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Coherent shuttle of electron-spin states

Takafumi Fujita’, Timothy Alexander Baart', Christian Reichl?>, Werner Wegscheider® and Lieven Mark Koenraad Vandersypen'

We demonstrate a coherent spin shuttle through a GaAs/AlGaAs quadruple-quantum-dot array. Starting with two electrons in a
spin-singlet state in the first dot, we shuttle one electron over to either the second, third, or fourth dot. We observe that the
separated spin-singlet evolves periodically into the m =0 spin-triplet and back before it dephases due to nuclear spin noise. We
attribute the time evolution to differences in the local Zeeman splitting between the respective dots. With the help of numerical
simulations, we analyze and discuss the visibility of the singlet-triplet oscillations and connect it to the requirements for coherent
spin shuttling in terms of the inter-dot tunnel coupling strength and rise time of the pulses. The distribution of entangled spin pairs
through tunnel coupled structures may be of great utility for connecting distant qubit registers on a chip.
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INTRODUCTION

Single electron spins in semiconductor quantum dots have been
proposed as a candidate qubit platform that may allow scalable
quantum information processing.L 2 Recent progress in semi-
conductor quantum-dot structures have shown long single-spin
coherence times and high-fidelity coherent operations.>™ Further-
more, linear arrays have been successfully scaled to triple and
quadruple dots,®'? and 2 x 2 arrays have been demonstrated as
well.'® However, there are practical limitations to the size of
tunnel-coupled quantum dot arrays in one or two dimensions.
Integrating larger numbers of qubits can be achieved by
coherently connecting distant qubit registers on a chip.'*"” Such
coherent links could also serve to connect different functions such
as memory and processor units.” As an alternative to coherent
spin-spin coupling at a distance, the physical transfer of electrons
across the chip while preserving the spin information can serve as
an interface between separated quantum dot arrays.” ' This is
similar in spirit to experiments with trapped ions that were
shuttled around through segmented ion traps.'” %° To our
knowledge, there are no demonstrations of the transfer of single
electron spins coherently through arrays of three or more coupled
quantum dots. (A closely related work appeared subsequent to
our submission. H. Flentje et al., Coherent long-distance displace-
ment of individual electron spins. arXiv:1701.01279)

Various physical mechanisms have been proposed to control-
lably transfer single charges through confined structures, includ-
ing Thouless pumps,?" #* charge pumps 3, and surface acoustic
waves,?* and several of these approaches have been experimen-
tally demonstrated with quantum dot devices.'* 2> 2° Further-
more, charge transfer with preservation of spin projection was
shown using surface acoustic waves?” and charge pumps.?®
However, none of these approaches has proceeded to measure
the preservation of spin coherence during the shuttling processes.
The main obstacle towards spin coherent transfer is the short
dephasing time due to nuclear spins in GaAs, the commonly used
host material for shuttling experiments so far (T; of 10-30 ns).?

In this Article we explore the coherent shuttling of single
electron spins through a quadruple-quantum-dot array by
applying gate-voltage pulses to push the electron through the

array. Starting with two electrons in a spin-singlet state in a single
dot at one extremity, we shuttle one of these two electrons to the
second, third, and fourth dot. We probe the preservation of spin
coherence by subsequently attempting to bring the two electrons
back onto the first dot. Through the Pauli exclusion principle, this
is allowed only if the spin singlet state is still preserved. Starting
from an analysis of the spin-shuttle performance, we discuss two
adiabaticity conditions of the transfer, one for coherent single-spin
shuttling and one for distributing entangled states.

RESULTS

To study the preservation of spin coherence while shuttling
electrons around, we initialize the two electrons in a spin-singlet
state in the leftmost dot, then move one electron over to either
the second, third, or fourth dot and back, and probe whether the
spin-singlet phase is still preserved after shuttling. Spin-singlet
initialization is done by waiting for thermal equilibration in the
(2000) charge state (point | in Fig. 1b). Next, one of the electrons is
shuttled to one of the other three dots by ramping the voltages
on gates P1 and P4 from position | to position A, B, or C in Fig. 1b
in 2.5 ns. The ramp is chosen slow enough such that the electron
motion is adiabatic with respect to the inter-dot tunnel coupling
to ensure that the electron moves to the neighboring dots in a
well-controlled and reproducible manner, see Fig. 2a. At the same
time, the transfer should not be too slow so that the transfer is
non-adiabatic in the spin sector and furthermore can be
completed well within the T;. Furthermore, by tuning the dot-
reservoir couplings to be much smaller (~kHz) than the inter-dot
tunnel couplings, the shuttling of an electron to any of the dots
can be implemented in one step—as opposed to dot by dot—
without a significant probability of losing the electron to the
reservoirs when passing through the (1000) region, see Fig. 2b.
After the forward shuttle, this electron is pulled back towards dot
1 for a spin measurement (point M in Fig. 1b). If the spin state
remains a singlet, the two electrons can both reside in dot 1 and
the charge sensor will indicate charge state (2000). If the spin-state
has changed to a triplet, the second electron is stuck on dot 2 due
to Pauli-spin-blockade®® and the charge sensor will record (1100).
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Fig. 1 Device image and spin shuttling protocol. a Scanning electron microscope image of a sample nominally identical to the one used for
the measurements. Dotted circles indicate the intended quantum dot positions and squares indicate Fermi reservoirs in the 2DEG, which are
connected to ohmic contacts. The RF reflectance of SD1 and/or SD2 are monitored in order to determine the occupancies of the four dots in
the linear array.(Reproduced from ref. 10, with the permission of AIP Publishing) b Charge stability diagram that includes the regions with two
electrons involved in the shuttling sequence. Horizontal traces are averaged over 200 sweeps with a scan rate of 4.4 ms per sweep. The (1010)
(or (1100)) region fading into the (1000) region occurs due to the slow unloading of the electron in dot 3 (or dot 2) relative to the scan rate.
Labels indicate the number of electrons on each of the four dots. The dot array is initialized with two electrons on the leftmost dot, allowing
them to relax to the spin-singlet ground state (point I). Then, a gate voltage pulse takes the system to point A, B, or C, resulting in the transfer
of one of the two electrons to the second, third, or fourth dot, respectively. After the gate voltage pulse, the system returns to point (M), and
the spin state is measured using Pauli spin blockade. We infer a spin-singlet (triplet) state when the signal of SD1 reads (2000) ((1100)) for an
integration time of 5 ps. The data shown here was chosen since it clearly shows all the relevant charge transitions. The corresponding data

with the settings used in Fig. 3 is shown in Supplementary Information Section I

We calibrated the read-out fidelities to be over 95% for both the
spin-triplet and spin-singlet (see Supplementary Information
Section V). Through this method of spin-to-charge conversion
we can tell whether the phase between the two electron spins has
changed during shuttling.

The main experimental observations are as follows. When
shuttling one of the electrons to dot 2 and varying the waiting
time in that dot (point A in Fig. 1b), we observe that the singlet-
return probability oscillates sinusoidally with a frequency of 103 +
5 MHz (see Fig. 3a). When shuttling to dot 3, a similar oscillation is
observed (see Fig. 3b), albeit at a frequency of 118 +7 MHz. For
dot 4 we record an oscillation with a frequency of 185 + 14 MHz
(see Fig. 3c). The oscillations have a contrast of 0.63 £0.12, 0.62 +
0.14, and 0.57 £ 0.15 and decay on a timescale of 14+3, 13+3,
and 7 + 2 ns, respectively.

DISCUSSION

The observed oscillations can be interpreted in terms of qubit
evolutions between the singlet state, S, and the m =0 triplet state,
To, around two orthogonal axes governed by the exchange term,
Jo;-g;/4, and a local difference in Zeeman energy,
AEY (o7 — o7 ) /2, where G; is the Pauli matrix for the spin in dot
i. These two axes are depicted in the Bloch sphere of Fig. 3d. The
magnitude of J depends on the overlap of the two electron
wavefunctions. Inside the (2000) region, J is of order 1 meV with S
the ground state, allowing us to initialize in S. As we move from
(2000) toward (1100), J gradually decreases up to the point where
AEJ dominates. For (1010) and (1001), J is negligibly small. A
difference in Zeeman splittings could result from a difference in
local magnetic fields" 32 In the present experiment, the local
fields are identical but the g-factors are different between the
dots.”® In this case, and as observed, AEYY increases linearly with
Bey:- Then, starting with a (2000) singlet, separating the electrons
across two dots kick-starts a coherent S-Ty, evolution around
AEY*? Since AEY is different for different pairs of dots, the
frequency of the S-Ty oscillations is dependent on the location of
the two electrons (see also ref. 33, where a three-electron state in
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a triple dot was adiabatically transferred from 1; S,3 to 1, Si3,
where the subscripts refer to the dot number). The damping of the
oscillation on a timescale of about 10 ns is due to the hyperfine
interaction with the randomly oriented nuclear spins in the host
material of the two dots.?

To test this interpretation of the measurements in Fig. 3 in
terms of S-T, oscillations, we have measured the Zeeman energy
in each dot using electric-dipole-spin-resonance (EDSR) measure-
ments.>* For this aim we modified the gate voltage settings in
order to implement single-spin read-out, using the single-spin
CCD protocol of ref. 28. Chirped microwave signals were applied
to gate P3 to adiabatically invert a spin from its initial state 1 to |.
The AEY extracted from the individual spin resonance frequencies
for magnetic fields 2.7 to 4.7 T are depicted in Fig. 4a. Extrapolat-
ing to 2.3 Tesla using a fit through the data points, we observe
that the sequence of the frequency differences corresponds to
that obtained from the S-T, oscillations, but the absolute values
differ. This could be due to the fact that the gate voltages used for
the EDSR measurements were different from those used for the S-
To oscillations by 5-15 mV. In EDSR measurements on dots 1 and
4, we have found comparable changes in the spin splittings with
similar gate voltage changes (Supplementary Information Sec-
tion V). Within this offset, the three distinct oscillation frequencies
in the data of Figs. 3a—c support the interpretation that one of the
electrons was shuttled controllably from dot 1 to dots 2, 3, and 4,
whilst preserving phase coherence.

The oscillation contrast provides quantitative information on
the spin-singlet component in the two-electron state after
shuttling. In the experiment, the measured contrasts are well
below unity. To investigate whether the reduced contrasts are due
to dephasing upon shuttling or have a different origin, we
numerically simulate the shuttling process. The simulations
compute the spin evolution taking into account the finite rise
time of the gate voltage pulse, the inter-dot tunnel couplings, the
Zeeman energy differences, and inelastic relaxation. Starting from
a 5(2000) state, we calculated the population of the various states
after pulsing the dot levels in a way that resembles the shuttle
experiments (see Supplementary Information Section VI for the
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Fig.2 Adiabaticity requirements for shuttling. a Schematic energy diagram for shuttling from (2000) (I) to (1100) a. The rise time of the applied
gate voltage pulse is chosen such that the charge motion is adiabatic with respect to the inter-dot tunnel coupling, causing one of the
electrons to move to dot 2, but non-adiabatic with respect to the spin Hamiltonian causing the spin singlet state to be preserved. As a
consequence, the system is taken from S$(2000) to %(1100) (orange dashed arrow). b A similar energy diagram when linearly moving

between points | and C in Fig. 1b (Supplementary Information Section II). Lines are depicted for spin-less states. When inter-dot tunnel rates
are tuned to be larger than the rate of change of the detuning (controlled by the ramp rate of Vp;—Vp,) and the dot-reservoir tunnel rates, the
charge state adiabatically follows its original energy branch without crossing over to other branches and without the electron escaping to the
reservoir (the horizontal dashed line indicates the Fermi-level). Furthermore, as in panel a, the detuning ramp rate must be fast enough such

that the spin singlet is preserved during the charge transfer

details of the simulation). For simplicity, we initially leave out
inelastic relaxation as well as the return pulse used for spin read-
out. Figs. 4b—-d show the numerically computed contrast for the
S-Ty oscillations after shuttling to the (1100), (1010), and (1001)
charge regions, as a function of the inter-dot tunnel coupling. For
the inter-dot transition from (2000) to (1100) the contrast is
peaked around 1.2 GHz (see Fig. 4b). Starting with small tunnel
coupling, increasing the tunnel coupling results in an increasing
probability that the charge is (adiabatically) transferred. Obviously,
if both charges stay in the first dot, there will be no S-T,
oscillations. If the charge initially stays behind in the first dot and
then tunnels inelastically to a next dot at a (random) later time, the
spin phase will be out of sync with the case of a adiabatic charge
transfer. This also reduces the S-T, oscillation contrast. As tunnel
couplings increase further, the transition from a Hamiltonian
dominated by spin exchange to one dominated by the Zeeman
energy difference becomes wider, which eventually results in a
spin-adiabatic transition. In this case, the system adiabatically
moves from $(2000) to |1(1100) and the amplitude of the S-T,
oscillations gradually vanishes. When moving from (1100) to
(1010) and (1001), the spin eigenbasis does not change and we
can afford higher tunnel couplings without a rapid degradation of
the contrast (see Figs. 4c and d). The gradual decreases in contrast
seen at higher tunnel couplings occurs because the electron is
increasingly delocalized over the strongly coupled dots, and the
plots show the amplitude of the T, oscillations for a single charge
state only.

Adding to the simulation the return path introduces additional
phase shifts and offsets in the simulated S-T, oscillations vs.
waiting time, without a significant further effect on the contrast of
the oscillations (see Supplementary Information Section VI). Over-
all, the contrast in the simulated oscillations does not exceed
0.65-0.8. This is only about 10% larger than the experimentally
observed contrasts, which also incur measurement infidelities of
4-5%. This suggests that the tunnel coupling between dots 1 and
2 in the experiment was close to the optimal value of around 1.2
GHz. Importantly, the contrast of the S-T, oscillations being only
60-65% does not imply a loss of phase coherence by 30-35%, but
is mostly due to the difficulty in satisfying competing adiabaticity
conditions. If the (forward) pulse rise time is too fast, the charge
transition is non-adiabatic: the charge does not follow the pulse
but stays in (2000). At this point, there are two possibilities. The
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first is that the electron stays in S(2000) throughout the
subsequent waiting time and return pulse. In this case, phase
coherence of the spin singlet state is clearly preserved, but there is
no contribution to the contrast of the S-T, oscillations. Taking t;, =
1.2 GHz, t,3 = 2.6 GHz, and t3; =4.3 GHz, a 2.5 ns rise time, and the
Zeeman energy differences extracted from Fig. 3, we estimate
such events to occur with up to 32% probability, accounting for
most of the reduction in contrast. The second possibility is that the
electron spin inelastically relaxes from $(2000) to a (1100), (1010),
or (1001) state. If this relaxation time is comparable to or longer
than the inverse Zeeman energy difference, the relaxed spin will
start the S-Ty oscillation at a random time, leading to phase
randomization. In this case coherence is truly lost. Given that the
relaxation time in the experiment is not known, it is difficult to
estimate the contribution to decoherence accurately, but we
expect it is in the 1-2% range. Finally, if the forward pulse rise time
is too slow, the spin transition is adiabatic: the singlet is rotated to
11 as the charge state moves from (2000) to (1100), (1010), or
(1001). Since |1 is an eigenstate of the Hamiltonian when
exchange interaction is small, there will again be no contribution
to the contrast of S-T, oscillations. However, for an equally slow
return pulse, the spin state is rotated back from |1 to singlet,
hence there is no loss of phase coherence. We estimate the
probability for this to happen in the present experiment to be up
to 1.8%. Additionally, if the initial state is a superposition state of
the (initial) Hamiltonian, there will be dephasing during the pulse
if the pulse is too slow.

In summary, from comparing the measured and simulated
contrasts as a function of shuttling distance, we conclude that
reduced contrasts arise mainly from the fact that the charge
transfer is not fully adiabatic and to a less extent to the fact that
the spin transfer is not fully diabatic. An additional small reduction
in contrast is due to a loss of phase coherence associated with
inelastic tunneling at a random time after the forward pulse. Other
mechanisms that could compromise phase coherence during
shuttling are the spin-orbit interaction and hyperfine interaction.
Spin-orbit interaction would induce a deterministic spin rotation
as an electron moves across the array®®> In the present
experiment, the effect of spin-orbit interaction is minimized for
motion along the inter-dot axis by the choice of alignment of the
gate design with respect to the crystallographic axes and the
external magnetic field (see Fig. 1a).'® The slowly varying
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Fig.3 Coherent shuttling and S-T, oscillations. a-c¢ Measured spin-singlet probability as a function of the waiting time in the (1100), (1010), or
(1001) charge state (error bars indicate 95% confidence intervals). This waiting time occurs in between separating the electrons and trying to
bring them back together. The spin-singlet probability is fitted with a Gaussian damped cosine function with a constant phase shift. The fitted
S-To oscillation frequencies are: 103 +5, 118 + 7, and 185 + 14 MHz respectively. The fitted contrasts are 0.63 +0.12, 0.62 + 0.14, and 0.57 +
0.15. The damping is attributed to the random nuclear fields in the two dots and the phase shift accounts for the additional shuttle towards
the measurement point. d Bloch sphere representation of a singlet-triplet qubit. For a spin singlet distributed over two separated dots, the
exchange interaction J is small and the Zeeman energy difference between the dots, AEYY, dominates

hyperfine interaction gives rise to random nuclear fields in each of
the quantum dots for every shuttle run. In our experiment the
nuclear spin distribution specific to the final charge state
contributed to the damping of the S-T, oscillations. However,
when shuttling rapidly through large dot arrays, the effect of
random nuclear fields increasingly averages away, and the spin is
preserved better than if the electron stayed in a single charge
state.3® The decrease of the coherence time observed in Fig. 3c for
example is presumably due to a smaller electron wave function in
dot 4, resulting in a larger random nuclear field.?” Both hyperfine
and spin-orbit interaction are significantly weaker in silicon than
in GaAs, so spin shuttles in silicon should be even more robust.
To quantify the fidelity of the spin transfer, we can take two
approaches. First, we can define the spin transfer fidelity as the
probability that the initial state is preserved as is after moving one
electron to one of the other dots. In the present experiment, the
spin transfer fidelity then corresponds to the contrast of the S-T,
oscillations (apart from the reduction in contrast from the
measurement infidelity). This would be 65-70% in the present
experiment. A second meaningful definition for the spin transfer
fidelity is given by the probability of reversible mapping of the
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initial spin state to a well-defined final spin state upon shuttling,
preserving the purity of the state. That would be 1-p, with p the
probability that phase coherence is lost, which we here estimate
to be 98-99%.

Finally, we explore the limits of the achievable spin transfer
fidelity in the absence of spin—orbit and hyperfine interaction. The
loss of phase coherence from inelastic tunneling can be reduced
by increasing the tunnel coupling or by elongating the pulse rise
time, so that the charge transfer meets more closely the ideal
adiabaticity condition. In order to simultaneously stay in the spin
singlet state (diabatic spin transfer), the difference in Zeeman
splittings could be reduced. For a Zeeman energy difference ten
times smaller than AE, ;,, it is possible to achieve simultaneously
(near-perfect) adiabatic charge transfer and (near-perfect) diabatic
spin transfer, resulting in a 99.7% probability to preserve the spin
singlet upon shuttling. Finally, we note that for the transfer of a
single-spin state (that is, not a spin that is part of an entangled
pair), we only need to achieve adiabatic charge transfer, with no
adiabaticity requirements for the spin transfer, relaxing the
constraints that need to be met to achieve spin transfer with
near-unity fidelity.
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Fig. 4 Zeeman energy differences and simulated S-T, oscillation contrasts. a The Zeeman energy in each dot is determined using EDSR
measurements for a range of magnetic field strengths®® 3* and is fitted to E,=lgusB +gspgB’l, resulting in g@°' = —0.4332+0.0005,
gdot = (0.47£0.03)1073/T%, g%°'2 = —0.4353+0.0004, g$°2 = (0.46+0.04)1073/T% g3 = —0.4361+0.0006, g3°* = (0.47+£0.04)1073/T?,
g$°* = —0.4372+0.0004, gio* = (0.47 £0.03)103/T2. The solid data points represent the differences in Zeeman energy between dot n (n
=2,3,4) and dot 1 as a function of magnetic field, extracted from the EDSR measurements (error bars account for the expected fluctuations of
+ 15 MHz from the quasi-static nuclear field and + 5 MHz from the frequency resolution of the measurement, for each of the two resonance
measurements used in the frequency difference calculation). Solid curves represent the difference between the fit of dot n and dot 1. Open
circles show the Zeeman energy differences extracted from Figs. 3a—c (error bars indicate the fitting uncertainty). b The contrast of the
simulated coherent oscillation when pulsing from point | to point A in Fig. Tb. The simulation assumes a linear ramp from start to end over
2.50 ns. ¢ Similar to b but pulsing to point B and varying the tunnel coupling between dots 2 and 3. d Similar to b but pulsing to point C and
varying the tunnel coupling between dots 3 and 4. The tunnel couplings were set to t, = 1.2, t,3=2.6, and t34 = 4.3 GHz if not varied. These
values correspond to the peak positions in the tunnel coupling dependencies. Note that the maximum in d is lower and occurs for a higher
tunnel coupling than that in ¢ because the ramp rate is higher for d (same ramp duration but higher pulse amplitude)

CONCLUSION METHODS
We demonstrate a coherent spin-shuttle though a quadruple- The quadruple-quantum-dot array is formed electrostatically in a two-
quantum-dot device. The main observation is a coherent singlet- ~ dimensional electron gas (2DEG) 90 nm below the surface of a GaAs/

viplt osclaton that occurs when one electron of 2 spin-singlet  ASaAs heterostuctre see Fig. 1 Geprodced fom e, 10, with the
pair is shuttled to a distant dot. Such an oscillation can only be

. . - . biased with appropriate voltages to selectively deplete regions of the
observed if the coherence is preserved during shuttling. The key 2DEG and define the linear array of four quantum dots, designated as dots

rgquirement. for a coher'en't spin shuttle in the_ presence f_’f 1, 2, 3, and 4 counting from the left. A sensing dot (SD1) next to the
differences in Zeeman splitting between the dots in the array, is quantum dot array is used for non-invasive charge sensing using

that the motion through the array be adiabatic with respect to the radiofreq%ency (RF) reflectometry to monitor the number of electrons in
inter-dot tunnel couplings for the spin phase to be preserved. For each dot.™ We denote the charge state occupation of the array as (nmpq)
distributing entangled states such as the spin singlet, an referring to the number of electrons in dots 1, 2, 3, and 4 respectively. We
additional condition is that the transitions must be ,non- tune the quadruple dot such that it is occupied with two electrons in total.
adiabatic with respect to the spin exchange strength. This Together the two electrons can form a spin-singlet state S, or one of the

. A three triplet states To, T_, and T,. An in-plane magnetic field Be,  =2.3T is
demonstration and analysis open up new avenues for large scale applied to split the 7_ and T, states from the T, state. In order to shuttle

solid-state quantum computation, whereby single electrons are electrons back and forth through the array within the dephasing time T; of
shuttled and entanglement is distributed across the chip.3® 3° a few tens of ns, all inter-dot tunnel couplings are tuned to about 1 GHz
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and higher (see Supplementary Information Section Il for the procedure).
The device is cooled inside a dilution refrigerator to a base temperature of
~22mK (see Supplementary Information Section | for more details on the
measurement setup).
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