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Single-shot readout of qubits is required for scalable quantum computing. Nuclear spins are superb
quantum memories due to their long coherence time, but are difficult to be read out in a single shot due to

their weak interaction with probes. Here we demonstrate single-shot readout of a weakly coupled '3C
nuclear spin at room temperature, which is unresolvable in traditional protocols. States of the weakly
coupled nuclear spin are trapped and read out projectively by sequential weak measurements, which are
implemented by dynamical decoupling pulses. A nuclear spin coupled to the nitrogen-vacancy (NV) center
with strength 330 kHz is read out in 200 ms with a fidelity of 95.5%. This work provides a general protocol
for single-shot readout of weakly coupled qubits at room temperature and therefore largely extends the
range of physical systems for scalable quantum computing.
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Nuclear spins in solids have been proposed as a
promising candidate for quantum computing [I-3].
Quantum memory with ultralong coherence time [4-6],
multiparticle entanglement [7-9], and real-time feedback
control [10] have been demonstrated in nuclear spin
systems. However, due to their small magnetic moments,
it remains challenging to address and read out individual
nuclear spins with high fidelity. To meet this challenge,
usually a nearby electron spin is employed as an ancillary
qubit. The readout fidelity of the target nuclear spin is then
limited by the ancillary qubit. Taking nuclear spin around a
nitrogen-vacancy (NV) center in diamond as an example,
due to the low photon collection efficiency of the NV
center, more than 103 repetitions of the readout sequence
are needed to get a sufficient signal to noise ratio [3,11].

Even more challenging is single-shot readout of indi-
vidual nuclear spins, which is a prerequisite of scalable
quantum computing [12,13]. At cryogenic temperature, this
can be achieved by mapping the nuclear spin state onto and
subsequently projective readout of the electron spin with
resonant optical excitation techniques [14—19]. At room
temperature, however, spin mixing in the excited states
prevents the resonant readout scheme, and single-shot
readout is achieved only for strongly coupled nuclear spins
[2,4,20,21]. For remote nuclear spins, their coupling
strength is too weak to be resolvable in the noisy environ-
ment, and the controlled gate for the single-shot readout
scheme cannot be implemented by traditional protocols, as
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shown in Fig. 1(a). As a result, the merits of weakly
coupled nuclear spins, including their strength in numbers
and less affected coherence by the ancillary electron spin,
are less exploited.

In this Letter, we propose and demonstrate a scheme to
achieve single-shot readout of weakly coupled nuclear
spins at room temperature. This work is inspired by the
scheme of dynamical decoupling (DD) enabled quantum
sensing of weakly coupled nuclear spins via optically
detected magnetic resonance (ODMR) of NV centers in
diamond [22-26]. We will show that the DD sequence acts
as a controllable quantum measurement on those weakly
coupled nuclear spins, and illustrate that a set of nuclear
spin basis states are stable under a repetitively applied DD
sequence and nonresonant optical readout, which enables
the single-shot readout scheme at room temperature.

The Hamiltonian of the NV electron spin and a weakly
coupled '*C nuclear spin I under an external magnetic field
B is [27,28]

H:SZ®(A'i)_ynB'i’ (1)

where the NV spin-1 S has eigenstates {|0),| £ 1)}, A is
the hyperfine interaction, and y,, is the gyromagnetic ratio
of >C nuclear spins. Note that we have dropped the zero
field splitting and Zeeman terms of the electron spin since
they have no effects in this pure-dephasing model. This
Hamiltonian can be recast into the subspace {|0),| — 1)} as
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FIG. 1. System and experimental scheme for dynamical decou-
pling enabled quantum measurement. (a) An NV electron spin
(red) and its '*C nuclear spin bath (purple). The spin state of a
strongly coupled '*C nuclear spin can be mapped to the electron
spin through selective MW pulses. For weakly coupled nuclear
spins, DD is employed to address the target one while decoupling
the other nuclear spins. (b) Coherence of the center electron spin
under CPMG-12 (red line) and CPMG-1 (gray line), as a function
of the pulse interval z. (¢c) The accumulated phase of the center
electron spin (and thus the measurement strength of the weakly
coupled target nuclear spin) is controlled by the pulse number of
the applied CPMG sequence.

H=7® p+ Hy. 2)

where o, =|1)(1|—|0)(0| is the Pauli operator (hereafter |1)
denotes | — 1)), = A - I is the noise operator, and H, =
(A/2) - 14y,B-1= onj - I is the effective Hamiltonian
for the '3C nuclear spin. With the unit vector n; on the
direction of H;, A can be decomposed as
A = |A - (A -nj)n|. For a weakly coupled nuclear spin
(A, < w), consider the Carr-Purcell-Meiboom-Gill
(CPMG) control with 7 flips at time 7, = (2p — 1)t (where
27 is the interval between pulses and p = 1,2, ..., N), using
the Magnus expansion [29,30], we obtain the nuclear spin
propagator conditioned on the NV electron spin state as [31]

) iA
U?’i)(t) = exp(—iwl|t) exp [:F T;F(a) t)IL}, (3)

where F(w,1)=|3_"_(=1)?(e7 1 —e™%)] is the DD
filter function, I||/L :n"/Li with n, = [A—(An”)n”]/Al
The subscript +(-) denotes the propagator starting from the
|0) (]1)) state of the electron spin.

In general, the DD sequence steers the quantum evolu-
tion of a target nuclear spin, and the initial state and final
states of the target nuclear spin under DD sequence are not
the same [8,28]. Nonetheless, we find that at the resonance
points of w, i.e., 7 = 7/ (2w), the eigenstates of I, remain
in the same state after the CPMG control with an even pulse

number N [31]. We denote them as {|1),|])}, which
satisfy
U Nafa)lt) = ()R, (4
UN, (Na/w)|)) = (~)MeEm)), ()

where ¢ = A, /(2w) is the accumulated phase by the
nuclear spin during the pulse delay 2z. Since those nuclear
spin states remain the same before and after CPMG
sequence, we can repetitively map and read out their
quantum states with the help of the ancillary electron spin,
and realize the single-shot readout of the target nuclear spin.

Besides the effect of locking the nuclear spin to the
{|M),]{)} states, the CPMG sequence can tune the meas-
urement strength of the target nuclear spin. The center
electron spin, which is first prepared to the superposition
state of Wy = (1/v/2)(|0) + [1)), accumulates a phase
determined by the state of the target nuclear spin and
the pulse number of CPMG sequence, as illustrated in
Fig. 1(c). After N pulse CPMG sequence, the final state
of electron spin is ¥y = (1/\/5)(|0> + ¢2N9|1)) for the
nuclear spin |1) state or ¥ = (1/v/2)(|0) + e2V%|1)) for
the nuclear spin || ) state. In particular, if the pulse number
N is such that 2N¢ = /2, the final state of the two-qubit
system is |0J) or |11) after the application of a Hadamard
gate to the electron spin. Thus, a maximum entanglement
between the center electron spin and the target nuclear
spin can be established. As a comparison, when the pulse
number is small, the nuclear spin is only weakly entangled
with the ancillary electron spin, so a projective measure-
ment of the electron spin will only cause partial collapse of
the nuclear spin and hence a weak measurement on the
nuclear spin [10,36].

We experimentally demonstrate our protocol on an NV
center in a high-purity type-Ila diamond. As seen in the
ODMR spectrum of the NV center [31], there is no
apparent splitting due to hyperfine interaction with strongly
coupled '3C nuclear spin. As a confirmation of the absence
of strongly coupled '3C spins, the coherence in the Hahn
echo (CPMG-1) presents no oscillation features. Under
multipulse DD control (CPMG-12), however, the measured
coherence presents an extended plateau and a number
of dips, as shown in Fig. 1(b). So this NV center does
have a few 3C nuclear spins located nearby but with
weak hyperfine interaction. By fitting the CPMG signal
from different initial states of the center electron spin
(1/v/2)(|0) + | £ 1)), we derived that the hyperfine inter-
action of the nearest '3C nuclear spin projected along the
quantization axis of NV electron spin is about 330 kHz.
Other nuclear spins have coupling strength less than this
[31]. For all those nuclear spins (|A| < (1/7%) ~2 MHz),
if taken as qubits, cannot be read out in a single shot in
traditional protocols.
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The gradually enhanced entanglement between the NV
center spin and a certain '3C nuclear spin is evidenced by the
increasing depth of the coherence dip under more and more
control pulses. As shown in Fig. 2, under an external magnetic
field of 305 G, when the pulse interval matches the half
precession period of an individual nuclear spin (e.g.,
7 = 456 ns), the accumulated phase in each interval has
the same direction, and the coherence dip has increasing depth
with increasing the number of intervals. Actually, when the
number of pulses N is further increased, the overshoot
evolution of the nuclear spin can cause the disentanglement
and, hence, the recovery of the central spin coherence. This
coherence recovery effect unambiguously demonstrates the
quantum nature of the noise source, i.e., the 13C nuclear spin
[37]. Maximum entanglement between the electron and
nuclear spins is reached when the pulse interval z and the
number of pulses N are such that the central spin coherence
exactly vanishes. For a certain target nuclear spin (a fixed 7), if
it is in the fully mixed state with density matrix p = 1/2 (not
polarized), the NV electron spin coherence shows oscillation
behavior when the CPMG pulse number is increased [29], i.e.,

Lgip(N) ~ cos <AL—N> . (6)

w

The oscillation feature of the center spin coherence presented
in Fig. 2(c) is due to entanglement and disentanglement with
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FIG. 2. Controlling the strength of measurement on a weakly
coupled nuclear spin by dynamical decoupling. (a) 2D CPMG
signal as a function of the pulse number and the interval duration,
under an external magnetic field of 305 G. Individual nuclear spins
are selected by tuning the intervals between two CPMG pulses.
The number of total applied pulses determines the measurement
strength of the selected nuclear spin. (b) Typical CPMG signal as a
function of the interval duration. (c) Typical CPMG signal as a
function of the pulse number. When no nuclear spin is resonant
(z = 200 ns, black line), the coherence of the center spin is well
protected. When a nuclear spin is resonantly selected (z = 456 ns,
red line with blue point), the coherence of the electron spin is
modulated by the entanglement with the nuclear spin.

the closest '*C nuclear spin, which has A, = 200 and @ =
517 kHz under the magnetic field (305 G). The measured
period of coherence oscillate is N = 16, which agrees well
with the theory prediction of N = 2zw/A | = 16.3 [31].

Since the nuclear spin state is locked during the periodic
driving of CPMG, we can repeat many cycles of measure-
ment on the electron spin to accumulate sufficient statistical
confidence and, thus, achieve single-shot readout of the
target nuclear spin. As shown in Fig. 3, under an external
magnetic field of 691 G, we use a CPMG-12 sequence with
resonant 7 of 252 ns and a following optical pulse (300 ns) to
read out the closest nuclear spin [corresponds to the first
coherence dip in Fig. 1(b)]. A short waiting interval is added
after the readout and reinitialization of electron spin to make
the measurement duration match the precession period of
target nuclear spin (=1 ps under this magnetic field). The
photon counts in 40000 cycles (in 189 ms) are summed
together to a single data point, which presents the state of the
nuclear spin under measurement.

With the single-shot measurement, we are able to
directly observe the quantum jumps of the target nuclear
spin. Typical photon count trace is shown in Fig. 3(b). Two
distinct values are clearly seen. We associate the high (low)
count rate to the |1) (|} )) state of the target nuclear spin. A
relaxation time (7',,,) of about 15 second for both |1) and
|]) states is measured (B = 691 G). The initialization and
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FIG. 3. Single-shot readout of a weakly coupled nuclear spin.
(a) Pulse sequence. The weakly coupled nuclear spin is selec-
tively addressed by CPMG pulses with resonant 7z, and a
subsequent optical readout reveals the state of the target nuclear
spin. (b) Typical quantum jump signal of the weakly coupled
nuclear spin under an external magnetic field of 691 G. Each data
point is a sum of 40000 cycles of measurement of the center
electron spin. (c) Photon count distributions after the target
nuclear spin state selected by the photon count thresholds of
<2300 for |]) and > 2520 for |1). (d) Single-shot readout
fidelity as a function of the readout threshold. With a threshold of
2400, the readout fidelity is 95.5% for both |]) and |1).
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readout fidelity of our single-shot readout protocol is
estimated as following Ref. [21] and presented in
Figs. 3(c)-3(d). The photon count distributions for the
nuclear spin state being initialized to the |1) and || ) states
are well distinguished. For a threshold of 2400, which is the
maximum overlap between the photon counting distribu-
tions for the two nuclear spin states, the readout fidelity
is 95.5% (for both |1) and ||) states, see Supplemental
Material [31] for details). The fidelity can be further
improved by increasing the photon collection efficiency
and the fidelity of the electron spin manipulation.

The dynamic of the target nuclear spin under repetitive
measurements is revealed by numerical simulation. The
density matrix of the nuclear spin after the nth repetition
of CPMG sequence is depicted as p, = %(1 +r,e-6),
where r,e is the Bloch vector and represents its polarization.
Several trajectories, simulated with realistic hyperfine tensor
and the experimental parameters of P; (B = 691 G, N = 12,
and 7=252ns) and P, (B=305G, N=12, and
7 = 456 ns), are presented in Fig. 4(a). Starting from a mixed
state p, = 1/2, the nuclear spin is steered by the backaction
of repetitive measurements and settles down as one of the
CPMG-locked states {|1), ||) } is achieved. Under relatively
strong measurement of P,, this is achieved in 3 steps. As a
comparison, weak measurements of the P; condition take
several tens of steps. Nevertheless, the collapse process is very
short compared with the total repeat number (40 000). It is
worth noting that the probability of choosing which trajectory
to collapse is determined by the initial state of the nuclear spin
and the state collapse process is effectively a projective
measurement of the target nuclear spin.

After the primal collapse process, the nuclear spin state is
trapped in the following measurements, which make this
scheme robust to experimental imperfections. The CPMG
locked states {|1),|])} behave as attractors in the nuclear
spin Bloch sphere, sparse deviations from them would
be corrected in subsequent measurements. Meanwhile,
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FIG. 4. Trajectory of nuclear spin state under repetitive weak
measurements. (a) Samples of trajectory, calculated with realistic
hyperfine tensor. Red circles are for relative weak measurements
(Py), about 40 steps are needed to reach the stable state
{IM), [1)}; Navy square are for relative strong measurement
(P»). Inset, dependence of the target nuclear spin precession
frequency on magnetic field strength (solid line). P, and P, are
experimental optimized conditions to observe jump signal.
(b) The positions of P; and P, in CPMG parameter space.

numerical simulation reveals that mismatching of the
resonant condition (due to discrete time resolution in
experiments) can be compensated by the readout duration
[38]. The nuclear spin state is stable under millions of
CPMG repetitions with realistic experimental parameters
[31]. Quantum jumps are observed for both the P; and P,
conditions in experiments (data in Fig. 3 and Fig. S6 of
Ref. [31], respectively). The optimized pulse interval =
exactly matches the precession frequency of the target
nuclear spin, as shown in the inset of Fig. 4(a), which
confirms that the jump signal indeed comes from the
weakly coupled '3C nuclear spin.

The observed quantum jumps at room temperature indicate
that the weakly coupled nuclear spin is a robust quantum bit
even under the nonresonant optical excitation, which is
consistent with former experiments [4]. The NV excited
states |A), |A,), |E}), |E,) contain the component of both
| = 1).| + 1) while |[E,), |E,) includes only spin |0) compo-
nent [39]. Under optical excitation, the indirect coupling of
the electron spin | — 1), | 4 1) states brings random phase to
the target nuclear spin. Fortunately, the optical transition rates
are much larger than the dipole interaction between electron
spin and the target nuclear spin, so the magnetic noise from
electron spin would be dramatically suppressed due to the
effect analogous to motional averaging [40,41].

The DD-enabled single-shot readout of a weakly coupled
nuclear spin largely extends the range of physical systems
for scalable quantum computing. We note that the stationary
nuclear spin states can be continuously tuned in the equatorial
circumstance of the Bloch sphere if phase-shifted CPMG
pulse sequence is employed, and the z axis of the Bloch sphere
can be tuned by the external magnetic field, so, in principle, an
arbitrary state in the Bloch sphere can be readout by the NV
electron spin under phase-shifted CPMG control [8,31].

In conclusion, we propose and demonstrate a scheme of
single-shot readout of a weakly coupled nuclear spin at
room temperature. The projective measurement of the
target nuclear spin is implemented by repetitively applying
dynamical decoupling and subsequent nonresonant optical
readout on an ancillary electron spin. This scheme is easy to
be implemented in experiment and robust to pulse errors.
For the selected target nuclear spin, the measurement
strength is tunable by adjusting the CPMG number; thus,
both strong and weak measurement can be achieved for the
same system. Weak measurement of a quantum system is of
particular interest since the target system can be steered
through the backaction of sequential weak measurements
and real-time feedback [10,42,43]; together with the
demonstrated single-shot readout scheme, it is possible
to demonstrate measurement-only quantum computing in
an NV system at room temperature.
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