3)% for total shuttle dis-
tance of 19 um in a 10 pm long Si/SiGe QuBus®. The spin dephasing
time can be enhanced by isotopically purified 2Si and valley excita-
tions can be mitigated by higher valley splitting®®. Conversely, the
valley splitting can be mapped in the shuttle region®. Adding spin-

manipulation zones will grant more flexibility in performing coherent
shuttling experiments to explore the dephasing channels and the role
of the valley states. In the long run, we target at the integration of our
spin shuttle device into a scalable semiconductor qubit architecture*’.

Methods

Charge shuttling

A prerequisite for spin-coherent shuttling is that the electron stays
confined in the moving QD, which we call charge shuttling. Figure 4
depicts the pulse procedure for benchmarking the charge shuttling in
the same device that we used for spin-coherent shuttling. Firstly, we
load four electrons into the first QD by lowering B1 (Fig. 4a inset). Due
to cross-talk, we need to compensate on P1 and B2. Thereafter, the
barrier is raised again to isolate the system. Loading takes approxi-
mately 2 ms time as the voltage on Bl is 10 kHz lowpass-filtered. Sub-
sequently, one electron is moved into the second QD (Fig. 4a, red
triangle > S) and the barrier B2 is closed by pulsing it down by 120 mV
(S~ T). After stage T, the shuttle pulse (Fig. 4b lower part) is applied to
the gate-sets S1 -S4

Vsi(ts)=U; - sinnuftg + ;) + C;. 5)

The amplitudes (U;, Us) applied to the gate-sets S1 and S3 on the
second layer (blue in Fig. 1a) is Ujower = 150 mV, whereas the amplitudes
(Uy, Us) applied to the gate-sets S2 and S4 on the 3rd metal layer is
slightly higher (Uypper =1.28 - Uiower =192 mV) to compensate for the
difference of capacitive coupling of these layers to the quantum well.
This compensation extends to the DC-part of the shuttle gate voltages.
The maximum amplitude is limited to 192 mV due to the attenuation
installed in the cryostat together with the maximum peak-to-peak
output amplitude of the arbitrary waveform generator of 5 V. The
offsets G;=C3=0.7V are chosen to form a smooth DQD, whilst
C,=C;,=0.896V are chosen to form a smooth DC potential. The
phases are chosen to build a travelling wave potential across the one-
dimensional electron channel (¢, =- /2, 9, =0, 3 =1/2, p4=m). This
travelling wave potential is illustrated in Fig. 4b at the top part. The
barrier B2 is pinched off to limit the cross-talk-influence from the
shuttle pulse to the static electrons. The electron is moved
adiabatically by one period of the travelling wave potential (280 nm)
to the right. After one period, the absolute gate voltages are exactly
identical to the prior state, when the charge scan in Fig. 4a has been
recorded. Hence, we can check whether the electron is shuttled away
by going back to the electrostatic configuration corresponding to the
red triangle and measuring the SET current. By time reversing the
voltage pulses on S1 -S4, we shuttle the electron back and perform a
measurement in a similar manner (detailed description of time
reversed pulses in Supplementary Fig. 3). Then, we calculate a
histogram as shown in the inset of Fig. 4e, fit two Gaussian
distributions and take the fits crossing point to define the range of
Iset assigned to three and four electron detection events. Only if the
first measurement yields three (i.e. electron is shuttled away from
detector) and the second measurement four electrons (i.e. electron is
shuttled back to detector), a shuttling event is counted as successful.
The same approach for counting successful charge shuttle events has
been used in Ref. 27.

In Fig. 4d, we plot the charge shuttling fidelity 7 as a function of
the lower layer amplitude Ujower, the upper layer amplitude is
Uupper =1.28 * Ujower to compensate for the larger distance to the 1DEC.
We find a steep rise of F at Ujower > 110 mV. The histogram of Isgt for
all Uiower>125 mV (inset of Fig. 4e) shows well separated Gaussians
assigned to either four or three electron filling of the QD underneath
gate P1. Due to nonlinear effects on the SET, the peak for four electrons
is narrower than the peak for three electrons. Figure 4e shows charge
shuttling fidelities as a function of shuttle frequency f as defined in Eq.
(5) which corresponds to a shuttle velocity vs=fA. From the green
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Fig. 5 | STo-oscillations and pulse for coherent shuttling. a Charge stability-
diagram of the DQD in Fig. 4a. b STy-oscillation as a function waiting for time 7pqp
at stage S. The singlet probability Ps is measured by applying the pulse from panel ¢
spending various time 7pqp at stage S. The solid line is fit to the data. inset: Readout
histogram with threshold (dashed line) determined by the fitted crossing point of
the two Gaussians. ¢ Schematic representation of the experiment pulse. Numbers
correspond to stages in a and Fig. 4a. d Schematic of the additional stages com-
plementing the pulse scheme in ¢ for doing the spin-shuttling measurement. They
slot in panel c in between the separation and the PSB-freeze-RO pulse segments.
The SRL section represents any applied shuttle pulse.
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0—0—0

SRL | H Lower B2 j

points we read off high fidelities up to 10 MHz (2.8m/s), presumably
limited by electrostatic disorder in the IDEC. By averaging
Fc(Uiower>125mV) in Fig. 4d, we calculate the mean charge shuttling
fidelity for shuttling a nominal total distance of 2A=560 nm (A for-
wards and backwards) to be F=(99.72 + 0.01) %. This value is slightly
better than the charge shuttling fidelity of 99.42% obtained in Ref. 27.
Moreover, we found charge shuttling across 21 and back at f=2 MHz.
We tracked the charge by measuring the charge state after every
shuttle-pulse, which moves the electron by one period A (cmp. shuttle
tomography method in Ref. 29) and calculated a transfer fidelity of
98.7% at the same voltage amplitudes.

Singlet-triplet oscillations
To demonstrate that the single-electron spin-qubit coherently shut-
tles, we use the preservation of the entanglement with the static
electron spin, which we detect by the coherent oscillations between
spin-singlet S and unpolarised spin-triplet T, state of this EPR pair
AgupB+AEy
— g —=ro- __—"hi
e (A J(©) : ) ©
gHpB + AE 0
2

in the (|S),|Ty))-basis. Here, J(¢) represents the exchange interac-
tion as a function of the detuning &(=Vp;) between the left and
right QD. Ag is the g-factor difference between the two QDs****,
AEy¢ is the Overhauser-energy-difference between the two dots.
After loading four electrons as shown in Fig. 4a, we initialise the
system to S(4,0) by waiting at stage I (Fig. 5a) for 2 ms. Next, we
step Vp; by 20 mV which reduces J(¢€) and turns on AgugB by letting
one electron adiabatically tunnel into the right QD. As the two
electrons are laterally separated, they are subject to different
electron g-factors resulting in different Zeeman-energies as a
result of the global B-field of 0.8 T. At stage S, we wait for Tpqp
time and pulse to the PSB in stage P where spin information is
converted to charge information. The conversion takes approxi-
mately 500 ns after which a raise of the inter-dot barrier freezes
the charge state for readout (stage F). Iterating over this pulse

scheme, we record the singlet return probability Ps (Fig. 5b), which
is fitted by

QD
T

- 7
Psdt)y=a-e < 2> cos(2mvdt + @) +c. «

We yield for the spin dephasing time of the entangled spin-state
T,=(565+10)ns and the frequency v=(7.29 + 0.01) MHz. Figure 5c
summarises the pulse in a schematic way. For coherent shuttling
experiments, instead of waiting at the separation stage the sequence
presented in Fig. 5d is inserted between the separation and PSB-freeze-
RO pulse segments shown in Fig. 5c.

Experimental setup

All experiments are conducted in a dilution refrigerator with a base
temperature of 40 mK. All DC lines to the device are filtered by pi-
filters (f.=5MHz) at room temperature and by 2nd order RC filters
with f. =10 kHz at base temperature. The clavier gates, B2, P1, P8, and
B8 are connected to resistive bias-tees with a cutoff frequency of 5 Hz.
Signals are applied to the AC and DC input terminal of the bias-tee, in
order to allow inclusion of millisecond long pulse segments. A serial
resistor is added to the low-frequency terminal, the value of which is
tuned by flattening the sensor signal response. The SETs are DC-biased
by 100 pV and readout by a transimpedance amplifier and an analog to
digital converter.

Data availability
The data generated in this study have been deposited in the Zenodo
database (https://doi.org/10.5281/zenodo.8413694).
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