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The ability to shuttle coherently individual electron spins in arrays of quantum dots is a key procedure
for the development of scalable quantum information platforms. It allows the use of sparsely populated
electron spin arrays, envisioned to efficiently tackle the one- and two-qubit gate challenges. When the
electrons are displaced in an array, they are exposed to site-dependent environment interactions such as
hyperfine coupling with substrate nuclear spins. Here, we demonstrate that the electron multidirectional
displacement in a 3 × 3 array of tunnel-coupled quantum dots enhances the spin-coherence time via the
motional narrowing phenomenon. More specifically, up to ten charge configurations are explored by the
electrons to study the impact of the displacement on spin dynamics. An increase of the coherence time by
a factor up to 10 is observed in the case of fast and repetitive displacement. A simple model quantitatively
captures the physical mechanism underlying this enhancement of the spin-coherence time induced by dis-
placement. The implications on spin-coherence properties during the electron displacement are discussed
in the context of large-scale quantum circuits.

DOI: 10.1103/PRXQuantum.2.030331

I. INTRODUCTION

Control over the flow of electrons in semiconductor
circuits is core to the success of micro- and nanoelec-
tronics. In their quantum counterparts, similar processes
are investigated at the single-particle level, to preserve the
fragile quantum information stored in individual electron
spins [1]. Indeed, displacing these electron spins coher-
ently opens up possibilities to convey on-chip quantum
information and increase the connectivity of spin-based
semiconductor quantum circuits [2–7]. Several strategies
have recently been demonstrated to preserve spin coher-
ence while shuttling charged particles. A first example
consists of the confinement of electrons in moving quan-
tum dots [8,9]. Another protocol is based on repetitive
coherent spin tunneling between adjacent dots. Such a
strategy is particularly appealing for architecture based on
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large two-dimensional (2D) arrays of quantum dots [10,11]
and has been demonstrated for linear [12–14] and circu-
lar [15] arrays. Therefore, understanding the mechanisms
at play affecting the spin-coherence preservation during
electron displacements in 2D arrays is an important task
to optimize this quantum information conveyer procedure
and increase the distance over which the spin transfer is
coherent as much as possible.

For an electron spin in a quantum dot, the loss of coher-
ence is driven by spin dephasing mechanisms that arise
from intrinsic properties of the semiconducting nanostruc-
tures, such as 1/f noise coupled to spin-orbit interaction
[16] or hyperfine interaction [17]. In both cases, the elec-
tron spins are experiencing slow effective magnetic field
fluctuations, inducing uncertainty in the Larmor precession
of individual electron spins. Therefore, refocusing tech-
niques are extremely efficient on spin systems [18–21].
With this property in mind, displacing electron spins on
fast time scales is expected to enhance the spin-coherence
times by virtue of the averaging of the magnetic field
fluctuations, as demonstrated in NMR via a phenomenon
called the motional narrowing effect [22,23]. The unprece-
dented level of control recently demonstrated in a 2D array
of quantum dots [24] permits us to displace the electrons
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FIG. 1. The sample and spin loading and readout sequence.
(a) An electron micrograph of a sample similar to the one used
in this work. The nine circles indicate the 3 × 3 array of quan-
tum dots (QDs) arising from the gate-induced potential landscape
(see text). The five dots L, B, R, T, and C in a crossbar con-
figuration (solid circles) are used for the coherent electron spin
shuttling in two dimensions. The square lattice of QDs is electro-
statically defined due to the red gate voltages and its outer edges
by the green, light blue, and blue gate voltages. The couplings
of the array to electron reservoirs are achieved through the cor-
ner QDs TL, BL, BR, and TR and by controlling the light blue
and blue gates. The purple gates are used to define four quantum
point contacts operated as local electrometers, the conductances
of which set the measured currents iTL, BL, BR, TR. The scale bar
(white) is 200 nm. (b),(c) Schematics of the sequence used to
load a singlet spin in C (b) and to read out the final spin state
after manipulation (c).

through an important set of possible dot configurations on
a time scale faster than the coherence time. This array turns
out to be a relevant platform to investigate and reveal the
consequences of electron displacement on spin-coherence
properties.

Here, we study the coherence of individual electron
spins when they are displaced via tunneling through a 2D
array of five quantum dots defined in an (Al, Ga)As het-
erostructure. In this displacement regime, with an electron
speed below 100 ms−1, the hyperfine interaction with the
nuclei of the semiconductor nanostructure is responsible
for the loss of coherence [22,25]. This hyperfine inter-
action results in an effective fluctuating magnetic field,
called the Overhauser field, with a distribution imposed
by the number of nuclei with which the electron spins are
interacting. The larger the number of nuclei, the longer
is the coherence time, with a typical square-root depen-
dence [26]. During the electron displacement, the system
visits a number of dot configurations imposed by the gate-
voltage sequence. We relate an effective local magnetic
field to each dot configuration. Two principal parameters
are influencing the coherence time of the displaced elec-
tron spins: (i) the number of effective local magnetic field
configurations explored, which can be varied by changing
the number of accessible quantum dots in the array; and
(ii) the typical interaction time fixed by the time spent in
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FIG. 2. Two-electron stability diagrams. (a)–(c) Charge-stability diagrams of two electrons in the five dots L, B, R, T, and C (a) or in
the four dots L, B, R, and T (b),(c). The charge state of the array of dots is controlled by sweeping δV−

X ,Y. The signal is recorded as linear
combinations of the quantum point contact current derivatives: (a),(c) ∂V−

Y
iTL + iBL and (b) ∂V−

Y
iTL + iBL − iBR. The dashed white lines

in (a) are a guide for the eye for weak-intensity degeneracy lines. The stability diagrams are obtained for different gate-voltage tunings.
(d)–(f) Simulations of the stability diagrams. The labels indicate the position of the isolated electron in the QD array.
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FIG. 3. Quasistatic electron spin coherence. (a)–(d) Schemat-
ics of the different electron spin displacement sequences inside
the 2D array of five QDs employed to probe the electron spin
coherence shown in (e). (e) The singlet probability plotted as
a function of the total electron-separation time τS spent in one
[T-C, blue, (a)], two [T-C and T-L, orange, (b)], three [T-L, T-
C, and T-B, green, (c)], and four [T-C, T-L, T-B, and T-R, red,
(d)] different charge configurations. The two electrons are ini-
tialized in the singlet state in the C dot. Then, one electron is
first transferred to T and the second electron visits each other
dot only once over an equal time period of τR. As a conse-
quence, for the different sequences, the second electron spends
a total separation time τS = 1 × τR in C, τS = 2 × τR in C and
L, τS = 3 × τR in L, C, and B, or τS = 4 × τR in C, L, B, and R,
where τR is in integer value of the arbitrary waveform generator
(AWG) clock period. The data are fitted with Gaussian decays
(solid lines) with characteristic times equal to 7.9 ± 0.6 (blue),
12.3 ± 0.7 (orange), 15.8 ± 1.5 (green), and 21.9 ± 1.6 ns (red).
(f) The coherence times averaged over different possible charge
configurations Tcoh are plotted as functions of Nconfig (black cir-
cles). The data are fitted with a square-root function (red solid
line) T�2

√
Nconfig, with T�2 = 9.6 ± 0.7 ns. The experimental data

of Figs. 5(c) and 5(d) are plotted as green squares (Tcoh of 32 ± 7
and 44 ± 4 ns, respectively), and their projection on the square-
root curve as open blue squares (equivalent Nconfig values of 11
and 21, respectively).

each charge configuration. The demonstrated control of the
dot system enables us to vary both parameters precisely
and to study their impacts on the coherent spin transfer.

II. ELECTRON SHUTTLING

The sample [24], shown in Fig. 1(a), is an array of
3 × 3 laterally defined quantum dots. The device is fab-
ricated using a Si-doped (Al, Ga)As/GaAs heterostructure
grown by molecular-beam epitaxy, with a 2D electron gas
(2DEG) 100 nm below the crystal surface, which has a
carrier mobility of 106 cm2 V−1 s−1 and an electron den-
sity of 2.7 × 1011 cm2. The quantum dots are defined using
electrostatic confinement generated using Ti/Au Schottky

gates. It is anchored to the cold finger, which is in turn
mechanically attached to the mixing chamber of a home-
made dilution refrigerator with a base temperature of 60
mK. Quantum dots are defined and controlled by apply-
ing negative voltages on Ti/Au Schottky gates deposited
on the surface of the crystal. The dots are labeled accord-
ing to their position in the array (e.g., “TL” denotes the
top-left dot). The charge configurations can be read out by
four quantum point contacts, tuned to be sensitive local
electrometers and independently biased with 300 μV. The
resulting currents iTL, iBL, iBR, and iTR are measured using
current-to-voltage converters with a typical bandwidth of
10 kHz. The single-shot repetition rate is about 20 Hz.

The system is operated in a mode where the three cor-
ner dots, TR, BR, and BL, are intentionally inaccessible to
the electrons (tuned at a higher potential than the crossbar
dots L, B, R, T, and C). In this configuration, it is possible
to load and isolate two electrons from the reservoir in the
TL dot and to transfer them into the dot C by increasing
the VL,B,R,T voltages before increasing the potential of the
TL dot [Fig. 1(b)]. First, we prove that all the 15 expected
charge states for two electrons in five dots (

(5
1

) = 5 where
both electrons are in the same dot and

(5
2

) = 10 where
electrons are separated in different dots) are accessible by
tuning the four linear combinations δV±

X ,Y of the VL,B,R,T
voltages (Appendix A). Figures 2(a)–2(c) show charge-
stability diagrams of two electrons recorded as functions
of δV−

X ,Y, which act like in-plane electric dipole gates,
for different values of δV+

X ,Y. By simultaneously adjust-
ing δV+

X ,Y, it is possible to change the relative potential of
the dot C so that the central region of the diagrams either
contains two electrons [Fig. 2(a)] or no electron, reveal-
ing the regions where the electrons can be separated in
(T, B) [Fig. 2(b)] and (L, R) [Fig. 2(c)]. Figures 2(d)–2(f)
show simulations [24] of the stability diagrams shown in
Figs. 2(a)–2(c), respectively, in which the identification of
the charge distributions is confirmed. In our earlier report
on the coherent control of electron spin in this structure
[24], we have shown that all charge states exhibited in
the stability diagrams of Fig. 2 can be accessed while
setting sufficiently high tunnel couplings for the coherent
spin transfers between dots. Up to ten charge configura-
tions where the electrons are separated in different dots
are explored and multidirectional and complex one- and
two-electron displacements are performed.

III. COHERENT ELECTRON SPIN SHUTTLING IN
A 2D ARRAY

We investigate the two-electron spin coherence while
the electrons are displaced within the (L, B, R, T, C) sub-
set of quantum dots. Before all coherent spin shuttling,
two electrons in a singlet state are loaded in TL [24],
before being transferred to L and then C [Fig. 1(b)]. Next,
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(c) (d)

(a) (b)

FIG. 4. Single-period electron-displacement sequences. (a)–(d) Sequences of nanosecond voltage pulses used to perform the single-
period electron displacement of Fig. 3. (a) The pulses are applied during time τS to displace the electrons in the TC configuration.
(b) The pulses are applied during time τS/2 to displace the electrons in the TC and LT configurations. (c) The pulses are applied during
time τS/3 to displace the electrons in the LT, TC, and BT configurations. (d) The pulses are applied during time τS/4 to displace the
electrons in the TC, LT, BT, and RC configurations. The x-axis labels denote the location of the dot occupied by the electron. For
example, “TC” denotes one electron in dot T and one in dot C. The initial and final configurations correspond to the two electrons in
the C dot. The schematic representations of the charge configurations are superimposed. Only one period of displacement is shown for
each sequence. The voltage rise times are given as illustrations.

a sequence of voltage pulses δVL,B,R,T is used to sepa-
rate and displace the electrons coherently in the array. By
shuttling one or two electrons within the dot array, the
separated electrons will experience decoherence, result-
ing in spin mixing with the triplet states. Finally, the two
electrons are recombined in C and transferred to L and
TL for spin readout [Fig. 1(c)]. To consider the three
vectorial components of the hyperfine field equally, the
experiments are performed without an externally applied
magnetic field [15,26].

We first investigate the quasistatic case, where the elec-
trons are separated in different dots, one electron remaining
in one dot while the other visits, for a single time, an
increasing number of dots. For a first electron fixed in
dot T, this results in Nconfig = 1, ..., 4 distinct possible

configurations [Figs. 3(a)–3(d), respectively]. The corre-
sponding voltage-pulse sequences are depicted in Fig. 4.
For each experiment, the time spent in each configuration,
referred to as the resting time τR, is varied. The resulting
singlet probabilities are plotted (filled circles) in Fig. 3(e)
as a function of the total separation time τS = Nconfig × τR.
The coherence time Tcoh is directly extracted by fitting a
Gaussian decay e−(τS/Tcoh)

2
(solid lines) and can be com-

pared to the spin-coherence time T�2 when the two electrons
are separated in a double dot. We observe an increase in
Tcoh with

√
Nconfig. Indeed, the separated electrons explore

a large ensemble of nuclear spins during the displacement,
averaging the hyperfine interaction [26–28] (Appendix B).
We repeat this set of experiments for different permutations
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of QDs to extract a statistical dependence of Tcoh on Nconfig
and average out the influence of the nonregular coupling
between the different dots [24]. For each size of visited
subsets, the averaged Tcoh, computed for three (Nconfig =
1), nine (Nconfig = 2), four (Nconfig = 3), and four (Nconfig =
4) trajectories, is plotted in Fig. 3(f) as a function of Nconfig
(the error bars correspond to the standard deviations).
These values fit quantitatively with the expected square-
root law (the solid line). This confirms the importance of
the hyperfine interaction and the number of nuclei with
which the electrons interact. It also demonstrates the suc-
cessful coherent displacement within the 2D array of dots.

IV. ENHANCEMENT OF THE SPIN-COHERENCE
TIME VIA ELECTRON SHUTTLING

We now analyze the impact of electron tunneling on
their spin coherence. In comparison with the previous
case where the electrons explore a single time distinct
charge configurations, we study the situation where the
charge configurations are periodically explored. For each
experiment, the resting time spent in each charge con-
figuration τR is set to a constant value. We use two
periodic pulse sequences corresponding to two electron-
displacement patterns: (i) single- and (ii) two-electron
periodic displacement. In the single-electron periodic dis-
placement case, the first electron is maintained in L and
the second is displaced among B, C, T, and R, so that
four isochronous dot configurations are periodically visited
[Figs. 5(a) and 6(a)]. In the two-electron periodic displace-
ment case, an electron is first moved in B and the second in
R. From this point, each electron is sequentially displaced
along a two-step trajectory, either vertically or horizon-
tally. Eight isochronous QD configurations are periodically
visited, with C being the only dot visited by both electrons
[Figs. 5(b) and 6(b)]. The experimental singlet probabil-
ities (solid black points) recorded for the single-electron
(τR = 1.7 ns) and for the two-electron (τR = 2.1 ns) peri-
odic displacement cases, are plotted in Figs. 5(c) and 5(d),
respectively. The curves are fitted by exponential decays
[Fig. 7(a) and 7(b)], with characteristic times of 32 ± 7 and
44 ± 4 ns, corresponding to coherence lengths of 1.9 ± 0.4
and 2.2 ± 0.2 μm (assuming a conservative interdot dis-
tance of 100 nm), respectively. These decay times are
plotted as green squares in Fig. 3(f), as is their projection
on the square-root curve as open blue squares (Nconfig val-
ues equivalent to 11 and 21, respectively). A significant
improvement is observed compared to the quasistatic case:
these values are 1.6 times higher than the expected coher-
ence times for four- and eight-static-dot configurations,
respectively. Moreover, the decoherence law changes from
Gaussian-like [Fig. 3(e)] to exponential [Figs. 5(c) and
5(d)] decay when visiting the charge configuration mul-
tiple times, which confirms the significant impact of the
electron dynamics on their spin coherence.
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FIG. 5. The enhanced spin-coherence time for periodic elec-
tron displacements. (a)–(b) Schematics of the different electron
spin periodic displacement sequences inside the 2D array of
five QDs employed to probe the electron spin coherence shown
in (c)–(f). (c),(d) Singlet probabilities plotted (black dots) as
a function of the total electron-separation time τS (c) for the
single-electron periodic displacement pattern (a), and (d) for
the two-electron periodic displacement pattern (b). The data are
acquired for configuration durations τR of 1.7 ns (c) and 2.1 ns
(d). The experimental data are fitted using simulations of the
spin dynamics (see text) as solid blue lines. The fit error func-
tions (see text) are shown in insets. (e) The singlet probability
plotted (dots) as a function of the total electron-separation time
τS , for increasing (bottom to top) values of τR = 1, 2, 3, 5, 7, 9,
11, and 13 ns, for the two-electron periodic displacement case
(b). The solid lines are the simulated singlet probabilities (see
text) computed for the corresponding τR times, for a common
remanence value R = 0. (f) The characteristic coherence times
Tcoh plotted as functions of τR and fitted with an inverse function
(T�2)

2/τR + T�2, with T�2 = 11.4 ± 4.8 ns.

By varying the resting time τR, we can explore different
shuttling regimes for the two-electron periodic displace-
ment case. The resulting singlet probability is plotted in
Fig. 5(e) as a function of τS = (8Ncycle + 1)τR for different
values of τR going from 1 ns to 13 ns (bottom to top). No
singlet probability decay is observed for τR longer than the
static spin-coherence time due to complete mixing between
the singlet and triplet states. By progressively reducing τR,
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(a)

(b)

FIG. 6. Periodic electron-displacement sequences. (a),(b) Sequences of nanosecond voltage pulses used to perform the periodic
electron displacements. (a) One electron remains in the left quantum dot while the second electron is displaced in the B, C, T, and
R dots. (b) One electron periodically visits L, C, and R and the second T, C, and B. The x-axis labels denote the location of the dot
occupied by the electron. For example, “LB” denotes one electron in dot L and one in dot B. The schematic representations of the
charge configurations are superimposed. Only one period of displacement is shown for each sequence. The voltage rise times are given
as illustrations.

we observe the emergence of a single exponential decay of
the singlet probability, demonstrating the preservation of
spin coherence during displacement. We extract the char-
acteristic decay time Tcoh by fitting with exponential decay
[Fig. 7(c)], which we plot against τR [Fig. 5(f)]. The points
are fitted with an inverse function (T�2)

2/τR + T�2, typical of
a motional narrowing phenomenon [23], with a dephasing
time T�2 = 11.4 ± 4.8 ns. This value is in agreement with
the dephasing time observed in our experiment in Fig. 3(f)
of T�2 = 9.6 ± 0.7 ns.

V. PATH RANDOMIZATION

If only a definite set of dot configurations is cyclically
explored, no difference in the spin dynamics should be
observed between the quasistatic and the periodic displace-
ment protocols. Then, the only relevant parameter is the

time spent in each configuration and a Gaussian decay
of the singlet probabilities would be expected. However,
the difference observed in the experiment forces us to
reconsider the initial assumptions made about the electron
displacement: the electrons are not periodically exploring
the same set of random magnetic field configurations. To
better understand the impact of electron shuttling on the
spin-coherence time, we model the system and study the
spin dynamics (Fig. 8 and Appendix C). We introduce the
notion of randomization of the effective hyperfine field
during the coherent electron displacements. It takes the
form of a remanent parameter 0 ≤ R ≤ 1 and it describes
the change in effective hyperfine field, between two
consecutive displacement periods i and i + 1, at equiva-
lent dot j . It is expressed as �Bj

i+1 = R�Bj
i + (1 − R) �δBj

i+1,

where �δBj
i+1 is a random occurrence of the magnetic field
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(a) (b)

(c)
9 ns

7 ns
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1 ns

FIG. 7. Exponential spin-coherence fits of the periodically dis-
placed electron. In order to extract the coherence times Tcoh that
are discussed in the text, we fit the experimental data using a sin-
gle exponential decay law. (a),(b) The same data set as in Figs.
5(c) and 5(d), respectively. The data are fitted with an exponential
decay (dashed lines) with characteristic times of (a) 32 ± 7 and
(b) 44 ± 4 ns (red). (c) The same data set as in Fig. 5(e). The data
are fitted with an exponential decay (dashed lines) with the fol-
lowing characteristic times: 91.3 ± 10 (blue), 44.8 ± 7 (orange),
51.7 ± 8 (green), 31.3 ± 9 (red), 31.2 ± 15 (purple), and 8.9 ± 9
(brown).

distribution. For example, a full remanence R = 1 means
that the effective hyperfine interaction for an electron vis-
iting the same dot multiple times is constant over the
entire displacement sequence of a single shot. Assuming
that (i) the evolution of the effective hyperfine field is
much slower than the coherent spin displacement [30,31],
(ii) the nuclear spin is immune to the electrostatic manip-
ulation, and (iii) it is not affected by the electron motion,
the remanence value is then interpreted as a small elec-
trostatic potential reorganization, leading to fluctuations

FIG. 8. The simulated spin-coherence time in a static double
quantum dot. The electron spin decoherence curves can be simu-
lated for different standard deviation σ(BZ) values of a Gaussian
distribution in hyperfine fields. The coherence times extracted
from Gaussian fits are plotted as functions of σ(BZ). The field
corresponding to the spin-coherence time T�2 = 9.6 ns [extracted
from the T�2(

√
Nconfig) fit of Fig. 3(f)] is pinpointed with a dashed

red line (BZ = 3.9 mT).

(b)(a)

(d)(c)
1
3
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rb
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10

FIG. 9. The consequences of electron-path randomization.
(a),(b) Simulated decoherence decay curves for (a) one and
(b) two displaced electrons for different values of the remanence
parameter R: 0 (blue), 0.5 (orange), 0.7 (green), 0.9 (red), and 1
(purple). (c) The estimated remanence R plotted as a function of
the distance between the dot locations of two consecutive peri-
ods, for a charging energy of 1 (blue), 3 (orange), and 10 meV
(green). (d) A cross-section view of the two-electron densities
computed using the fundamental Fock-Darwin state [29] and
separated by 33 nm (R = 0.5), assuming a charging energy of
3 meV.
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FIG. 10. The simulated decays of the quasistatic electron spin
coherence, using the same data set as in Fig. 3(e). The experimen-
tal data (dots) are compared with the simulations (solid lines) of
the coherence spin in the quasistatic case (the remanence param-
eter is irrelevant here, as each configuration is explored only a
single time). The overshoot in the singlet probability described
in Ref. [26] is observed in the simulations only for the double
quantum dot case (blue) and is not observed in the experimental
data. For the two electrons in three (orange), four (green), or five
(red) dots, the simulated decays are Gaussian-like.

in the dot positions. For R < 0.5, the decoherence decay
curves are exponential-like [see Figs. 9(a) and 9(b)] and
only weakly dependent on R, which is the fingerprint of a
continuous motional narrowing effect. On the other hand,
for R > 0.5, the motional-narrowing process is limited
by the number of visited sites, which leads to Gaussian
or Gaussian-like [26] coherence decays. Such a transition
from Gaussian to exponential dynamics is a clear man-
ifestation of the motional-narrowing effect that has been
observed in liquid NMR.

The simulation reproduces well the experimental data
in the single- and two-electron displacement with a rema-
nence parameter R ≈ 0 [solid blue curves in Figs. 5(c)
and 5(d)]. The evaluation of the best-fitting simulated
coherence decay curves (calculated to minimize the sum-
of-squares difference with the experimental data; see the
insets) show that the data from the two experiments can
be reproduced with a remanence value of 0 � R < 0.5.
One can note that the difference in decay times between the
single- and the two-electron-displacement cases is not sig-
nificant with regard to the fit uncertainties [Figs. 7(a) and
7(b)]. Moreover, this parameter also provides simulated
coherence decays that are very similar to the experimental
data of Fig. 5(e), for the various values τR of the dis-
placement dynamics (solid lines), as well as for the data
obtained in the quasistatic experiments (Fig. 10).

Therefore, the cyclic nature of the evolution has to be
randomized along the path of the electrons to reproduce

the experimental data. Since the hyperfine interaction is a
contact interaction, a displacement of the size of the dot
will be sufficient to change the effective magnetic field
completely. The relationship between R and the electron
center-of-mass separation between two consecutive peri-
ods d is given for various charging energies in Fig. 9(c). It
is calculated as the overlap between the electron density
at two consecutive periods R = ∫

ψ2
i ψ

2
i+1dr. Therefore,

between two consecutive displacement periods, the elec-
tron center of mass is expected to be distant by about
d ≈ 33 nm for a charging energy of 3 meV [Figs. 9(d)
and 11]. The schematic electron center-of-mass trajec-
tories in the single- and the two-electron-displacement
experiments are superimposed on the gate pattern and the
simulated electrostatic potential of Figs. 11(a) and 11(b),
respectively. Moreover, the limited number of displace-
ment cycles for which the electron spins are in phase
prevents us from observing any hyperfine field correlation
when the electrons revisit the same quantum dots.

Here, we speculate that these fluctuations in dot posi-
tions may occur because of the large voltage ranges
employed to displace the electron through the quantum
dot array (as large as a few hundreds of millivolts; see
Fig. 6). Such energy values are expected to induce per-
turbations of the semiconductor nanostructure, resulting
in a change in the disorder potential. Additionally, the
electrostatic potential simulations of Figs. 11(a) and 11(b)
confirm that the confinement potentials remain shallow
during the electron shuttling, making the dot positions
very sensitive to fluctuations of charges in the substrate
(e.g., donors in the doping layer of the heterostructure; see
Fig. 12). Moreover, the typical time scale of this alteration
is comparable to that of the excitation potential and there-
fore can be as fast as 1 ns. It implies that the electrons are
displaced along a path that is fluctuating on a time scale
comparable to the time needed to explore a few dot con-
figurations. As a consequence, the effective magnetic field
configuration is no longer precisely cyclic and becomes
randomized.

A similar assumption with regard to the electron path
has been reported recently by our group in a different dis-
placement regime [9]. The electrons were then displaced
in moving quantum dots at a speed of 3000 m/s. Indeed,
at this speed, the motional-narrowing process is extremely
efficient for hyperfine interaction and the main mechanism
for decoherence is mediated by spin-orbit interaction. Evi-
dence of change in the disorder potential is imprinted in the
coherence of the transported electrons, which are initially
prepared in a superposition of antiparallel spin states.

VI. CONCLUSIONS

We perform one- and two-electron coherent shuttling
in a 2D array and explore various displacement trajec-
tories through different sets of quantum dots. We report
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FIG. 11. Electrostatic potential simulations. (a),(b) Electrostatic potential simulations performed with gate-voltage configurations
corresponding to the confinement of two electrons (a) in L-B and (b) in T-R. Hypothetical electron trajectories (dots) are overlapped
for the two displacement patterns considered. The solid lines are guides for the eye. (a) A single electron is periodically displaced
between dots (B, C, T, and R), while the other electron remains in the L dot. Four dot configurations are explored, but the dot positions
evolve at each period (two periods are drawn, e.g., 1 → 1′ → 1′′). (b) Two electrons are displaced, one between (L, C, R) and the
other between (T, C, B). Eight dot configurations are explored and, here again, the dot positions evolve at each displacement period
(a single period is drawn, e.g., 1 → 1′). The electrostatic potential simulations are performed by solving the Laplace equation [35].
The orange circles have a radius of 20 nm, corresponding to the Bohr radius of an electron with a charging energy EC of 3 meV. The
dashed circles have a radius of 33 nm, a value computed to reach a remanence R = 0.5. (c)–(e) Schematic representations of the Bohr
radii and corresponding dot displacements to reach a remanence R = 0.5 for different electron charging energies.

an increase of the coherence time for the two-electron
displacements by a factor of 13, which corresponds to
an increase of the coherence length above 12 μm. Fur-
thermore, we specifically study the zero-magnetic-field
regime, where all the three components of the hyperfine
interaction contribute equally to the decoherence of the
two electron spin singlet states. This hyperfine interaction
is expected to be averaged during the electron displace-
ment. A signature of a motional-narrowing process is
observed, with a decoherence rate inversely proportional
to the time spent in the static phase. Indeed, reducing the
time where the electrons are effectively static and aver-
aging faster than the spin dynamics over many nuclear
spin configurations increases the observed coherence time
[22]. An important consequence of the observation is
the signature that the path of the electron is slightly
modified from one period of displacement to the next.

This results in the randomization of the effective field
distribution experienced by the electrons. The experimen-
tal results are reproduced using a simple model. There-
fore, only the single-electron displacement during the gate
movement from one dot to another is relevant to explain
the increase in the spin-coherence time. This protocol,
which consists of probing the spin coherence as a func-
tion of the number of displacement steps, can in principle
be applied to other sources of magnetic field inhomogene-
ity, such as micromagnets near quantum dots or g-factor
perturbation in chains of quantum dots, to assess the repro-
ducibility of the qubit manipulation and transport in arrays
of dots or quantum channels. Finally, as the estimated
remanent hyperfine field is low, our experiment is analo-
gous to the displacement of an electron in a linear chain of
quantum dots. The observed increase in the spin-coherence
time induced by motional narrowing lets us envision the
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FIG. 12. Simulation of the electrostatic potential arising from
a random distribution of donors. The potential is computed for
a random distribution of donors in the Si-doped layer of the
heterostructure that produces a 2DEG with an electron density
of 2.7 × 1011 cm2. The induced potential can localize the dots
in different spatial positions than the one intended by the gate
geometry.

long-range coherent displacement of spins in semicon-
ductors (even isotopically engineered) along statistically
imperfect channels or chains of dots.

ACKNOWLEDGMENTS

We would like to thank Maud Vinet, Xuedong Hu,
and Lieven M. K. Vandersypen for enlightening discus-
sions. We acknowledge technical support from the Poles
of the Institut Néel, and in particular, the NANOFAB
team, who helped with the sample realization, as well as
E. Eyraud, T. Crozes, P. Perrier, G. Pont, H. Rodenas,
D. Lepoittevin, C. Hoarau, and C. Guttin. M.U. acknowl-
edges the support of project CODAQ (ANR-16-ACHN-
0029). A.L. and A.D.W. acknowledge gratefully the sup-
port of DFG-TRR160, BMBF-Q.com-H 16KIS0109, and
the DFH/UFA CDFA-05-06. T.M. acknowledges finan-
cial support from ERC QSPINMOTION, ERC QUCUBE,
ANR CMOSQSPIN (Grant No. ANR-17-CE24-0009),
ANR SiQuBus, UGA IDEX (Grant No. ANR-15-IDEX-
02), and H2020 QLSI.

APPENDIX A: DEFINITION OF THE VIRTUAL
GATES

The gate-voltage control of the five central dots is best
understood using a set of virtual gates acting like in-plane
multipoles rather than the physical gate voltages. The in-
plane x and y electric dipolelike gates are denoted δV−

X ,Y.

To complete the set of gates, we also use δV+
X ,Y:

⎡

⎢⎢⎢
⎣

δV+
X

δV−
X

δV+
Y

δV−
Y

⎤

⎥⎥⎥
⎦

=

⎡

⎢
⎣

1 1 0 0
−1 1 0 0
0 0 1 1
0 0 −1 1

⎤

⎥
⎦

⎡

⎢
⎣

δVL
δVR
δVB
δVT

⎤

⎥
⎦ . (A1)

Finally, the voltage applied on each gate is the element-
wise sum of the δVL,B,R,T values and the offset val-
ues V0

L,B,R,T. Typical voltage offsets of (V0
L, V0

B, V0
R, V0

T) =
(−0.38, −0.27, −0.37, −0.29) V, as used for Fig. 2(b), are
employed.

APPENDIX B: NUCLEAR SPIN DYNAMICS AND
EXPERIMENTAL TIME SCALES

In this appendix, we describe the acquisition protocol
employed in this work. The voltage control apparatus is
programmed to execute and repeat a list of single-shot
experiments (about a few thousand different sequences).
Homemade electronics ensure fast changes of both chemi-
cal potentials and tunnel couplings with voltage-pulse rise
times approaching 100 ns and refreshed every 16 μs. This
is supplemented by a Tektronix 5014C AWG, with a typ-
ical channel-voltage rise time (20%–80%) of 0.9 ns, used
to rapidly change the VL, VB, VR, and VT gate voltages. The
fast slew rate of the AWG channels ensures a reproducible
electron displacement even for short resting times. More-
over, no change in the coherence time of the electron spins
due to a modulation in the dot potential detunings (corre-
sponding to a gate-voltage settling time from 80% to 100%
of the target values) is observed in this experiment.

The total duration of each single shot (comprising the
electron spin initialization, manipulation, readout, and the
instrumental overhead) is about 50 ms. The experimen-
tal singlet probabilities are calculated as the average spin
readout results of either 150 [Fig. 5(e)] or 1000 single
shots [Figs. 3(e), 5(c) and 5(d)]. Therefore, the typical
time between the repetition of two equivalent sequences
is about a few minutes, which is much longer than the
nuclear spin relaxation time in the dipole-dipole field of
other nuclear spins, which is in the range of 100 μs
[26,32]. This allows the nuclear spin distribution to be ran-
domized between each equivalent single-shot experiment.
Consequently, there is no preferential quantification axis
at zero magnetic field and the spin-orbit interactions are
averaged out.

APPENDIX C: SIMULATION OF THE ELECTRON
SPIN DYNAMICS

The simulations are performed with an initial sin-
glet spin state. A four-level system is considered to
model the two electron spins, each exposed to a specific
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magnetic field (random hyperfine interaction with the sub-
strate nuclear spins). The numerical time integration of
the Schrödinger equation is computed for 1000 different
couples of magnetic field vectors, following a centered
Gaussian distribution with a standard deviation of 3.9
mT (see Fig. 8). Magnetic-field-remanence parameters are
added to the model to consider the spatial evolution of
the effective dot locations during the different displace-
ment patterns. Finally, the average singlet probability is
calculated [33,34].
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