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Semiconductor spin qubits have emerged as a promising platform for quantum computing, following a
significant improvement in their control fidelities over recent years. Increasing the qubit count remains
challenging, beginning with the fabrication of small features and complex fan-outs. A particular challenge
has been formed by the need for individual barrier gates to control the exchange interaction between
adjacent spin qubits. Here, we propose a method to vary two-qubit interactions without applying pulses on
individual barrier gates while also remaining insensitive to detuning noise in first order. Experimentally we
find that changing plunger gate voltages over 300 mV can tune the exchange energy J from 100 kHz to
60 MHz. This allows us to perform two-qubit operations without changing the barrier gate voltage. Based
on these findings we conceptualize a spin qubit architecture without individual barrier gates, simplifying

the fabrication while maintaining the control necessary for universal quantum computation.

DOI: 10.1103/xhq3-4jxz

I. INTRODUCTION

A large qubit count is essential for achieving fault-
tolerant quantum computing and quantum advantage.
While various platforms are scaling to tens and even
hundreds of qubits [1-4], a similar increase in the number
of qubits with gate-defined quantum dots has remained
challenging [5-7]. Even though their operational fidelities
are competitive [8—11], and their scaling prospects are
promising [12-14], the limited size of the current semi-
conductor spin systems so far prevents the platform to host
meaningful quantum error correction experiments or large
analog simulations [3,4,15-17]. The small array sizes
moreover limit the ability to gather detailed statistics to
improve the device designs, further slowing down the
progress of the platform.

A key challenge in increasing the quantum dot array
size is set by the small feature size of the quantum dot
structures. The fabrication of these finer structures
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generally suffers in terms of resolution, uniformity, and
yield, in particular when many need to be placed near one
another. The introduction of hole spin devices in germa-
nium has shown that increased feature sizes [18] can lead to
the rapid growth of the quantum dot count, even in two
dimensions [11,19-21]. Increasing the feature sizes may
thus be a key step toward even larger quantum dot arrays,
both for holes in germanium and for platforms where the
charge carriers have a large effective mass, such as
electrons and holes in silicon. It is therefore worth
reconsidering the critical components of quantum dot
devices necessary for future experiments. Current state-
of-the-art devices [6,7,10,11,22] generally consist of indi-
vidual plunger gates separated by dedicated barrier gates.
Barrier gates in particular have a smaller footprint, making
them more difficult to contact through vias and to fabricate.
They are typically also more numerous as individual barrier
gates are patterned in between each neighboring quantum
dot pair. Thus, the use of individual barrier gates leads to a
significant overhead, hindering the fabrication of larger
arrays.

In this work, we take steps toward removing individual
barrier gates, which are commonly used to tune the
exchange interaction necessary for two-qubit gates. We
introduce an alternative method to perform exchange
operations without applying barrier gate pulses while
staying at the charge symmetry point, where sensitivity

Published by the American Physical Society
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to charge noise is reduced. Instead, the exchange inter-
action can be altered by simultaneously increasing the
chemical potential of two neighboring quantum dots. To
increase the range of control of this method, two germa-
nium quantum dots are isolated from the reservoir, allowing
us to change their chemical potential by 10 times their
charging energy. Notably, we see no significant decay in
spin coherence over this large voltage range. In this regime,
we show that our method allows us to vary the exchange
interaction by more than 2 orders of magnitude, enabling
the implementation of a controlled phase operation without
pulsing on the barrier gate. Based on these findings, we
propose a spin qubit architecture that does not rely on
individual barrier gates.

II. METHODS TO TUNE THE
EXCHANGE COUPLING

To eliminate barrier-based control of the exchange
interaction, it is essential to understand the parameters that
contribute to this exchange. The exchange energy J =
[4U%/(U? — €%)] between spins generally depends on the
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detuning ¢ between neighboring dots as well as the interdot
tunnel coupling ¢, [23]. Here € =0 corresponds to the
charge symmetric point and U > t,. is the on-site Coulomb
interaction. In early experiments, the exchange interaction
was manipulated using the detuning ¢, as depicted in the
simulated electrostatic potential of Fig. 1(a). This allows to
control the exchange interaction in simple devices and it
enabled pioneering work in the field [24-26]. However, due
to the strong influence that detuning has on the exchange
coupling at the interaction point, this method suffers from
large charge noise susceptibility [27].

Noise resilience can be improved by staying at the
symmetric charge sweet spot € = 0, where J is to first
order insensitive to noise on ¢, and instead changing the
tunnel coupling 7. (see Refs. [35,38] and the simulated
fingerprint plot in Fig. 1(d)]. The tunnel coupling is
commonly controlled using a dedicated barrier gate as
depicted in Figs. 1(b) and 1(e) and it allows for high-fidelity
two-qubit operations [8—11]. However, a third method can
be envisioned, in which the tunnel coupling is controlled
without changing the barrier gate voltage. Indeed, by
simultaneously varying the chemical potential of both
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FIG. 1. Methods for manipulating the exchange coupling between spin qubits. (a) Simulated electrostatic potential in the quantum well
when the detuning ¢ is varied to control the exchange coupling J. The inset depicts the device used during the simulation, as well as the
dashed linecut along which the potential is plotted. The brighter colors correspond to larger detuning and thus larger exchange values.
Details on the simulations performed can be found in Supplemental Material, Sec. I [28]. We note that to first order the tunnel coupling
t. does not change as ¢ is varied. (b) Simulated electrostatic potential when the barrier gate voltage V is used to control J through the
tunnel coupling ?.. The line color corresponds to the voltage on the marker in (e) with the same color. The plunger gate voltages are fixed
at y = —0.5 mV. (c) Simulated potential when the symmetric plunger voltage y is used to control J through 7., at Vp = —0.45 mV.
The line color corresponds to the voltage on the marker (f) with the same color. (d) Simulated fingerprint plot [35] showing tunability of
the exchange energy J when the tunnel coupling 7. and detuning ¢ are varied. The ensemble-average projection (o, ) of a superposition
state is depicted under the realistic assumptions of detuning noise and charging energy [36,37]. Details can be found in Supplemental
Material I [28]. (e) Simulated ¢, as function of V. The solid line is an exponential fit to the simulated data. (f) 7. is simulated as function
of u. Contrary to the barrier-based variation, the 7. does not have a pure exponential dependence with i, which we hypothesize is related
to the larger deformation of the confinement potential.
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quantum dots u as depicted in Fig. 1(c), one also changes
the tunnel barrier and with it the exchange coupling, using
only plunger gates. Crucially, f. and thus J can be
controlled this way while staying at the charge sweet spot
e = 0. We confirm this tunability of 7. in Fig. 1(f) with a
Schrodinger-Poisson simulation with the Luttinger-Kohn
Hamiltonian in QTCAD [39] (for details see Supplemental
Material, Sec. I [28]). We will refer to this method of tuning
t. using u as symmetric barrier-free pulsing.

III. OPERATING AN ISOLATED
SPIN QUBIT PAIR

To study the symmetric barrier-free pulse scheme and
compare it to the existing schemes, we use a Ge/SiGe qubit
device with dedicated barrier gates between each plunger
gate. This 2 x2 quantum dot device, schematized in
Fig. 2(a), and the underlying heterostructure have been
introduced previously in, respectively, Refs. [5,40]. Details
on the fabrication of the heterostructure and gate stack can
be found in Supplemental Material, Sec. II [28]. The device

has two single-hole transistors positioned diagonally across
each other. During this experiment, the single-hole tran-
sistor next to plunger gate P; functions as both a charge
sensor and a hole reservoir. Underneath plunger gates P,
and P; we initialize a pair of hole spin qubits ¢, and g5 in
the || ) state. While hole spins are used in this experiment,
the underlying physics is understood to be the same for
electrons, and the experiments can therefore be interpreted
in the context of gate-defined quantum dot devices in
general. Details on the readout and initialization can be
found in Sec. VI. To control the exchange interaction J,;
between the spins we change either the detuning
€23 = 5 (vPy — vP3), the virtualized barrier voltage vBys,
or the chemical potential on each quantum dot
pa3 = 3 (vP, + vP3). All gate voltages are virtualized to
compensate for the crosstalk on the chemical potential of
adjacent quantum dots [41]. We stress that this crosstalk is
compensated with the corresponding plunger gate voltages
and not the voltages on barrier gates Bj;. This means that
when 1,3 or €3 are altered the voltage applied on the barrier
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FIG. 2. Operating qubits in the isolated regime. (a) Schematic representation of the device used in this experiment. The blue color
denotes the occupied quantum dots under P, and P3, and the top single-hole transistor acts as a reservoir. The gray quantum dots under
P,, P4, and the bottom single-hole transistor remain depleted. The dark blue elements are the Ohmic contacts and the various barrier
gates are given in orange. The external magnetic field is fixed at By = 50 mT approximately in plane, parallel to the line connecting P,
and Pj3. (b) Charge stability diagrams of the isolated two-hole regime using virtual plunger gates vP, and vP5 for different values of vP.
The detuning &,3 and chemical potential y,; axes are indicated. The charge occupation (N5, N3) of quantum dots 2 and 3 is denoted in
each charge region. The dashed lines serve as guide to the eye indicating charge transitions. For each quantum dot just two transitions are
visible. The absence of additional charge transitions confirms the system is in the isolated regime. The maximal voltages vP; ,,x and
VP35 oy for which the quantum dots remain in a (1,1) occupation are marked by the green triangle. These voltages increase linearly with
vPy as seen in (c), where the dashed lines indicate a linear fit of the maximal voltages as a function of vP;. (d) Rabi oscillations induced
by EDSR driving of ¢, at €53 = 0 for several values of y,3. The solid line gives a fit to an exponentially decaying sinusoidal with
visibilities up to 0.89 & 0.01. (¢) The Ramsey and Hahn-echo coherence times 75 and T as a function of u,3, fitted using an
exponentially decaying sine. The error bars give the standard deviation of the fitted coherence.
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gates remains constant, and the pulse can be considered
barrier-free as intended.

To avoid any spurious interactions and unwanted redis-
tribution of charges, the quantum dots under P;, under P,,
and the bottom single-hole transistor are depleted during
operation [42-44]. This prevents any charges from loading
onto or escaping from the quantum dots under P, and P3
during operation through energetically favorable states on
the neighboring sites. As a result, after the initial loading of
two charges (see Sec. VI for loading sequence), no addi-
tional charges are loaded even after decreasing the chemical
potential p,5 significantly. This is confirmed by the extended
interdot transitions in the charge stability diagrams of
Fig. 2(b). Moreover, the voltages at which charges are
unloaded are dictated by the chemical potential of the
neighboring quantum dots. Indeed, we see in Figs. 2(b)
and 2(c) that the range over which the (1,1) charge state is
maintained is linearly dependent on the voltage vP;.
Increasing the voltage on neighboring plunger gates there-
fore enlarges the range of u,3 that is applicable for the
symmetric barrier-free operations. This isolation further
ensures the absence of neighboring spins, preventing any
spurious exchange interaction while varying the chemical
potential. In the remainder of the presented data, the
virtualized voltage on plunger gate 1 is set to vP; =
240 mV. At this voltage, p,3 could be varied by roughly
350 mV while staying in the (1,1) charge state. This range
corresponds to 10 times the charging voltage of 35 mV, as
extracted from the charge stability diagrams. The dc voltages
on the barrier gates B ,, B3, B34 are set to be approximately
—250 mV, mimicking the constraints of a global barrier
architecture that is introduced later in the paper.

Given the accessible range of 53, we first check that the
spin qubits remain coherent and can be operated after
applying large voltage pulses on the plunger gates. We
perform standard qubit characterization at different values
of u,3 using Rabi, Ramsey, and Hahn-echo experiments.
Some examples of Rabi oscillations obtained via electric
dipole spin resonance (EDSR) driving at different values of
Uy3 are depicted in Fig. 2(d). Above uy3 = 325 mV, Rabi
oscillations started to degrade and EDSR driving was not
possible. We hypothesize that this loss of EDSR signal at
high p,; results from a charge transition to the quantum dot
underneath P,. Having demonstrated the ability to drive the
qubits, we characterize their coherence at different p,3 in
Fig. 2(e). We do not observe a pronounced trend of the
Ramsey (77;) or Hahn-echo (T2E ) coherence as a function of
U3, apart from the coherence decrease at higher values
which we attribute to an increased exchange coupling and
with it a larger sensitivity to charge noise. The fact that
coherence is generally maintained over such a large range
in p,; is encouraging for the symmetric barrier-free
operation introduced here, as it suggests that a large
tunability of the tunnel coupling can be achieved without
undermining the individual qubit operation.

IV. CONTROLLING THE EXCHANGE

Now that the coherence of each individual qubit at
varying u,s is established, we can study the effect of 1,3 on
the exchange interaction between the two spins. We extract
exchange oscillations using the sequence depicted in
Fig. 3(a). Here the exchange interaction is turned on twice
for a time 7../2 with a double decoupling pulse in
between [26,45]. This double decoupling pulse cancels
out single-qubit phase accumulation induced by the
exchange pulses, while the two-qubit conditional phase
due to ZZ interactions is still being accumulated. Moreover,
the decoupled sequence results in a longer coherence time
of the state allowing us to probe smaller values of the
exchange interaction J,3 [46]. Using this technique we
conduct a fingerprint scan [35] as a function of the virtual
barrier voltage vB,3; and detuning &,; at a fixed total
exchange time 7., = 0.5 ps. The resulting fingerprint plot
can be found in Fig. 3(b). When the barrier gate voltage is
decreased, more fringes appear due to the increasing
exchange energy J,;, as we would expect from the
simulated fingerprint in Fig. 1(d). We repeat this experi-
ment, but varying 3 instead of vB,3 [Fig. 3(c)]. Crucially,
now J,3 increases when the voltage pu,3 is increased,
mirroring the dependence on vB,3;. The fingerprint also
confirms that we remain at the charge symmetry point as
U3 1s swept along &,3 = 0. Similar to exchange pulses
using dedicated barrier gates, it is therefore possible to keep
low charge noise sensitivity while using only the plunger
gates. We note that the feature around p,; =350 mV
coincides with the charge transition seen in the charge
stability diagrams. Besides fingerprint plots, we further
confirm the exchange tunability by studying the exchange
splitting through EDSR measurements, which can be found
in Supplemental Material, Sec. III [28]. Similar fingerprint
plots are obtained for the quantum dot pair QD;-QD, in
Supplemental Material, Sec. IV [28].

To study the dependence of the exchange energy in more
detail we vary the exchange time 7, in the pulse sequence
of Fig. 3(a) at €,3 = 0. The time-resolved oscillations as a
function of u,5 are shown in Fig. 3(d), with similar results
for vB,3. The frequency of these oscillations equals J,3/2,
which we extract by fitting a decaying sinusoid. In Fig. 3(e)
we plot the extracted dependence of J,3 on vB,3 and 3.
Over a large range of the barrier gate voltage, we see the
expected exponential dependence of the exchange energy
which is fitted to obtain a tunability of 36.6 4+ 0.1 mV/dec,
comparable to state-of-the-art devices [7]. We understand
the apparent nonmonotonicity of J,3 at higher values of
vBy; to result from the level crossing of the singlet |S)
and triplet |T_) states (see Supplemental Material,
Sec. III [28]). Moreover, we observe that J,; saturates at
low values of |[AVg|. Our method does not allow to extract
lower exchange couplings considering the coherence times
of our qubits. Looking at the symmetric barrier-free pulses,
we see that changing u,; allows us to tune J,3 by
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Controlling exchange interaction with and without barrier gate pulses. (a) The gate sequence used to determine the exchange

interaction J. ¢, is put into an equal spin superposition. The exchange is turned on during two controlled phase blocks, each lasting
toxe/2, separated by two decoupling pulses that cancel any single-qubit phase accumulation during the exchange pulse. Final single-
qubit rotations allow for readout of distinguishable states. The blocks highlighted in orange are varied throughout (b)—(e). (b),
(c) Fingerprint plots corresponding to the circuit in (a), where the exchange time is fixed at 7., = 0.5 ps and the gate voltages are varied.
The origin of both plots corresponds to the same voltage. (d) Exchange oscillations as a function of the exchange time f.,. at the
symmetry point €53 = 0 mV. (e) Exchange energy J,; extracted from fitting the time-resolved oscillations in (d) and similar exchange
oscillations induced by pulsing on the barrier gate. (f) The circuit used to demonstrate perform controlled-z pulses. g, is initialized in an
equal spin superposition and an optional spin-flip is performed on g3. The decoupled controlled-z (DCZ) pulse consists of two Tukey-
window exchange pulses with a maximum height of y,; = 275 mV, separated by a double spin echo. To measure the phase of ¢, we
perform a virtual rotation around the z axis, with varying phase ¢. If g3 was initialized in |1), it is flipped back for readout (see Sec. VI).
(g) State evolution observed while implementing circuit (f). The oscillations obtained for an initial g; = |1) state are approximately =
shifted compared to those obtained for an initial g3 = || ) state, showing that the DCZ allows to perform a controlled-z operation.

approximately a factor of 600, from 100 kHz to 60 MHz.
The maximal exchange reachable is limited by the available
range of 53 as discussed earlier. We further note that the
exchange interaction does not follow an exponential
dependence on p,3. This is in line with the earlier
simulation of tunnel coupling in Fig. 1(e), and we speculate
that this results from a significant change in the confine-
ment potential [see Fig. 1(c)]. To achieve the same
maximum increase in effective exchange coupling, puos3
needs to be pulsed almost 3 times as much as the barrier
gate voltage. We hypothesize this is partly explained by the
barrier gate not only changing the potential barrier height
but also its width, as seen in Fig. 1(b). Moreover, this
difference could result from the higher lever arm of vBy3
compared to that of the plunger gates, as the former is

fabricated in a lower gate layer [5]. Given the limited swing
of an arbitrary waveform generator, increasing the lever arm
of the plunger gates would in general allow us to more
effectively isolate the system and enlarge the range over
which u,3 can be pulsed. In future devices, the plunger gates
can be fabricated at a lower gate layer to gain these benefits.
Already in the current device, however, the range of y3 is
large enough to access similar values of the exchange energy
as with the dedicated barrier gate, and achieve on-off ratios
comparable to the state-of-the-art devices [6,9,47].

In the current experiment, the quality of the exchange
oscillation is higher for the barrier-based pulses with up to
Op,, =20+ 2 compared to the symmetric barrier-free
exchange oscillation Q, =10+ 2, while we find that
the QD,-QDy pair has Q,, = 18 £ 4 (see Supplemental
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Material, Sec. V [28] for details). The variation in the
barrier-free quality factor may come from the specific
potential landscape and charge noise present.

By controlling the exchange energy with symmetric
barrier-free pulses it is possible to realize state-dependent
interactions without pulsing on dedicated barrier gates. We
use this to demonstrate a decoupled controlled-z operation
between ¢, and g; after preparing g, in an equal super-
position [Fig. 3(f)]. For each exchange pulse, we pulse to
oz = 275 mV using a Tukey window [9,11,48] to enhance
adiabaticity. After the two-qubit operation, we study the
state-dependent phase accumulation, with the result
depicted in Fig. 3(g). After the decoupled exchange pulse,
the superposition state of ¢, gains a relative phase of
(1.041 £ 0.006)z when g3 is flipped, as is expected from a
controlled-z pulse.

V. MERGED GRID ARCHITECTURE

Having shown the ability to perform entangling operations
without using a dedicated barrier, we incorporate this tech-
nique into an architecture design for large-scale semiconduc-
tor quantum processors. In this architecture, the numerous
barrier gates are merged into a large two-dimensional barrier
grid, as schematically depicted in Fig. 4. The plunger gates are
still separately connected to allow for individual control over
the chemical potential of each quantum dot. The array is
generally sparsely occupied, with the spin qubits brought
together only during two-qubit operations, initialization, and
readout. The sparse occupation enables the use of the
symmetric barrier-free pulses investigated here without creat-
ing spurious interactions.

In this architecture, the global barrier grid helps to
confine a spin to a single quantum dot and coarsely sets
the tunnel coupling between adjacent quantum dots, while
control over each individual plunger gate enables universal

A%

ST
e =

FIG. 4. Merged barrier architecture and operation. A clipped
section of the proposed scalable quantum dot array architecture.
The individual barrier gates are merged into a single barrier grid
(orange). The quantum dots are sparsely occupied (blue). The
empty quantum dots (gray) can be used to connect distant qubits
or provide space for qubit operation. The exact choice of
occupation generally depends on the desired functionality of
the empty quantum dots. Charge sensors can be integrated within
the array itself or placed on the periphery. Arrows indicate
possible operations like EDSR, hopping-based single-qubit gates
and two-qubit (2QB) gates through shuttling.

qubit operation. Single-qubit gates can be performed
through EDSR, or through spin hopping [11]. Two-qubit
gates are executed by moving two spins together and
performing the symmetric barrier-free operations demon-
strated in this paper. We emphasize that the symmetric,
detuning-insensitive aspect of this method allows the global
barrier grid to be a viable alternative to individual barrier
gate control. Two-qubit gates can be further tuned by
varying the time that qubits spend adjacent to each other.
Finally, while this paper focused on controlling the
exchange interaction, it is expected that initialization and
readout can be achieved without individual barrier control
in a similar fashion (see the discussion in Sec. VI).
Symmetric barrier-free pulses can again be used to tune
the tunnel coupling to the values desired for high-fidelity
initialization and readout [22,49].

To have full control over each physical qubit, the number
of electronic connections still grows linearly with the
number of qubits in this merged barrier architecture. Yet,
with the removal of individual barrier gates, the distance
between leads is increased. This increase of effective
footprint simplifies the local fan-out significantly.
Moreover, since plunger gates are typically larger than
barrier gates, these remaining plunger gates are easier to
contact using vias. These simplifications could allow spin-
qubit array sizes to increase in two dimensions more easily,
which is valuable for fault-tolerant computation [3,4].

We further note that the sparse occupation required
results in an additional overhead compared to a dense
occupation. This is deemed acceptable given the function-
alities a sparse architecture provides, like integrated shut-
tling lanes [50-53] for increased connectivity to support
efficient error correction [54], space for high-fidelity
hopping-based gates [11,55], and reduced crosstalk due
to increased qubit spacing [56]. Still, a dense occupation of
the quantum dot array is conceivable in the context of
analog quantum simulation experiments, where the global
barrier grid allows us to turn on all interactions between the
neighboring quantum dots simultaneously, albeit with some
natural variability. This architecture would then allow
quantum dot experiments [57,58] to more readily reach
the sizes for analog simulation that have been achieved in
atomic and superconducting systems [15-17].

In conclusion, we have investigated the effect of sym-
metrically pulsing on both plunger gates of a double
quantum dot. We have seen that in an isolated regime,
these pulses do not significantly limit qubit coherence,
providing an additional control parameter for quantum dot
operation. Using these symmetric pulses we can tune the
exchange interaction over 2 orders of magnitude, limited by
the attainable voltage range and the lever arm of the plunger
gates. By optimizing the gate stack to increase the lever arm
of the plunger gates, the exchange tunability can be further
enhanced in future devices. The currently available control
still allows to implement a decoupled cz two-qubit gate
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without pulsing on the barrier gate. These results enable the
introduction of an architecture that does not rely on
individual barrier gates, while crucially maintaining uni-
versal quantum control at a detuning-insensitive operating
point. Consequently, the small barrier gates of current
semiconductor quantum processors can be merged into a
grid in future designs, facilitating scaling toward the sizes
needed for useful quantum simulation and computation.

VI. METHODS

A. Initialization and readout

At the beginning of each experimental shot, two hole
spins are loaded onto quantum dot 1 from the reservoir.
After loading, the tunnel coupling to the reservoir is
decreased and the spins are shuttled from quantum dot 1
to quantum dot 2, where they are in a spin singlet. Through
adiabatic transfer from the (0,2,0,0) to the (0,1,1,0) charge
state, the ||| ) spin state is formed in quantum dots 2 and 3.
Figure 5(a) shows the schematic of this initialization
process. During the loading and initialization, the voltages
on virtual barrier gates vB,3; and vBs, are pulsed by —40
and —50 mV, respectively. Similar pulses are applied
during the readout sequence described later. Considering
the exchange tunability achieved with the barrier-free
operation, we believe that symmetric barrier-free pulses
can provide sufficient control over the tunnel coupling to
initialize without using individual barrier gates. In particu-
lar, we observe in Fig. 3(e) that 4 can be used to realize the
same exchange variation as a 125 mV pulse on the barrier
gate. As a result, we foresee that in future work the entire

) h )

FIG. 5. Schematics of the qubit initialisation and readout.
(a) For initialization, spins are loaded from the reservoir and
shuttled to the active quantum dots. After loading, the tunnel rate
I' to the reservoir is decreased. (b) For spin readout, after
performing spin-to-charge conversion, any existing charge under
plunger gate P, is shuttled to the charge sensor for readout.

qubit experiment can be performed without pulsing on the
local barrier gate at all.

Spin readout starts with spin-to-charge conversion
through Pauli spin blockade. This allows us to distinguish
between singlet and triplet states. In our readout routine the
|} 1) basis state is mapped to the unblocked singlet, while
the other states are blocked [59]. Therefore, to probe the
dynamics of either spin state, we make sure the other spin
state is |J). Following spin-to-charge conversion, we
perform a charge shuttling step to enhance the charge
signal during readout. After Pauli spin blockade between
quantum dots 2 and 3, the unblocked spins lead to the
(0,0,2,0) charge occupancy while the blocked charge state
is still in the (0,1,1,0) occupancy. We lower the voltage on
plunger gate 1 to allow any charges in quantum dot 2 to
shuttle there. The (0,1,1,0) state becomes the (1,0,1,0),
while the (0,0,2,0) is unchanged. This charge state differ-
ence is picked up by the charge sensors to determine the
initial spin state. A schematic of this spin-to-charge con-
version can be found in Fig. 5(b).

Each presented data point typically corresponds to
Nghots = 300 shots. The threshold to classify the sensor
signal into blocked or unblocked states was put in the
middle between the maximal and minimum values mea-
sured during these N gos-
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