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Single-Shot Readout of a Solid-State Electron Spin Qutrit
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Quantum systems usually feature a rich multilevel structure with promising resources for developing
superior quantum technologies compared with their binary counterpart. Single-shot readout of these high-
dimensional quantum systems is essential for exploiting their potential. Although there have been various
high-spin systems, the single-shot readout of the overall state of high-spin systems remains a challenging
issue. Here we demonstrate a reliable single-shot readout of spin qutrit state in a low-temperature solid-state
system utilizing a binary readout scheme. We achieve a single-shot readout of an electron spin qutrit
associated with a single nitrogen-vacancy center in diamond with an average fidelity of 87.80%. We use
this spin qutrit system to verify quantum contextuality, a fundamental test of quantum mechanics. We
observe a violation of the noncontextual hidden variable inequality with the developed single-shot readout
in contrast to the conventional binary readout. These results pave the way for developing quantum

information processing based on spin qutrits.
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After decades of development, quantum information
science has become one of the most important research
fields. While most current research focuses on qubits,
qudit-based systems have gained substantial interest due
to significant advantages. Qudits exhibit distinguished
properties in quantum communication compared to qubits,
including larger channel capacity, better noise resistance,
and higher security [1—4]. In quantum computation, qudits
can also provide obvious advantages, including smaller
code size [5], robust cryptography protocols [6], and more
efficient quantum circuits [7-9]. Moreover, qudits show
stronger violations of Bell inequality [10,11] and make the
testing of contextuality feasible [12—15] compared to qubits
in fundamental tests of quantum mechanics.

Qutrit, the simplest form of qudit, has been experimen-
tally explored in various systems, such as superconducting
transmon circuits [16,17], photonic systems [4,12], trapped
ions [18], and spin-1 systems. Among spin-1 systems,
nitrogen-vacancy (NV) centers in diamond have become
a versatile platform thanks to superior properties, such as
long coherence time, spin-optical interface, and on-demand
unitary operation. NV centers have been utilized for quan-
tum sensing [19-22], quantum communication [23-26],
quantum information processing [27,28], and fundamental
tests of quantum mechanics [29-31]. However, while most
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research utilizes NV centers as qubits, only a few studies can
actually exploit the potential of NV centers as qutrits
[32,33]. One main obstacle is the lack of the single-shot
readout of electron spin qutrit. The main difficulties lie in the
incompatibility between the destructive measurement and
binary readout schemes. A nondemolition binary measure-
ment is necessary to avoid the destruction of the qutrit state
after the first binary readout [Fig. 1(a)]. However, due to
spin-flip errors in the excited state [34] and poor photon
collection efficiency, the electron spin state is destroyed after
measurement. To address this challenge, we demonstrate a
new path to realize a single-shot readout of NV center
electron spin qutrit in diamond merely at the expense of
multicolor excitation.

The basic idea of our scheme is mapping one fragile spin
state to a state that is robust to the perturbation of the first
measurement and can be read out precisely [Fig. 1(a)]. Here
we utilize the charge state as this robust state and exploit
the spin-to-charge conversion (SCC) technique [35-37].
We demonstrate the first-ever implementation of a single-
shot readout of spin qutrit by performing fast spin-selective
ionization followed by a single-shot readout of both the
spin and charge states. Using this technique, we demon-
strate a genuine single-particle verification of the quantum
contextuality based on the solid-state electron spin qutrit.

© 2024 American Physical Society
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FIG. 1. Schematic diagram for qutrit readout. (a) Schematic
diagram of binary qutrit readout scheme with nondemolition
measurement (top) and with a robust state conversion shown in the
green box (bottom). The original population of qutrit states are
denoted by balls with different colors (|0): purple, |1): orange, |2):
brown). The qutrit state can be read out via two nondemolition
measurements (top medium and top right) without disturbing the
original state or a combination of spin state readout (bottom
medium) and charge state readout (top right) after a state
conversion (bottom left). The dashed circumference denotes the
population which is transferred to other states. (b) Energy level
structure of the NV center. The NV~ (NV?) structure is shown in
the red (gray) box. The internal structure of NV© is omitted. The
conduction and valence band are denoted as CB and VB,
respectively. The excitation (red arrow) and fluorescence (wavy
arrow) of |0) and {|1), |2)} are labeled as E and E,, respectively.
The spin-flip process is denoted by the gray arrow. The dark red
and black arrows represent ionization and the subsequent process
of returning to NV°. The unitary operation between |0) and
[1)(]2)) is achieved by resonant microwave pulse (blue arrow).

Critically, we observe a violation of the classical boundary
with our single-shot readout, but no violation with the
conventional readout. The readout technique thus provides
an important tool for developing qutrit information
processing.

Our approach consists of three independent processes, a
high fidelity SCC, a spin state readout, and a high fidelity
charge state readout [Figs. 1(a) and 1(b)]. The essence of
SCC is a spin-selective two-photon ionization process.
Among qutrit states {|0),|1),]2)} (corresponding to the
ground states {|m; =0),|m; = +1),|m; = —1)}), the
state |0) is selectively and resonantly excited to |E,)
via an E, laser pulse and simultaneously ionized to NV
using another intense ionization pulse. After the conver-
sion, the qutrit states NV~: {|1),|2)} and NV°: |0) are
then subsequently determined via two binary measure-
ments of the spin state and charge state, respectively.

Although demonstrated, the fidelity of SCC is limited to
78% due to the low ionization rate [35]. Here we first
achieve a high-fidelity SCC with a high-power 642 nm
ionization laser while suppressing the laser-induced spectral
drift. The experimental procedure consists of environment
stabilization, spectrum tracking, and individual experiment
[Fig. 2(a)]. During the environment stabilization, a 45 mW,
642 nm laser is continuously applied in a range of several

microns around the NV center for 60 min, leading to a
long-lived (> 12 h) stable environment and spectrum.
Without the environment stabilization process, we observe
a random spectral diffusion due to 642 nm laser illumi-
nation [Fig. 2(d)]. Importantly, this spectral diffusion is an
instantaneous effect rather than a slow drift as verified
by applying a high-power 10 ps 642 nm laser pulse
between two consecutive charge state readouts [Fig. 2(b)].
The distribution of two readouts shows no correlation
[Fig. 2(f)], indicating that the tracked spectrum drifts after
applying the 10 ps 642 nm laser pulse, which leads to the
incorrect second charge state readout and misinterpretation
of |1) SCC result [Fig. 2(h)]. In contrast, the spectrum
becomes stable with the environment stabilization process
[Fig. 2(e)]. The charge state shows the expected correlation
[Fig. 2(g)] and the charge state readout fidelity achieves
99.63 + 0.07%. We attribute the spectral diffusion to the
dynamics of local electronic defects’ charge state. The
long-time 642 nm illumination drives such a local charge
environment into a steady state. Our technique thus
benefits in applications involving resonant optical excita-
tion in quantum sensing or quantum network.

With the reliable charge state readout, we then charac-
terize the high-fidelity SCC process using the sequence
in Fig. 2(c). As expected, |0) is ionized within tens of
microseconds, while |1) and |2) remain mostly (> 96%) in
the NV~ state [Fig. 2(i)]. The slight ionization of |1) (|2))
results from the off-resonance excitation of E, laser.
The SCC fidelity of state |0) reaches 92.87 & 0.34%.
The extracted ionization rate [3,, (see Supplemental
Material [38] Sec. VI) is still linearly dependent on the
laser power [Fig. 2(i)], indicating that 642 nm laser alone
cannot ionize the spin state via a double photon process.
This property allows the fidelity to be further improved by
increasing laser power. The linear coefficient of 218.2 +
15.8 kHz/mW for 642 nm laser is much higher than the
coefficient of 67.0 & 6.7 kHz/mW for NIR laser [35],
which confirms theoretical predictions [43].

We next demonstrate a high-fidelity qutrit readout using
the sequence in Fig. 3(a), which includes initialization of
both charge state and spin state, SCC, repetitive spin state
readout, and charge state readout. After 10 ps SCC, the |0)
state is ionized to NV° while the |1) and |2) states remain in
NV~. During the spin readout process, the state [2) is
flipped to |0) via a microwave 7 pulse and then readout by
an E, pulse, whereas the [1) state still remains dark. To
suppress the spin-flip error, the leakage population from |0)
to |2) is transferred back to |0) by another x pulse for the
subsequent readout. The results of this spin readout scheme
are shown in Fig. 3(c), where the maximum average fidelity
is achieved with two repeats. In combination with the
charge state readout, the qutrit state is then determined in a
single-shot readout from four outcomes [Fig. 3(d)]. We
note that the fourth unspecified item is helpful in joint
probability measurements and will be elaborated later.
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FIG. 2. High-fidelity SCC using the high-power ionization laser. (a) Schematic diagram of the experimental framework including
environment stabilization, spectrum tracking, and individual experiments. The spectrums of £, and E|, are updated every 200 trials of
individual experiments. A 10 ps pulse of 642 nm laser (45 mW) is applied in spectrum tracking to maintain the stabilized environment.
(b) Pulse sequence for consecutive charge state readout. A 2 ps pulse of 532 nm laser is applied to reset the charge state of NV center. A
200 ps E|, and E, pulses generate fluorescence when NV center stays in the NV~ state, which is detected by the counter. A 10 ps pulse
of 642 nm laser (45 mW) is applied to verify the spectral stability. (c) Pulse sequence for the ionization efficiency characterization.
After a measurement-based charge state initialization, the spin state is initialized on demand using a E|, and a microwave « pulse. The
SCC (green box) is achieved by a multicolor laser pulse of E, and 642 nm laser, which is verified by a second charge state readout.
(d)—(e) Photoluminescence spectrum without and with environment stabilization. A pulse consisting of 10 ps 642 nm (45 mW) laser and
1 ms idling is applied 2000 times in the interval between two adjacent scans. (f)—(g) The correlation between the two consecutive charge
readouts without and with environment stabilization. The experimental sequence is shown in (b). Each datum corresponds to the
quantity of collected photons in two consecutive readouts emanating from a singular experimental trial. The NV° and NV~ state,
corresponding to the dark and bright states, are indistinguishable without environment stabilization, and highly distinguishable with an
average fidelity of 99.63 + 0.07% using the threshold marked by the dashed black lines with environment stabilization. (h) Ionization
curve of |1) without environment stabilization. The dashed line represents the expectation with a stable spectrum, which differs greatly
from the experimental results (orange circle) due to the limited fidelity charge state readout in (f). The solid line is an exponential fit to
experimental results. (i) [onization curves with environment stabilization. The solid line for |0) is a simulation using a seven-dimensional
model. The solid lines for |1) and |2) are linear fits. Inset: The dependence of the ionization rate I}y, on laser power. The blue line is a
linear fit with a coefficient of 218.2 + 15.8 kHz/mW. The yellow line represents I';,, in [35].

The average readout fidelity of qutrit is 87.80 £ 0.36%
[Figs. 3(e)-3(g)]. To quantify the readout imperfections, we
summarize the fidelities of these independent processes in
Fig. 3(h). The expectation coincides well with experimental
results (see Supplemental Material [38] Sec. VII). The
average fidelity is mainly limited by the spin-flip process.
This process occasionally transforms the spin state, leading
to a decrease in the fidelity of both the SCC and spin state
readout processes. The dependence of final readout fidelity
on the spin-flip rate is shown in Fig. 3(b). The small
deviation between simulation and experiment originates
from high background counts and off-resonance excitation
of the E, laser. The average fidelity can be improved to
97.34% with a low spin-flip rate NV center [23].

We use the single-shot readout to investigate contex-
tuality. Contextuality reflects the divergence between
quantum mechanics and the noncontextual hidden variable

(NCHV) model in an indivisible system. The NCHV model
assumes that measurement outcomes are determined by
hidden variables, and is conflicting with the prediction of
quantum mechanics. Although Kochen and Specker first
proposed a contextuality test [44], experimental verification
was ambiguous until the discovery of noncontextuality
inequalities [45]. Different from other systems such as the
photonic system [12,13,46], superconducting system [15],
NMR system [47] and trapped ions [14], the contextuality
test in the NV center is lacking due to the issue in joint
probability measurement. With our qutrit single-shot read-
out scheme, we perform a fundamental test of contextuality
based on the electron spin qutrit of NV center in diamond.

The verification scheme is achieved by measuring five
properly chosen observables [45]. The theoretical frame-
work is equivalent to proving that the following inequality
holds (see Supplemental Material [38] Sec. VIII):
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FIG. 3.

Single-shot readout of qutrit state. (a) Pulse sequence for qutrit readout, including initialization of charge state and spin state,

SCC, spin state readout (Spin RO) and charge state readout (Charge RO). (b) Dependence of qutrit readout fidelity on the spin-flip rate.
The measured readout fidelities are marked with dots. The dashed gray lines mark the expected fidelity corresponding to a spin-flip rate
of 0.66 MHz observed in this work and a low spin-flip rate of 0.15 MHz reported in [23], respectively. (c) Spin state readout fidelity
dependence on the repetitive number. The |1) and |2) states are denoted as dark and bright state, respectively. Inset: sequence for
repetitive spin state readout. (d) Correspondence between quitrit states and results of two binary readouts. P; is the projective operator
[i)(i| (i =0, 1, 2). (e)-(g) Readout fidelity of |0), |1), and |2). (h) Fidelity of qutrit readout process.

The five observables L; are projective operators and
given by L; =1-5] = |l><l| with Lg = L,, where I,
denotes a cyclic quintuplet of unit vectors with [, LI,
(i=1,...,5). |wo) is a certain neutrally polarized state.
A schematic of y, and [; is shown in Fig. 4(a). The
expectations are evaluated with (L;), = (wo|L;|yo) and
(LiLi1)y, = Wolli) (Lilliv1){Liv1lwo). The joint probabil-
ity measurement (L;L l-+1>,/,0 usually requires two consecu-
tive readouts in which the first measurement needs to be
nondemolition. In our readout scheme, this joint probability
is mapped to the population and measured in one exper-
imental trial.

A proper choice of L; shows (L;), =1/ /5, and the
sum of left terms in inequality (1) should be v/5 theo-
retically. However, the state |I;) could be nonorthogonal
with |I;, ;) due to the imperfections during the experiment,
and the observable Lg may also differ from L. Therefore

(LiLi11),, cannot be omitted and the inequality (1) turns
into (see Supplemental Material [38] Sec. VIII)
5 5
Z <Li>1//0 L Ll+l <L6Ll>(//0
i=1 i=1
- 0'5(<L1>q/0 + <L6>l//0) = \/g > 2. (2)
The states |I;) are given as |l}) =|1), |L,) =
2), |l3) = Ru(=7)l), la) = Ro(=1)Ry(=1)|l2), |Is) =
R.(=7)Ry(=1)ll3), ls) = Ra(=7)Ry(=7)|ly) = |I1), where

y = arccos(2 —+/5) and R, () [R,(6)] represents a uni-
tary rotation operation around the X axis in {|0),|1)}
({|0),|2)}). The experimental sequence is shown in
Fig. 4(b). The neutrally polarized state |y) is first prepared
from |0) using U=R,(¢)R,(—6) with €=arccos[l—
(2/+/5)] and ¢ = arccos[(1 —+/5)/2]. Next, a unitary
operations U; (Table I) will map qutrit basis {|0),|1),
2)} into {|L), [l; x Li1). [li)} [Fig. 4(©)). (L), and
(Lit1),, are then obtained by measuring the population
of the state |0) and |2), while (L;L; ) is directly obtained
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FIG. 4. Contextuality verification with the single electron spin
qutrit. (a) Regular pentagram of cyclic quintuplet of unit vectors.
Each dashed line corresponds to a right angle formed by
l; and I; . y( coincides with the symmetry axis of the penta-
gram. (b) Pulse sequences for the test of the NCHV model.
(c) Correspondence between observable and results of single
shot readout. (d) Experimental results of observable in inequa-
lity (2). (e) The sum of the left term of inequality (2). The blue
bar corresponds to violations indicated by experimental results in
(d). The orange bar shows the prediction of NCHV model. The
brown bar shows the expected value using two conventional
consecutive measurements. The dashed bar represents the result
of a perfect experiment.

by measuring the fourth outcome in our single-shot readout,
avoiding the loophole in the conventional readout scheme
(see Supplemental Material [38] Sec. IX).

The experimental results are shown in Fig. 4(d), and
inequality (2) turns into

5 5

(Li)y, — Z (LiLis1)y, + (LeL1)y,
T p)

~05((Ly),, + (Lg),,) = 2077 £0.024 > 2. (3)

1

This final result shows the violation of the NCHV inequal-
ity by about 3.2 times of the standard deviation. However,
the verification with conventional readout averages all
results (see Supplemental Material [38] Sec. XI). Thus the
conventional readout would only reach 1.565 even assum-
ing a perfect experiment, indicating no violation of the
NCHYV model.

TABLE 1. Unitary operation involved in contextuality
verification.

1 Ui

1 R, ()

2 Ra(}/)Rb (ﬂ’-)

3 Ry, (7)Ra (7 R, (m)

4 Ra (7)Rb(y Ra (7 Rb (7[)

5 Ry(r)Ra(v)Ry (r)Ra(1)Ro(7)

In summary, we successfully demonstrate a binary
readout scheme for the single-shot readout of the high-
dimensional quantum system using robust ancillary states
without the nondemolition measurement requirement. As a
general readout scheme, our scheme can be extended to
other degrees of freedom like nuclear spin states, as long as
this degree of freedom can be measured independently.
Besides quantum contextuality, our results benefit a broad
range of high-spin-based applications, such as simulating
topological Euler insulators [48] and observing the tensor
monopoles [49]. Our approach could also enable the
realization of a qutrit-based quantum algorithm [50].
Apart from quantum information processing, our results
also contribute to investigating the essence and dynamical
behavior of high-dimensional quantum correlations [51,52].
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