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Rapid single-shot parity spin readout in a silicon double
quantum dot with fidelity exceeding 99%

Kenta Takeda

Giordano Scappucci @ and Seigo Tarucha ®'**

1% Akito Noiri®', Takashi Nakajima ! Leon C. Camenzind’, Takashi Kobayashi 2. Amir Sammak3#,

Silicon-based spin qubits offer a potential pathway toward realizing a scalable quantum computer owing to their compatibility with
semiconductor manufacturing technologies. Recent experiments in this system have demonstrated crucial technologies, including
high-fidelity quantum gates and multiqubit operation. However, the realization of a fault-tolerant quantum computer requires a
high-fidelity spin measurement faster than decoherence. To address this challenge, we characterize and optimize the initialization
and measurement procedures using the parity-mode Pauli spin blockade technique. Here, we demonstrate a rapid (with a duration
of a few ps) and accurate (with >99% fidelity) parity spin measurement in a silicon double quantum dot. These results represent a
significant step forward toward implementing measurement-based quantum error correction in silicon.
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INTRODUCTION

High-fidelity measurement of quantum states is crucial for the
operation of a quantum computer. This is particularly important for
quantum error correction protocols, which rely on feedback
quantum gates that are based on syndrome measurements'?. In
order to implement these protocols effectively, the qubit measure-
ments must be performed much faster than decoherence. While
previous experiments with spin qubits in silicon have achieved
significant milestones such as quantum non-demolition measure-
ment>*, high-fidelity quantum gates®~°, and multi-qubit control'®'2,
single-shot measurement of single-spin states has generally been
slow and with modest fidelity. The readout of a single-spin state
typically relies on spin-to-charge conversion techniques, such as
energy-selective tunneling’ or Pauli spin blockade (PSB)'*'>. The
energy-selective readout requires high bandwidth measurement
with long duration to detect stochastic tunneling events with
various time scales. While this scheme has been employed for
demonstrations of high-fidelity single-spin readout in the literature,
the readout is typically orders of magnitude slower than phase
coherence times™', On the other hand, the PSB readout utilizes
spin-selective tunneling between two quantum dots. In this case,
the signal results from a stationary difference of charge states, and
charge discrimination is much easier.

RESULTS AND DISCUSSION

Device and charge stability diagram

Here, we demonstrate that it is possible to perform a parity mode
spin readout with a fidelity well above 99% with the PSB
mechanism. Our sample incorporates a micromagnet for electric-
dipole spin resonance'” and two-qubit CZ gate'®. It creates a large
Zeeman energy difference that causes fast relaxation of the
unpolarized triplet state (Tp), resulting in the parity mode PSB
readout’®. While this parity mode PSB readout has been utilized
before in silicon/silicon-germanium  (Si/SiGe)'" and silicon
metal-semiconductor-oxide  systems?>2!, high-fidelity readout

within the phase coherence time has not been reported. In this
study, with improvements in the charge sensing performance and
pulse engineering to reduce state mapping error, we show the high-
fidelity spin readout can be performed within 3pus which is
considerably faster than the average spin echo coherence times of
around 100 ps. Coherent Rabi oscillations show a visibility approach-
ing 99.6% (or a state preparation and measurement (SPAM) fidelity
of 99.8%), compatible with measurement-based quantum error
detection and correction protocols.

Figure 1a shows a scanning electron microscope image of our
device. The overlapping aluminum gates?? are fabricated on top
of an isotopically enriched Si/SiGe wafer (heterostructure B in?3).
From our previous devices”'°, the gate geometry is modified to
increase the sensitivity of the charge sensor quantum dot to the
inter-dot transitions. First, the charge sensor is more asymme-
trically coupled to the quantum dots to be measured. Second, we
have decreased the distance between the quantum dots and the
charge sensor because the sensitivity drops significantly as this
distance increases®?. The sample is cooled down in a dilution
refrigerator, and an external magnetic field of 0.5T is applied. In
this work, we form two quantum dot spin qubits Q, and Qg, under
gates P3 and P4, respectively, while the left part of the device
serves as an extended reservoir for Q.. Gate B3 is used to control
the tunnel coupling between the left reservoir and Q_, and gate B4
is used to control the inter-dot tunnel coupling t.. We monitor the
occupancy of the double quantum dot by a nearby charge sensor
quantum dot (indicated by the upper circle in Fig. 1a). The
conductance of the charge sensor is measured by a radio-
frequency reflectometry technique®*?* with a bandwidth of
approximately 10 MHz, which is limited by the quality factor of
the tank circuit. In what follows, we use virtual gate voltages (vB3,
vP3, vB4, vP4) to individually control quantum dot potential and
tunnel coupling?®. The single-qubit manipulation is realized by an
electric-dipole spin resonance (EDSR) technique using a micro-
magnet'’. The qubit manipulation is performed at the charge
symmetry point, where the qubit energy is first-order insensitive
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Fig.1 Device and charge stability diagram. a False-colored scanning electron microscope image of the device. The green, purple, and brown

gates correspond to plunger/accumulation, barrier, and screening gates, respectively. The lower channel is used for defining the right and left
quantum dots under the plunger gates P3 and P4 (lower panel). A micromagnet is fabricated on top of the fine gate stack. The right quantum
dot in the upper channel is used as a charge sensor quantum dot. The right bath for the charge sensor is connected to a radio frequency tank
circuit. The white circles indicate where quantum dots are formed. The scale bar is 200 nm. b Charge stability diagram for the four-electron
configuration. Vs is the reflectometry signal from the charge sensor. The vP4 voltage sweep is performed from right to left so that the triplet
(3,1) state is latched in the spin blockade regime. The dashed white trapezoidal region indicates where the latching due to PSB occurs. The
point O (black circle in the (3,1) configuration) indicates the charge symmetry point where the qubit operation is performed. ¢ Zoom in
schematic stability diagram around the (4,0)-(3,1) charge degeneracy point. The red, blue, and green points show the plunger gate
configurations for initialization (I), measurement (M), and inter-dot transition (N). The right blue area shows the configuration where PSB
occurs. The gray area shows that energy-selective tunneling to S(4,0) occurs. The green (blue) line around the border of the PSB region shows

the inter-dot transition for the singlet (triplet) states. The detuning is defined as vP4-vP3.

to detuning charge noise®’?8, The residual exchange coupling is
measured to be 21 kHz (see Supplementary Fig. 1).

We use the four-electron charge states (4,0) and (3,1) for the PSB
readout, where (n;,ng) denotes the number of electrons in the left
and right quantum dots. For the (4,0) configuration, the first
excited state is energetically split by the orbital splitting rather
than the valley splitting'". This results in a larger readout window
since the orbital excitation energy (400 peV for the four-electron
state) is larger than the valley splitting (100-150 peV in this
device). In Fig. 1b, we measure a charge stability diagram as a
function of vP3 and vP4. We rapidly ramp vP4 from the (3,1)
configuration towards the (4,0) configuration, causing the (3,1)
triplet state to latch in the PSB regime. We choose an integration
time of 10 us per point to ensure that relaxation of the triplet state
is not significant. The PSB regime appears as an extended
trapezoidal region showing a (3,1) charge signal within the (4,0)
configuration (see inside the white rectangle in Fig. 1b).

PSB pulse scheme and state mapping error

The first step of spin initialization is energy-selective tunneling to
the (4,0) singlet state S(4,0). It is performed by pulsing vP3 and
vP4 to move near the (3,0)-(4,0) boundary and waiting for 5 s (I
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in Fig. 1c). We simultaneously pulse vB3 to increase the dot-to-
reservoir tunnel rate, enhancing the initialization speed. Here,
the singlet-triplet excitation energy is much larger than the
thermal broadening (~300peV vs. ~4peV), resulting in a
negligible population of higher excited states. After initializing
to S(4,0), we pulse vP3, vP4, and vB3 to return to the
measurement configuration at M.

The second step is a rapid adiabatic passage from S(4,0) and
[tl) (3,1), as illustrated by the dashed black arrow in Fig. 2a. For
spin qubits with a micromagnet, the primary concern in this
procedure is the adiabatic transition through the S —T_ anti-
crossing. The size of this anti-crossing is determined by the
magnetic field gradient and t., with only the latter being well-
controllable through gate voltages. For high-fidelity state map-
ping and measurement, we need to consider the following
aspects: small t. for long T; in the PSB regime and S—T_
diabaticity, and large t. for adiabatic inter-dot transition. To
achieve this, we pulse the detuning (vP3-vP4) and barrier (vB4)
voltages as in Fig. 2b. In addition to the detuning ramp for
navigating the charge state, we introduce a pulse to the barrier
gate to increase t. when crossing the inter-dot transition while
maintaining t. reasonably small for the S —T_ transition (N in

Published in partnership with The University of New South Wales
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Fig. 2 Initialization procedure. a Energy diagram of the two-electron states around the inter-dot charge transition. The zero detuning point
is defined as the S(4,0)-S(3,1) degeneracy point. The vertical gray lines show the detuning parameters corresponding to points M and N. The
point O resides at the charge symmetry point at a large detuning (see Fig. 1b). The dashed line represents the ideal rapid adiabatic passage for
initializing |1]). We use parameters Ast = 400 peV, average Zeeman energy of 18 GHz, Zeeman energy difference of 100 MHz, and t. = 2 GHz
for the illustration. b Schematic of initialization pulse trajectory in the vB4-detuning plane. The durations are 15 ns (ramp time from M to N),
15 ns (waiting time at N), and 100 ns (ramp time from N to O). The position of S — T, crossings is illustrated for t. changing exponentially as a
function of vB4 (solid gray lines). ¢ Measurement of even parity return probability as a function of the virtual barrier gate voltage vB4 at N.
d Histograms of the charge sensor signal for 10,000 shots of measurement after the S(4,0) initialization and after pulsing to O and directly
returning to M. The solid lines show a fitting to a Gaussian function. The (3,1) counts for the configuration right after initialization are too small

to fit.

Fig. 2a, b). After crossing the inter-dot transition, the state is
pulsed deep into the Coulomb blockade regime for single-qubit
manipulation (O in Fig. 1b). Here, we pulse the detuning and vB4
to adiabatically decrease the exchange coupling (see Supplemen-
tary Fig. 2). After the qubit manipulation at O, we perform a
projective measurement by a reverse pulse sequence (from O to
M), and the charge discrimination is performed at M.

Experimentally, we observe the second part (adiabatic rapid
passage) limits the overall SPAM fidelity. To optimize the pulse
condition, we measure the (3,1) return probability as a function of
vB4 at N (Fig. 2b). As no spin manipulation is performed at O, the
final state ideally remains the same as the original state. However,
too large vB4 leads to adiabatic transition to T_ or too small vB4
leads to diabatic inter-dot transition, causing a finite (3,1) charge
signal. For the optimal vB4, we obtain approximately 0.2% (3,1)
probability after pulsing to and directly returning from O (Fig. 2c).
In Fig. 2d, we show a comparison of the readout outcomes for the
states right after S(4,0) initialization and after returning from O. We
observe that, while the S(4,0) initialization error is negligible, an
excursion to the (3,1) operation point results in an increased error
count.

Published in partnership with The University of New South Wales

Relaxation time, SNR, and readout fidelity

In the PSB regime, there exist three possible spin-blocked states:
T_, T4, and |1]). Among these three states, |t]) quickly mixes with
the unblocked |1]) state via the micro-magnet field gradient
(T1 = 141 £ 8 ns, see Supplementary Fig. 3). As a result, in practice,
only the spin-polarized triplet states T_ and T, are blocked, and
the readout is the so-called parity readout. In Fig. 3a, b, we show
the measurement of the T, relaxation times of triplet states T_ and
T.. These two triplet states are prepared by applying a 77 rotation
to |1l). We obtain T; = 18.2+0.2(3.268 £ 0.001) ms for T_ (T.) by
fitting the data to exponential decay. These long T, values are
achieved by reducing t. during the readout (see Supplementary
Fig. 4). While the field-gradient components causing the spin
relaxation are similar in magnitude for these two cases, there are
several possible mechanisms that cause this difference. For
example, the respective detuning parameters for the relevant
spin-flipping anti-crossings (5(4,0) — T.) are different for these
two states, and the associated energy differences being compen-
sated by phonons, charge noise, and/or Johnson-Nyquist noise
also differ??3°, In addition for the case of T, sequential relaxation
via the unpolarized spin states may occur. Pinpointing the exact

npj Quantum Information (2024) 22
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Fig. 3 Relaxation, SNR, and readout fidelity. a Relaxation times. The blue (red) trace shows the measurement result for the initial state
T_ (T,). The data is obtained by normalizing the measured Vs so that Vi¢(ty, = 0) = 1 and V¢(t,, = co) = V\¢(S(4,0)) = 0. The S(4,0) signal is
obtained by measuring V¢ at M directly after the initialization. The solid black lines are the exponential fit curves V¢ (ty) = Vo exp(—tw/T1),
where Vi ~ 1 is the fitting parameter to account for the signal contrast. b Zoom up of the energy diagram plotted with relevant relaxation
channels (left panel: T_ to S, right panel: T, to S). ¢ Histograms for two different measurement integration times tj,; = 0.5 ps and 2 ps. The blue
points show histogram counts for measured data. The solid black lines show fitting to a double Gaussian function. d Infidelities as a function
of tine. The SNR-inferred infidelity is calculated from the overlap of two Gaussian peaks, and the T;-inferred infidelity is defined as

1 — exp(—tint/T1)-

mechanisms limiting these T; values, including additional
experiments on parametric dependence and related theory, is a
subject for future study. Nonetheless, these are both long enough
for high-fidelity parity spin measurement.

Next, we move on to characterizing the signal-to-noise ratio
(SNR), which is another important metric for spin readout. Figure
3c shows the results of charge discrimination after preparing an
equal superposition of |1]) and T_. Two peaks in each histogram
correspond to even and odd parity readout outcomes. If the
integration time t;n is too short, the overlap of two Gaussian peaks
causes a substantial infidelity (upper panel in Fig. 3c). However, if
tint is too long, the relaxation of excited (3,1) state reduces the
readout fidelity. The optimal ti, to minimize readout infidelity is
obtained by balancing these two factors. Figure 3d plots the
readout infidelity taking into account both T; and SNR. For both
T_ and T,, we obtain measurement infidelities below 0.1% with
tine = 2 Us. For experiments requiring measurement-based feed-
back, it might be important to reduce tj,; further to minimize the
dephasing of idling qubits. For reduced tj=0.5ps, the
infidelities are higher but remain below 1%.

Spin qubit control and SPAM fidelity

Finally, we assess the SPAM fidelity by measuring coherent Rabi
oscillations. Throughout these experiments, we use tjy = 3 ps. In

npj Quantum Information (2024) 22

Fig. 4a, we measure two resonance peaks for Q_ and Qg, with a
difference in resonance frequencies corresponding to a Zeeman
energy difference of AE, = 85.6 MHz. The Rabi frequency is
chosen so that the amplitude of the off-resonant drive of the idle
qubit is negligibly small. We measure Rabi oscillations by varying
the microwave pulse time t, (Fig. 4b, c). We find that the Rabi
oscillation decay is negligible, and the oscillation visibilities are
well above 99% for both qubits (99.6+0.2% for T_ and
99.4+0.2% for T,). For the T_ readout, the 0.2% initialization
error due to the adiabatic S — T_ transition limits the visibility.
For the T, readout, the T; ~3 ms accounts for ~0.1% of the
additional visibility loss as compared with the case for T_. We
speculate that the additional 0.1% of infidelity comes from a
larger adiabatic transition probability through the S — T, anti-
crossing where vB4 is larger than the S —T_ anti-crossing, as
seen in the pulse shape of Fig. 2b. A more complex pulse to
reduce t. when crossing both degeneracy points could
circumvent this problem.

Readout duration and phase coherence time

For implementing measurement-based quantum protocols that
require phase coherence, the total duration of readout is also
crucial. More explicitly, measurement has to be faster than
relevant T,, not only T;. Our spin qubits have 75 ~ 8 us (see

Published in partnership with The University of New South Wales
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with exponential decay P(tevor) = V exp(—(tevor/T™)") from which we extract TSM° = 105+1(138+8) ps, y = 1.89+0.07(1.3+0.1), and
V = 0.972+0.002(0.969 + 0.002) for Q_ (Qg). The data points and fit curve for Qg are offset by —0.25 for clarity. The non-ideal visibility is due to
the imperfect calibration of microwave pulses. The dashed black line represents teyo = 2.4 pis. ¢ Rabi oscillation of Q,. The blue points are
measured data, and the black line is a sinusoidal fit. d Zoom up of a peak and dip in (c). e, f Measurements similar to ¢ and d, but for Qg.

Supplementary Fig. 5), and these inhomogeneous phase coher-
ence times can be extended to above 100 pus using a single
refocusing mm pulse (Fig. 4b). On the other hand, the overall
duration of our measurement procedure can be as short as 2.4 ps
(0.13 ps ramp time + 0.25 ps reflectometry signal rise time + 2 ps
integration time). When comparing this duration to the typical loss
of coherence expected from the Hahn echo decay of Q_ and Qg,
we expect less than a 1% loss of phase coherence during the
measurement (0.1% (0.5%) for Q. (Qg)). While combining the spin
echo sequence and the PSB readout needs additional steps
accounting for the phase shift induced by the micromagnet field
gradient and voltage pulses for state mapping (see Supplemen-
tary Note 6 for details), our result suggests that, with an
appropriate device and experimental configuration, it is possible
to perform a single-spin qubit readout precisely and fast enough
while maintaining phase information.

In conclusion, we have demonstrated high-fidelity parity PSB
readout for electron spin qubits in a silicon double quantum dot.
The readout fidelities compare favorably to the best values in
other spin qubit platforms'53'32, The visibility of Rabi oscillation is
mainly limited by spin state mapping. This could be improved by
further optimization of both pulse shape and speed. The readout
duration is much shorter than the spin echo dephasing time. We
note that the implemented parity spin readout does not preserve
the original eigenstates, unlike the standard ZZ parity measure-
ment, and we need a designated measurement ancilla quantum
dot to readout a single-spin state. It may suggest that optimizing
only the T_ readout is sufficient for applications where we need
single-spin projective measurement. Overall, our results suggest
that it is possible to perform a single-spin readout in a time scale
where the phase coherence of idling qubits is well preserved, and

Published in partnership with The University of New South Wales

it may open the door toward realizing measurement-based
quantum error detection or correction protocols in silicon.

METHODS

The sample is cooled down in a dilution refrigerator. The electron
temperature is estimated to be around 45 mK by observation of
the thermal broadening of the charge transition line. The charge
sensor quantum dot is connected to an LC tank circuit with an
inductance of 1.2uH (CoilCraft 1206CS-122X) and a resonance
frequency of 181 MHz. The rf carrier signal is generated by an
internal AWG of a Keysight M3302A module running at
500MSas~'. The signal is attenuated and applied to the device
via a directional coupler mounted at the mixing chamber plate of
the dilution refrigerator. The reflected signal is first amplified by a
Cosmic microwave CITLF2 cryogenic amplifier and further
amplified by room temperature amplifiers. The amplified signal
is then digitized by the M3302A module at a sampling rate of
500 MSa s~ . Its internal FPGA is used to demodulate the signal to
the baseband voltage V. The gate electrodes P3, P4, B3, and B4
are connected to a Keysight M3202A AWG module running at
1 GSas~! via cryogenic bias-tees. The outputs of the AWG module
are filtered with Mini Circuits SBLP-39+ Bessel low-pass filters. The
microwave signal is generated by two Keysight E8267D vector
signal generators that are 1Q modulated by a Keysight M3202A
module. Unless noted, we collect 1000 single-shot measurement
outcomes to obtain an even parity probability.

DATA AVAILABILITY

The data used to produce the figures in this work is available from the Zenodo
repository at https://doi.org/10.5281/zenodo.10473513.
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