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Quantum information science has the potential to revolutionize
modern technology by providing resource-efficient approaches to
computing!, communication? and sensing’®. Although the physical
qubits in a realistic quantum device will inevitably suffer errors,
quantum error correction creates a path to fault-tolerant quantum
information processing*. Quantum error correction, however,
requires that individual qubits can interact with many other
qubits in the processor. Engineering such high connectivity can
pose a challenge for platforms such as electron spin qubits®, which
naturally favour linear arrays. Here we present an experimental
demonstration of the transmission of electron spin states via
the Heisenberg exchange interaction in an array of spin qubits.
Heisenberg exchange coupling—a direct manifestation of the Pauli
exclusion principle, which prevents any two electrons with the
same spin state from occupying the same orbital—tends to swap
the spin states of neighbouring electrons. By precisely controlling
the wavefunction overlap between electrons in a semiconductor
quadruple quantum dot array, we generate a series of coherent
SWAP operations to transfer both single-spin and entangled states
back and forth in the array without moving any electrons. Because
the process is scalable to large numbers of qubits, state transfer
through Heisenberg exchange will be useful for multi-qubit gates
and error correction in spin-based quantum computers.

Spin qubits based on electrons in quantum dots are a leading plat-
form for quantum information processing because the quantum phase
coherence of individual electron spins can persist for extremely long
times®”. Single-qubit gate fidelities now exceed 99.9% (refs. 8-1%) and
two-qubit gate fidelities surpass 98% (ref. '!). As spin-based quantum
processors are scaled up, one- and two-dimensional arrays of electrons
in quantum dots emerge as key components of future spin-based quan-
tum information processors'?~!4,

Electron spin qubits usually interact with each other via direct wave-
function overlap, which generates Heisenberg exchange coupling®. In
large-scale arrays of spin qubits'*!%, however, maintaining sufficient
connectivity for efficient and fault-tolerant quantum computing poses
a challenge. To this end, long-distance coupling between spins is an
active area of research. Exciting possibilities include coupling spins to
superconducting microwave photons!®18, shuttling electrons between
quantum dots via tunnelling!®~?* or surface acoustic waves?>2%, and
superexchange methods?”?%. Theoretical studies have also explored
the use of repeated SWAP operations between qubits to achieve this
goal?®73L, as well as the possibility of an exchange-based spin bus®2.

Here we present an experimental demonstration of spin-state trans-
fer via Heisenberg exchange coupling. We transmit the spin state of an
electron back and forth across a quadruple quantum dot array, without
moving any electrons. We also transfer one spin of an entangled pair to
a distant electron and back. In contrast to previous work using electron
tunnelling'®-2%, our approach relies entirely on coherent SWAP opera-
tions between spins and does not involve the motion of electrons. As a
result, it is compatible with arbitrary single- and multi-qubit states. This
scheme does not require separate entities, such as microwave resonators,

magnetic gradients, additional electrons or empty quantum dots. State
transfer via Heisenberg exchange coupling is also scalable to large arrays
of qubits—an essential requirement for quantum error correction.

We use a quadruple quantum dot in a GaAs/AlGaAs heterostruc-
ture (Fig. 1a, b). The device has an overlapping-gate architecture
(see Methods), which enables precise control of the electronic con-
finement potential. For these experiments, each dot contains one elec-
tron. Using ‘virtual gates’'>1*?3, we independently control the chemical
potentials of the quantum dots and the tunnel barriers between them
(Figs. 1c, 2a, b).

We initialize and measure the array by configuring it as a pair of
singlet-triplet qubits (see Methods). Each singlet-triplet qubit occupies
a pair of quantum dots. In the following, ‘left side’ and ‘right side’ refer
to the left and right sides of the quadruple dot, respectively. We can
initialize either sideas |17), || T) or|S) = %(m) —|11)). The orien-
tation of the spins in the || ) state depends on the local magnetic
gradient, which results from the hyperfine interaction between the
electron and nuclear spins (see Methods). We measure both sides of the
array via standard spin-to-charge conversion through Pauli spin block-
ade®. We read out in the {|S), |T)} basis for each side of the array,

where |T') is any one of the triplet states{ [T1), % AT+ 1), |ll)(}
Adiabatic charge transfer of the electrons on each side into dots 1 an
4 maps || 7) to |S) and all other product states to triplets. Diabatic
charge transfer from the outer dots preserves the spin states, and
diabatic transfer into the outer dots during readout projects a joint spin
state onto the {|S), | T)} basis*.

We induce exchange coupling between two electrons by applying a
voltage pulse to the barrier gate between them (see Methods; Fig. 2b).
The voltage pulse creates an overlap between the wavefunctions of neigh-
bouring electrons, and the spins evolve according to the Heisenberg
exchange Hamiltonian H, = hi (o, ®0,+ 0,80,+0,® o,). Here, ] is
the coupling strength, o, 0, and o, are Pauli matrices describing the spin
components of each electron and h is Planck’s constant. After the two-elec-
tron system evolves for a time of 1/(2]), an initial state |¢)) evolvestoU [v)),
where

Ux (1)

oo o
o= oo
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—_ o oo

Uis written in the basis {|17), [T1), |1 1), |l!)}and describes a SWAP
operation between the two spins. If the two spins are opposite, they
swap back and forth as they evolve for a variable amount of time under
the action of this Hamiltonian, generating exchange oscillations. As
discussed later, the addition of single-qubit terms to this Hamiltonian—
especially magnetic field differences between spins—can lead to errors
in the SWAP operation. Figure 2c—e demonstrates coherent exchange
oscillations between all nearest-neighbour pairs of spins in the array.
To transfer the spin state of an electron, we initialize the array in the
[T717) state, and we concatenate different SWAP operations between
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Fig. 1 | Experimental setup. a, Scanning electron mlcrograph of the
quadruple quantum dot. The scale bar is 200 nm. All plunger gates

(red) and inner barrier gates (blue) are connected to separate arbitrary-
waveform channels for independent pulsing. Ohmic contacts to the
two-dimensional electron gas are indicated by an ‘X’ inside a square. The
two quantum dots above the middle green gate are charge sensors, and
their Ohmic contacts are configured for radiofrequency reflectometry.

A grounded top gate (not shown) covers the active area of the device.

b, Line cut through the device at the position indicated in a by the dashed
red line, showing the locations of all electrons. ¢, Schematic potential
landscape imposed by the confinement gates. In general, the plunger gates
primarily control the chemical potential 1; of each dot i, and the barrier
gates primarily control the tunnel coupling T;; between dots i and j. The Ga
(yellow) and As (purple) nuclear spins contribute a random magnetic field
at the site of each dot via the hyperfine interaction.

pairs of electrons. To swap the spins of the electrons in dots 3 and 4, for
example, we apply a voltage pulse to barrier gate T34 that is timed to
give a m pulse. We denote this operation as S34. In general, we use Sj; to
denote a SWAP operation between spins i and j. During each barrier
pulse, we apply compensation pulses to the plunger gates, such that the
chemical potentials of the dots themselves remain fixed and the elec-
trons do not move. Typically, exchange pulses are less than 10 ns in
length and they are usually 3w pulses to ensure that exchange strengths
are larger than magnetic gradients, as discussed below.

We begin by transmitting the down spin originally associated with
the electron in dot 3 through the following sequence of operations: S34,
S34> $23, $23, S34, S34. Before the sequence begins and after each step, we
measure both sides of the array (in the {|S), |T)} basis) to confirm the
expected spin states (Fig. 3a). For this sequence, as shown in Fig. 3e, we
expect the measurement outcomes S, T, S, T, S, T, S on the right side
and the outcomes T, T, T, T, T, T, T on the left. The data in Fig. 3a
clearly show the expected outcomes, although the visibility of the meas-
urements decreases with each successive step. We discuss the limiting
factors in this state transfer process below. We emphasize that the elec-
trons themselves do not move during this process. It is only the
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Fig. 2 | Coherent exchange oscillations between all nearest-neighbour
pairs of spins. a, Charge stability diagram for dots 1 and 2, showing the
initialization (circle), readout (star) and manipulation (square)
configurations of the chemical potentials. The chemical potentials £; and
112 and detuning ey are defined to be zero near the (0, 2)-(1, 1) transition
(see Methods). b, Pulse timing diagram for exchange measurements on
dots 1 and 2. Typical initialization times are 2 ps, exchange pulse times are
Tex < 100 ns and measurement times are 5 ps. Overall pulse repetition
periods are <30 ps. ¢, Exchange oscillations between spins in dots 1 and 2.
d, Exchange oscillations between spins in dots 3 and 4. e, Exchange
oscillations between spins in dots 2 and 3. Oscillations were measured on
the right side of the array. The visibility in e is not as high asin cand d
because we did not stablhze the magnetic gradient on the right side for this
measurement. In c-e, P*® indicates the singlet return probability for the
left (right) side, and the initial states are shown at the top of each panel. To
generate exchange coupling between dots i and j, we pulse the barrier gate
Tj; for a time of Tey.

spin-down state—which was originally associated with the electron in
dot 3—that moves. The imperfect visibility of the prepared triplet states
on the left side is due to thermal population of excited spin states, as
discussed in Methods.

As a check, we verified that eliminating certain pulses in the state
transfer sequence also produces the expected results. Figure 3b displays
the outcome when we replace S34 with the identity operation I, imple-
mented as a wait with no barrier pulse. The data show the expected
result. Likewise, we checked that replacing S,; with I also gives the
expected result (Fig. 3¢).

We also demonstrate that we can transmit a spin back and forth
across the full four-dot array. We apply the following swap sequence:
S23, S125 S12> S23, S34, S34. For this sequence, we expect the following
measurements on the right side: S, T, T, T, S, T, S, and the following
ontheleft: T, T, S, T, T, T, T. The expected trend is clearly evident in
the data (Fig. 3d).

Having established the feasibility of transmitting single-spin eigen-
states, we now demonstrate the transmission of entangled states (Fig. 4).
Using electronic exchange with the reservoirs and diabatic charge trans-
fer, we prepare the array in the % [Ty ® (IT1)—11T1)) state. Then, we
apply an S,3 operation (Fig. 4a); this operation causes the singlet state,
which was initially prepared in dots 3 and 4, to reside in dots 2 and 4.

In general, a separated singlet state in dots i and j will evolve to the
unpolarized triplet state | T;) and back, if there exists a magnetic-field
difference AB;; between quantum dots i and j (ref. **). The singlet-tri-
plet oscillation frequency is gusABj/h, where g is the electron g-factor
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Fig. 3 | Spin-state transfer via Heisenberg exchange. a, Singlet return
probability of the three-dot state transfer described by the sequence Ss4,
S34, 823> 235 S34, S34. b, Three-dot state-transfer control sequence with I in
place of Ss4. ¢, Three-dot control sequence with I in place of S3. d, Four-
dot state transfer described by the sequence Sy3, S12, S12, $23> S34, S34. In
a—d, the top graph shows measurements on the right side of the array and

and pp is the Bohr magneton. In our experiment, after the separated
singlet state evolves for a variable period of time around the magnetic
gradient, we apply an S,3 operation, bringing the singlet back into dots
3 and 4. We then measure the right side of the device in the usual
{IS), |T)} basis after diabatic charge transfer. Provided that the Sy3
operations preserve the entangled state, we expect to observe coherent
singlet-triplet oscillations corresponding to evolution around AB,,.

We observe clearly visible singlet-triplet oscillations (Fig. 4b, c).
Simulations conducted by integrating the Schrodinger equation for a
three-spin system show excellent agreement with the data (Fig. 4d),
confirming that we successfully transferred one member of the entan-
gled pair to a distant electron.

We note that such a AB measurement across two dots is a routine
procedure for singlet-triplet qubits when the two electrons are sepa-
rated to neighbouring dots via tunnelling®. Recently, AB oscillations
between singlet pairs separated to distant dots via tunnelling have also
been observed?’-?2, Here, however, we use repeated coherent SWAP
operations to move quantum spin states instead of electrons.

As a check, we performed the same experiment while omitting both
SWAP operations. In this case, we also observed oscillations around
the magnetic gradient, but with a different characteristic frequency;,
corresponding to ABs4 (Fig. 4b, c). Figure 4e shows the time evolution
of ABy4 and ABs, during the course of the experiment. Because both
field gradients result from different random nuclear-spin ensembles,
we expect their time evolution to be different, as we observe (Fig. 4e).

When we omit only the final SWAP operation, we observe small-
amplitude oscillations consistent with our simulations (Fig. 4c, d). A
perfect initial S,3 operation would completely transfer the entangle-
ment between dots 3 and 4 to dots 2 and 4, and we would not expect
to observe oscillations without a final S,;. However, our S,; opera-
tion is imperfect because the magnetic gradient AB,; prevents a pure
exchange rotation. After this imperfect SWAP operation, the electron
spin in dot 3 remains weakly entangled with the electron spin in dot

the bottom graph shows measurements on the left side. Grey bars are error
bars representing the standard deviation of 64 repetitions of the average
of 64 single-shot measurements of each pulse. The expected outcomes are
displayed in each graph. e, Trajectories of the down spin for the three- and
four-dot state-transfer sequences.

4, and weak AB;,4 oscillations are observed. As expected, the oscilla-
tion frequency in this case clearly corresponds to ABs,4 (Fig. 4e). To
ensure that differences between these three cases do not result from a
randomly changing nuclear magnetic field between experiments, but
instead result from the transmission of entangled states, we interleaved
the averaging of these measurements in time (see Methods).

We can also coherently transfer one spin state of an entangled singlet
pair to the other end of the array and back. We achieve this by applying
S5 and Sy, operations before and after free evolution of the state around
the magnetic gradient (Extended Data Fig. 1).

The primary limiting factors of the spin-state transfer operation are
the presence of a magnetic gradient between the dots and the temporal
fluctuations in this gradient resulting from the nuclear spin noise. In
general, exchange coupling tends to swap the state of two spins, but
a magnetic gradient of AB tends to drive transitions to the singlet or
unpolarized triplet configurations of the two spins®>. The presence of
a magnetic gradient therefore makes single-pulse pure exchange rota-
tions impossible. Here, we minimized this effect by using exchange
strengths of several hundred megahertz. Typical gradient strengths
were several tens of megahertz. In addition, because we do not perform
pure exchange rotations, the final joint spin state of a pair of spins after a
SWAP operation is also not an eigenstate of the local magnetic gradient.
Thus, the magnetic gradient causes continued unwanted evolution of
the joint spin state. Finally, the nuclear-spin fluctuations can also create
second-order noise in the exchange splitting.

As described in Methods, we included these effects, in addition to
charge noise, in numerical simulations of the coherent spin-state trans-
fer, and we found good agreement with our data, as shown in Extended
Data Figs. 2, 3. On the basis of our simulations, we expect that the state
fidelity after a SWAP operation for single-spin eigenstates is approx-
imately 0.90 (see also Extended Data Fig. 4). The error results almost
entirely from the nuclear magnetic gradient. We estimate that the state
fidelity after a SWAP operation on a singlet state is about 0.65. However,
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Fig. 4 | Transfer of entangled states via Heisenberg exchange. a, We
prepare a singlet in dots 3 and 4 and then swap the states in dots 2 and

3. The separated singlet evolves in a magnetic field difference of AB,,.
We then swap the state of dot 2 back into dot 3 and measure the right
side of the array. b, Entangled-state transfer data. Three measurements
are interleaved in time. The first one (I, AB, I) is a control measurement
performed while keeping the singlet state in dots 3 and 4. The second
one (Sz3, AB, I) is also a control measurement that swaps the singlet into
dots 2 and 4 but omits the second S,3 before measurement. The third one

the infidelity in this case largely results from the gradient-induced
evolution from the singlet state to the unpolarized triplet configuration
during the SWAP. If the gradient is stable, a fidelity of about 0.9 can be
recovered by adding a free-evolution period after the SWAP pulse, as
demonstrated in Extended Data Fig. 5 and suggested by Fig. 4.

The fidelity of spin-state transfer via Heisenberg exchange can be
improved by minimizing the magnetic gradient. In particular, we
expect that exchange-based spin-state transfer will work even better
in silicon qubits, where nuclear-spin fluctuations are suppressed. When
magnetic gradients are needed, it is likely that resonant approaches
and dynamically corrected exchange gates could be used to implement
high-fidelity exchange rotations (see Methods).

We have demonstrated coherent spin-state transfer via Heisenberg
exchange by transmitting the spin state of an electron back and forth
along an array of electrons in a quadruple quantum dot. We have trans-
ferred single-spin eigenstates and entangled states via coherent SWAP
gates between all neighbouring pairs of spins in a four-qubit array. In
the future, we expect that spin-state transfer via exchange will be useful
in spin-based quantum computing for multi-qubit gates and quantum
error correction in large spin-qubit arrays. Our work illustrates how
the quantum state of an object can be transmitted without moving the
object itself, and provides a vivid example of the exciting and intriguing
potential of quantum physics for the transmission, storage and manip-
ulation of information.
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METHODS

Device. The quadruple quantum dot is fabricated on a GaAs/AlGaAs hetero-
structure with a two-dimensional electron gas located 91 nm below the surface.
The two-dimensional electron gas density n = 1.5 x 10'! cm™? and mobility
p=2.5x 10® cm? V-1 57! were measured at a temperature of 4 K. Voltages
applied to four layers of overlapping Al depletion gates'>*** define the potential
of the quadruple quantum dot. In addition to the three layers of aluminium gates
shown in Fig. 1, we also deposit a grounded top gate over the device; this is likely
to screen the effects of disorder in the two-dimensional electron gas, which is
possibly imposed by the 10-nm-thick aluminium oxide layer deposited via atomic
layer deposition. The quadruple dot is cooled in a dilution refrigerator to a base
temperature of approximately 10 mK. An external magnetic field of B= 0.5 T is
applied in the plane of the semiconductor surface, perpendicular to the axis con-
necting the quantum dots. This orientation of the magnetic field ensures effective
dynamic nuclear polarization®.

We tune the device to the single-occupancy regime, in which each dot is
occupied by a single electron. The tune-up process is greatly facilitated by the
use of ‘virtual gates’®?*, which enables independent adjustment of the chemical
potentials of the quantum dots (Fig. 1c). In our approach, we correct for the capac-
itive coupling of all barrier and plunger gates to the chemical potential of each
dot. Changing the tunnel barrier between a pair of dots involves changes to that
barrier gate and application of compensation pulses to the plunger gates to keep
the chemical potentials of the dots fixed.

The detunings for each pair of dots are defined as follows. The detuning of the
left side is e = pup, with 13 = —p10; € = 0 at the (0, 2)—(1, 1) crossing. The detuning
of the right side is eg = y3, with g1y = — 135 g = 0 at the (0, 2)—(1, 1) crossing. The
detuning of the middle pair ey = 0 when £, = 10 mV and eg = 6 mV. Changes
to the detuning of the middle pair are such that Aey; = Ap,, with Apz = —Ap,.
Initialization and readout. To initialize the array, we configure it as a pair of
singlet-triplet qubits***’. We load two electrons in the singlet configuration in dots
1 and 4, each via electron exchange with the reservoirs”. If we diabatically separate
the electrons, they remain in the singlet state. We can also adiabatically separate
the electrons into neighbouring dots so that each dot has one electron. Upon
adiabatic separation, the singlet states evolve into product states, with one electron
having spin up and the other one having spin down in each pair. The orientation
of the spins is determined by the local magnetic field gradient. In the present case,
the magnetic gradient results from the hyperfine interaction between the electron
and the Ga and As nuclear spins, each of which have nuclear spin 3/2 (ref. *). Here,
we observe that the magnetic gradient of dots 1 and 2 is metastable and the gradi-
ent usually favours spin down in dot 1 and spin up in dot 2. We use dynamic
nuclear polarization and feedback®®373%4? to set the magnetic gradient of dots 3
and 4 such that the ground state is spin down in dot 3 and spin up in dot 4. We use
a sequence of exchange oscillation measurements to verify that the ground state
of a quadruple dot array initialized in this way is || 1] 1), as we expect (Extended
Data Fig. 6). It is also possible to initialize either pair of quantum dots in the
|T.) =|1T) configuration by electron exchange with the reservoirs®” when the
ground state of a pair of electrons has one electron in each dot.

The assumption of metastability of the left-side gradient does not affect the data.
It only affects our prediction for the measurement outcomes. If this assumption
were violated at any time, it would appear to diminish the apparent agreement
between our data and our predictions.

The prepared triplet states in Fig. 3 do not appear with perfect visibility. This
reduction in visibility occurs because the Zeeman energy of the electrons at
B =0.5Tis gugB/ks ~ 100 mK (kg, Boltzmann constant), which is not consider-
ably higher than the thermal energy, and excited spin states remain populated to
a small degree. Increasing the magnetic field or decreasing the temperature could
improve the triplet visibility.

After manipulating the spins, we read them out by adiabatically moving both of
the electrons in dots 1 and 2 into dot 1 and those in dots 3 and 4 into dot 4. If the joint
spin state of each pair evolves into the singlet state during the adiabatic transfer, both
electrons can occupy the same dot*®. However, if the pair evolves to a triplet state
(if they have the same spin, for example), the Pauli exclusion principle forbids both
electrons from occupying the ground state of the outer dot, and the pair remains
separated. We detect this change in the charge configuration using radiofrequency
reflectometry of the proximal sensor quantum dots*!. In addition to conventional
Pauli spin blockade, we also use a shelving mechanism to increase the visibility of the
readout??, and we can achieve single-shot readout within integration times of 5 pis.

All data presented here were taken by reading out the two sides of the array
sequentially. Specifically, for each single-shot measurement, we read out only
one side. Although we applied exactly the same initialization and exchange pulse
sequence when reading out different sides, we used a different readout sequence
depending on the side, as we discuss below. Sequential readout of the sides is
sufficient to demonstrate transmission of single-spin eigenstates because
single-shot correlations are not required.

We observe that reading out both sides of the array during the same single-shot
measurement results in substantial state-dependent crosstalk on the left-side signal
from the right side. This effect results from the capacitance between the right and
left sides of the array. Although the idling configuration of each side is in the (0, 2)
charge configuration, exchange pulses cause each side sometimes to occupy the
(1, 1) charge configuration owing to Pauli spin blockade, and we do not know
ahead of time which charge configuration each side will have for a given single-shot
measurement. Changes in the charge configuration of one side shift the charge
stability diagram of the other side, and these shifts interfere with the measurement
process. In particular, we observe that when the right side is in the (1, 1) charge
configuration, the left side experiences rapid relaxation to the (0, 2) singlet state
during adiabatic transfer to the readout position. We believe that this results from
inadvertent electron exchange with the reservoirs on the left side when the right
side occupies the (1, 1) charge configuration.

We solve this problem by adiabatically transferring the left-side electrons only
when the right side occupies the (0, 2) charge configuration. Specifically, we adia-
batically transfer from (0, 2) to (1, 1) on the left side before the right side, and we
transfer back to (0, 2) on the left side after the right side.

In addition, to readout the left side, we reload the right side as an (0, 2) sin-
glet after adiabatic transfer to the right-side readout position but before adiabatic
transfer to the left-side readout position. This step ensures that the right side has
the same charge configuration every time the electrons on the left side separate
and recombine. We verified that the presence or absence of this reload on the right
side has no discernible effect on left-side exchange measurements, and it removes
the state-dependent crosstalk effect. To readout the right side, we omit the extra
reload and enforce a wait for the same length of time. We used this protocol to
take the data shown in all the figures presented here. We emphasize that the extra
initialization step on the right side always took place after all exchange pulses were
finished, and exactly the same initialization and exchange pulses were applied in
the sequences used to read out both the right and left sides of the array.

We also observed similar crosstalk effects from the left side on the right side. In
general, we observed that crosstalk effects depend sensitively on device tuning and may
also partly result from an imperfect gate capacitance matrix. However, for the tuning
used for the experiments described here, left-to-right crosstalk was not substantial.

To demonstrate the transfer of entangled states, we only measured the right
side of the array. Because we measure the right side directly in the singlet-triplet
basis, measurement of a single side is sufficient to distinguish evolution between
these entangled states.

Exchange gates. We induce exchange coupling between two electrons by applying
a voltage pulse to the barrier gate between them*>*%. The voltage pulse creates
an overlap between the wavefunctions of neighbouring electrons, which causes
them to evolve under exchange. Barrier-induced exchange coupling between fully
separated electrons is first-order insensitive to charge noise*>** associated with the
plunger gates, which would otherwise randomly shift the locations of the electronic
wavefunctions and promote rapid decoherence. This insensitivity to noise is critical
for the results that we describe in the main text. We have empirically found that
the overlapping gate architecture is essential for high-fidelity barrier-controlled
exchange gates. During the barrier pulses, we apply compensation pulses to the
plunger gates to keep the chemical potentials of the dots fixed*.

Interleaved measurements. We interleaved the averaging of different pulse
sequences to demonstrate the transmission of entangled states. The purpose of
interleaving the measurements was to ensure that changing nuclear fields did not
confound the measurement, given that we rely on observing coherent oscillations
of different frequencies. Specifically, we performed 32 single-shot experiments (ini-
tialization, evolution and measurement), each lasting 28 s, omitting both S,3 oper-
ations. Immediately following this set, we performed 32 single-shot measurements
omitting only the second S,; operation, and then 32 single-shot measurements with
both S,3 operations. We then averaged each set of 96 measurements 512 times, and
the averaged result is displayed as one line in Fig. 4b. Each line takes approximately
1 s; we found empirically that nuclear magnetic fields are reasonably stable on this
timescale®. We repeated this process 16 times. As can be seen in Fig. 4b, each line
shows coherent AB oscillations. It is also evident that averaging all lines together
would show considerable dephasing. We note that in this experiment we stabilized
ABj34 using nuclear pumping.

Simulation. To generate the simulation in Fig. 4d, we numerically integrated the
Schrodinger equation for a three-spin system. We generated a simulated SWAP
operation from the following Hamiltonian:

h gy &
H= ijs(ax,z Q03+ 0,,80,3+0,,00,;3) + TB > Bk (2)
k=2

We assumed a fixed exchange coupling />3 of 150 MHz between spins 2 and 3, and
we adjusted the time for the SWAP operation to give a 3w pulse. These parameters
correspond closely to the actual experiments. We adjusted the local nuclear



magnetic fields By of spin k to be [(0,75,35) MHz] x 2 in dots 2, 3, 4, respec-
L

tively. These were adjusted to match the frequencies obgelljved in Fig. 3c.

We initialized the three-spin system in the |1) @ —= (||} —|[1)) state, corre-
sponding to dots 2-4. After applying an S,3 operation (including the effects of
magnetic fields), we evolved the system for a variable evolution time in the presence
of the magnetic fields. Then we applied a final S,3 operation, and we projected the
resulting state along all states with a singlet in dots 3 and 4. To generate the simu-
lated control measurements, we omitted the relevant S,3 operations.

We also simulated the single-spin transfer in a similar way. We numerically
integrated the Schrédinger equation for a four-spin system. We chose the nuclear
magnetic fields for each site to be approximately [(0, 50, 100, 150) MHz] x ngh

B

for the three-dot transfer and [(0, 30, 60, 90) MHz] x -“for the four-dot transfer.
8B

Choosing different gradient configurations more accurately reproduces the exper-
imental results. Both gradient configurations fall within the expected range of
natural gradient fluctuations. We allowed the gradient to fluctuate by 30 MHz on
each dot between runs. This is slightly larger than the expected 20 MHz gradient
fluctuations®®, perhaps owing to unintentional nuclear polarization. We assumed
J =200 MHz for each exchange pulse, and we set the pulse time to generate a 3w
rotation. We also included a 3-10 ns wait between exchange pulses, which we used
in the experiments. We also included thermal population of excited states during
the T loading process by assuming an electron temperature of 100 mK (ref. %°).
We applied the pulse sequences described in the main text, and then we projected
the left and right sides onto final states with the || ) configuration on either side,
corresponding to the singlet outcome after adiabatic charge transfer. We averaged
the simulation results over approximately 100 simulations of the noise. The results
of this simulation are shown in Extended Data Figs. 2, 3.
Fidelity estimate. We estimate the fidelity of the SWAP operation for single-spin
eigenstates by simulating the effect of a realistic S,3 operation on an initial state
[4)) = ITT1T). We simulate the S3 operation as described above. The ideal target
state after this operation is [¢),) = [T/ 1T). We compute an estimated state fidelity
of F=[(,] Sy 19| 2, where Sy3 is generated by exponentiating a four-spin
Hamiltonian obtained by extending the sum in equation (2) to all four spins. We
averaged the resulting fidelity over 2,000 different simulations of magnetic and
electrical noise. On the basis of the observed exchange quality factors, we included
a quasi-static fractional electrical noise of §, /J,5 = 0.02 in the simulation. By
including these effects, we calculate F ~ 0.90. Elziminating the magnetic fluctuations
while retaining the static gradient increases the fidelity to approximately 0.94, and
eliminating both the magnetic fluctuations and the static gradient (leaving only the
charge noise) improves the fidelity to above 0.99. The sensitivity to magnetic noise
decreases as the static gradient decreases because the overall probability that the
magnetic gradient will approach the exchange coupling diminishes in this case.
To assess the fidelity of the SWAP operation for entangled states, we begin with

the initial state [¢)) = % (ITTTL)=11TT171)) . After a perfect S,3 operation, the
target final state is |¢),) = % (11711 =11171)) - We calculate and average the

fidelity as described above and also find F = 0.65. In this case, the infidelity largely
results from coherent evolution of the singlet state to the unpolarized triplet state.
This evolution can be undone by allowing the state to evolve under the action of
the magnetic gradient following the S, operation. If the gradient is static, the triplet
will return to the singlet state after some time. The return of the singlet is evident
in Fig. 4b, c. We also explicitly simulated the effects of adding a free-evolution
period in Extended Data Fig. 5. We found that the singlet fidelity reaches a maxi-
mum of about 0.9.

LETTER

In the future, spin-state transfer via Heisenberg exchange will work best in systems
with small gradients and small levels of spin noise, such as silicon qubits. However,
dynamically corrected gates*® and resonant approaches**8 can also be used to imple-
ment high-fidelity SWAP operations in the presence of gradients and noise.
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Extended Data Fig. 1 | Experimental data showing four-dot transfer horizontal axis. d, Time evolution of the different magnetic gradients.
of entangled states. a, Schematic of the four-dot entangled-state transfer Because the gradients result from different nuclear-spin configurations,
process. b, Interleaved data showing (I, AB, I), (S23, AB, $»3) and (83, S12, they have different values and time evolutions. Error bars are fitting errors.

AB, 813, $23) measurements. ¢, Data from repetition 2, plotted on the same
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Extended Data Fig. 2 | Results of the three-dot state transfer simulation.  dot state transfer control sequence with I in place of S34. d, Simulated
The simulation results show good agreement with the data in Fig. 2 left-side measurements for the same sequence. e, Simulated right-side
(see Methods). a, Simulated right-side measurements for the S34, S34, measurements for the three-dot control sequence with I in place of Sy3.
S23, 823, S34, S34 sequence. b, Simulated left-side measurements for the f, Simulated left-side measurements for the same sequence.

same sequence. ¢, Simulated right-side measurements for the three-
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Extended Data Fig. 3 | Results of the four-dot state transfer simulation.
The simulation results show good agreement with the data in Fig. 2

(see Methods). a, Simulated right-side measurements for the S,3, S12, S12,
S23, S34, S34 sequence. b, Simulated left-side measurements for the same
sequence.
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Extended Data Fig. 4 | Calibration of SWAP operations by pulse was initialized in the || T|T) state. d, Left-side measurements for repeated
concatenation. Each panel shows the results of concatenating specific S34 Operations. e, Right-side measurements for repeated S,; operations.
operations. Each SWAP operation is implemented by a separate voltage The array was initialized in the |T1|7) state. We did not record left-side
pulse to a barrier gate. a, Right-side measurements for repeated S;, measurements for this sequence. In all panels, vertical black lines indicate
operations. Prior to the first step, the array was initialized in the || T]T) error bars, which represent the standard deviation of 64 repetitions of the
state. b, Left-side measurements for repeated Sy, operations. ¢, Right-side average of 64 single-shot measurements of each pulse configuration.

measurements for repeated Ss4 operations. Prior to the first step, the array
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Extended Data Fig. 5 | Simulated fidelity of SWAP pulses for entangled
states. a, Simulated ensemble-averaged state fidelity after applying a simulated

realistic Sy operation to the initial state |¢) = % TTTLY=11111))- The
target state is |¢) = % (IT11LY=17111))- The horizontal axis represents the

free-evolution time of the state under the influence of the magnetic gradient
after the exchange operation. The fidelity is averaged over 2,000 different
simulations of magnetic and electrical noise. The state fidelity has a maximum
of about 0.65, and it quickly decays to 0.5. The decay results from the
fluctuating magnetic gradient. b, Calculated characteristic single-shot state
fidelity for one simulation of the noise. For specific times, the state fidelity
returns to about 0.9. The magnetic gradient is assumed to be stable in each
realization of the sequence.
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Extended Data Fig. 6 | Preparation of quadruple quantum dot state.

a, Verification of exchange oscillations on the left side. Initializing the left
side in the |1T) state before a T}, pulse yields no exchange oscillations.
Initialization in the || T) state shows exchange oscillations. b, Initializing
the right side in the |TT) state before a T4 pulse yields no exchange
oscillations. Initialization in the || T) state shows exchange oscillations.

¢, Verification of the ground-state orientation of the right side. We load the
left side in the |1 1) state and the right side by adiabatic separation of the
singlet state, which gives either |T]) or || T), depending on the sign of the
gradient. We pulse T3 to induce exchange between the middle two spins.
Dynamic nuclear polarization with singlets yields no oscillations, whereas

pumping with triplets yields oscillations. These data confirm that the
separated singlet state evolves to the || T) state under triplet pumping for
the right side. d, Verification of the ground state of the left side. We
initialize the array by separating singlets on both sides. In the case of
triplet pumping on the right side, the third spin is || ), so the second spin
must be |T) in order to generate exchange oscillations with a T,3 pulse, as
measured on the left side. Singlet pumping on the left side yields no
exchange oscillations. e, The same initialization and pulses as in e, but
measured on the right side. In all cases, PE™ indicates the singlet return
probability measured on the left (right) side.
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