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Single-Shot Readout of Multiple Nuclear Spin Qubits in Diamond under Ambient Conditions
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We use the electronic spin of a single nitrogen-vacancy defect in diamond to observe the real-time
evolution of neighboring single nuclear spins under ambient conditions. Using a diamond sample with a
natural abundance of '3C isotopes, we first demonstrate high fidelity initialization and single-shot readout
of an individual '*C nuclear spin. By including the intrinsic '#N nuclear spin of the nitrogen-vacancy
defect in the quantum register, we then report the simultaneous observation of quantum jumps linked to
both nuclear spin species, providing an efficient initialization of the two qubits. These results open up new
avenues for diamond-based quantum information processing including active feedback in quantum error
correction protocols and tests of quantum correlations with solid-state single spins at room temperature.
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Nuclear spins are attractive candidates for solid-state
quantum information storage and processing owing to their
extremely long coherence time [1-3]. However, since this
appealing property results from a high level of isolation
from the environment, it remains a challenging task to
polarize, manipulate, and readout with high fidelity indi-
vidual nuclear spins [4]. A promising approach to over-
come this limitation consists of utilizing an ancillary single
electronic spin to detect and control remote nuclear spins
coupled by hyperfine interaction [5—10]. In this context,
the nitrogen-vacancy (NV) defect in diamond has recently
attracted considerable interest because its electronic spin
can be polarized, coherently manipulated, and readout by
optical means with long coherence times, even under
ambient conditions [11]. The NV’s electronic spin thus
behaves as an ultrasensitive magnetometer at the nanoscale
[12], providing a robust interface to detect and control
nearby nuclear spins in the diamond lattice. This approach
has been used in the past years to study the coherent
dynamics of multispin systems [13], to perform universal
quantum gates [14,15] and to develop few-qubits quantum
registers, where single nuclear spins are used as quantum
memories [7,16,17]. A second-long coherence time was
recently demonstrated for a single '*C nuclear spin weakly
coupled to a single NV defect in an isotopically purified
diamond sample [10]. This result, combined with the ability
to perform spin-photon entanglement [18] and two-photon
interference from distant NV defects at low temperature
[19,20], makes single spins in diamond a promising build-
ing block for quantum repeaters and long-distance quantum
communications.

However, advanced quantum algorithms such as quan-
tum error correction protocols require high fidelity initial-
ization and single-shot readout over multiple qubits [21].
Along the line of recent works directed towards this goal
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[8-10,22], we first report high fidelity single-shot readout
of an individual '3C nuclear spin by using the electronic
spin of a single NV defect as an ancillary qubit in a
diamond sample with a natural abundance of 3C isotopes
(1.1%). Repetitive readout indicates a polarization lifetime
exceeding seconds at moderate magnetic fields, which
illustrates the robustness of the '3C nuclear spin state.
Then, we demonstrate efficient initialization of two nuclear
spin qubits in a well-defined state by adding the '*N
nucleus of the NV defect in the quantum register.

The spin system considered in this study is depicted in
Figs. 1(a) and 1(b). The electronic spin (S = 1) of a single
NV defect is coupled by hyperfine interaction with both
its intrinsic '*N nuclear spin (/ = 1) and a neighboring '*C
nuclear spin (/ = 1/2). A permanent magnet placed on a
three-axis translation stage is used to apply a static mag-
netic field along the NV defect axis and the spin transition
between the m; = 0 and m; = —1 electron spin manifolds
is coherently driven through microwave (MW) excitation
[23]. As shown in Fig. 1(c), the hyperfine structure of the
spin system, recorded through pulsed-ESR spectroscopy
[24], exhibits six nuclear-spin conserving transitions. From
this spectrum, recorded for a magnetic field magnitude
B = 2000 G, we extract the projected strength of the *C
hyperfine interaction A = A, =258 + 10 kHz [23].
We obtain further qualitative information of the hyperfine
interaction through dynamic polarization measurements
at the excited-state level anticrossing (ESLAC) [25]. The
13C polarization efficiency was estimated by using the
Fourier transform of the free-induction decay (FID) signal
measured by applying a Ramsey sequence T — 7 — 7 to
the NV defect electron spin. Figure 1(d) shows the FID
signal recorded at the ESLAC. Since the '*N nuclear spin
is perfectly polarized, the characteristic beating is linked
to the weakly coupled '*C nuclear spin. The Fourier
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FIG. 1 (color online). (a) Energy-level diagram of the NV
defect as a function of the strength of a static magnetic field B
applied along the NV defect axis. Level anticrossings in the
ground state (GSLAC) and in the excited state (ESLAC) are
highlighted. (b) Hyperfine structure of the m; = 0 and m; = —1
electron spin manifolds for a NV defect coupled with its intrinsic
N nuclear spin (1m0 ) and with a nearby single '3C nuclear spin
(1 or |). The hyperfine sublevels are denoted as |m;m, 1 (1)).
Blue arrows indicate the microwave (MW) transitions used for
single-shot readout measurements. (c) Optically detected ESR
spectrum recorded for a magnetic field B = 2000 G. (d) FID
signal of the NV defect electron spin recorded at the ESLAC
(B =510 G) showing a coherence time 7; = 2.9 £ 0.1 us.
(e) Fourier transform of the FID signal.

transform of the FID signal indicates a relatively high
polarization efficiency =40 10%, which suggests that
the '3C quantization axis is close to the NV defect axis
in both the ground and excited states [26]. The anisotropic
component of the hyperfine tensor A, is therefore
assumed to be much smaller than A .. Since the *C
nuclear spin gets polarized in [1), this measurement also
provides unambiguous identification of each ESR fre-
quency to a given nuclear spin state, |1) or []) [27,28].

In the spirit of previous works [9,10], projective single-
shot detection of the '*C nuclear spin state is achieved
by accumulating the NV defect photoluminescence (PL)
while repeating the sequence depicted in Fig. 2(a). The NV
defect electron spin is first initialized into the m; = 0

sublevel through optical pumping. A controlled not
(cNoT) gate is then applied to induce an electron spin flip
conditioned on the '3C nuclear spin state | ,,). Finally, the
resulting electronic spin state is optically readout by apply-
ing a 300-ns laser pulse. This sequence is repeated many
times in order to increase the signal to noise ratio. The
CNOT gate is experimentally realized by applying narrow-
band MW 7 pulses on the electronic spin, which selec-
tively drive the ESR transition for a given '3C nuclear spin
state, e.g., [|). In order to take advantage of the full ESR
contrast and to get rid off any quantum jumps linked to the
14N nuclear spin [9], three MW sources are used for driving
simultaneously '*C nuclear spin state-selective transitions
from each hyperfine sublevels linked to the '*N nucleus
[Figs. 1(b) and 1(c)].

A typical PL time trace recorded while continuously
repeating the sequence is shown in Fig. 2(b). For each data
point, the PL signal is accumulated during 7, = 120 ms,
corresponding to approximatively 20000 repetitions of the
readout sequence. The signal exhibits well-defined quantum
jumps linked to the evolution of the '3C nuclear spin state.
Indeed, when the nuclear spin is in state ||), the CNOT gate
flips the NV defect electron spin, my; = 0 — m, = —1, and
a low PL signal is observed (dark state) owing to spin-
dependent PL of the NV defect. Conversely, when the
nuclear spin is in state |1), the electron spin remains in the
mg = 0 sublevel at each repetition of the sequence and a
high PL signal is observed (bright state). Nuclear spin flips
are therefore evidenced in real time as abrupt jumps between
two distinct values of the PL signal. For a magnetic field
B = 1610 G applied along the NV defect axis, we infer
the characteristic relaxation times of the '3C nuclear spin
while applying repetitive readout 7' jprighy = 2.4 + 0.1 s
and Tl,l(dark) =15%x02s.

To estimate the readout fidelity, the '*C nuclear spin is
first deterministically initialized in a given state through
a single-shot readout measurement. By introducing an
initialization threshold N;; (JN;;), photon counting
events such that N' < N;| (N > N ;) are postselected,
corresponding to an initialization in state ||) (|1)). Using
N, = 615 counts and N;; = 845 counts, the initializa-
tion fidelity exceeds 99% for both nuclear spin states [see
Fig. 2(d)]. After successful initialization, a subsequent
readout measurement is performed allowing us to build
the nuclear-spin dependent photon counting distributions
Sy [23]. As shown in Fig. 2(c), the distributions linked to
each nuclear spin state can be clearly distinguished and the
readout fidelities F ;) are defined as

S Sip(NYdN
jg(vj@‘j;)[sl + S (N)VAN

Fin(N,) = (1)

where I\, is the readout threshold. For N, ., = 735
counts, corresponding to the maximum overlap bet-
ween the two photon-counting distributions, we extract
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FIG. 2 (color online). (a) Logic diagram of the single-shot
readout scheme and corresponding experimental sequence. The
duration of the 7r-pulses is set to 4 us. The 300-ns laser pulse is
used both for spin-state read-out and to achieve an efficient
preparation of the NV defect electron spin in the m; = 0 sub-
level (|0),) at each repetition of the sequence. (b) PL time trace
showing quantum jumps of the '3C nuclear spin state. The solid
line is a fit with a two states hidden Markov model from which
the relaxation time 7 of the nuclear spin state is extracted.
(c) Normalized nuclear-spin dependent photon counting distri-
butions Sjy). The solid lines are data fitting with the formula
given in Ref. [23]. (d) Single-shot readout fidelity Fyq) as a
function of the readout threshold. The initialization thresholds
NNt and the optimized discrimination threshold N, oy
are indicated with dashed lines. The solid lines are extracted
from the fits in (c). We note that the initialization fidelity in state

[1) (M) is given by F|(N;) [F1 (N1

F\ = F; =96 = 1.2% [Fig. 2(d)]. This fidelity could be
significantly improved by increasing the collection effi-
ciency with diamond photonic nanostructures [29]. In
addition, the selective MW 7 pulses used for the CNOT
gate have a duration of 4 us, corresponding to a spectral
width of 130 kHz. Given the inhomogeneous linewidth
of the ESR signal combined with the hyperfine coupling
strength, the 77 pulses are therefore not perfectly selective
leading to a decreased contrast of the projective meas-
urement, which degrades the readout fidelity. This limita-
tion could be overcome by using a CVD-grown diamond

sample isotopically enriched with '>C atoms, in which the
inhomogeneous dephasing rate of the NV defect electron
spin can reach a few kHz [10,11].

We now study the processes leading to nuclear spin
depolarization. For a magnetic field B applied along the
NV defect axis (z), the ground-state spin Hamiltonian
reads H = H , + yanZ +$-A-1, where H  includes
both the pure electronic spin terms and the hyperfine
interaction with the intrinsic '*N nuclear spin, 7y, is the
13C gyromagnetic ratio and A its hyperfine tensor. In the
secular approximation, this Hamiltonian simplifies to

H=H,+vy,BI,+ A_S.I,

A, A R
+ %[e—"ﬁszu + etitS. 1], (2)

where A, = (A2 + A2)Y2 tanp = A, /A, and
I.=1 =+ ify. The anisotropic component A, of the
hyperfine tensor therefore induces nuclear spin flips,
leading to depolarization at a rate [23]
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Considering this process as the main source of depolariza-
tion, the nuclear spin relaxation time might exhibit a
quadratic dependence with the applied magnetic field.
The experimental results depicted in Fig. 3 confirm this
behavior at high fields, while two drops can be observed
around B~ 510G and B ~ 1020 G, corresponding to
level anti-crossings in the excited state and in the ground
state, respectively [30] [Fig. 1(a)]. Around such magnetic
field strengths, the secular approximation is not valid and
additional electron-nuclear spin flip-flop terms A | [S_I.+
$.1_1/2 need to be added to the Hamiltonian [25,26], where
A, =(A, + A,)/2. As shown in Fig. 3, the experi-
mental data are well fitted by a simple model including

10 a T4 (bright state)

o T, (darkstate)

Ty ls]

500 1000 1500 2000
Magnetic field [G]

FIG. 3 (color online). Nuclear spin relaxation time 7; as a
function of the magnetic field strength for the bright state (red)
and the dark state (blue). The solid lines are data fitting with a
simple model including nuclear spin flips induced by the trans-
verse component of the hyperfine tensor and electron-nuclear
spin flip flops at the GSLAC and ESLAC [23].
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FIG. 4 (color online).

(a) Experimental sequence. (b), (c) PL time trace recorded by continuously repeating the sequence for a

magnetic field B = 5280 G. Each data point corresponds to approximatively 3000 repetitions of the readout sequence (20 ms).
Quantum jumps linked to (b) the weakly coupled '*C nuclear spin and to (c) the intrinsic N nuclear spin can be distinguished.
(d) Normalized nuclear-spin dependent photon counting distributions measured with the initialization thresholds set to N'; g, = 110
counts and JN; iene = 160 counts. The projective readout fidelity is optimized for a discrimination threshold NV, ., = 135 counts.

depolarization induced by the anisotropic hyperfine inter-
action and spin mixing at the level anticrossings [23].
We note that the bright state always exhibits a longer
relaxation time than the dark state. Furthermore, this effect
is independent on the nuclear spin state used as the control
state in the CNOT gate and is intrinsically linked to the
readout process. Indeed, when the dark state is detected, a
shorter nuclear spin lifetime is always observed because
in this case the system spends on average more time in the
my, = —1 electronic spin sublevel, for which the aniso-
tropic component of the hyperfine tensor induces nuclear
spin flips [31].

According to Eq. (3), a long nuclear spin lifetime can be
observed either for a *C nuclear spin with a weak aniso-
tropic component of the hyperfine interaction, i.e., placed
on a lattice site with a small angle with respect to the NV
defect axis, or for an applied magnetic field such that
vu.B > (A, A, In a diamond sample with a natural
abundance of 13C isotope (1.1%), the ESR linewidth is on
the order of 200 kHz, which puts a limit to the weakest
detectable hyperfine coupling strength in conventional ESR
spectroscopy [Fig. 1(c)]. Apart from the '3C nuclear spin
studied in detail in this work, quantum jumps were also
observed for a 1*C coupling strength A .. = 380 = 10 kHz
(lattice site O in Ref. [28]) with a much shorter relaxation
time [23]. For stronger hyperfine coupling strengths, the
nuclear spin lifetime was not long enough to observe quan-
tum jumps in the PL time trace for magnetic fields up to
5000 G. The probability to find weakly coupled '*C nuclear
spins would be significantly improved by using isotopically
purified diamond samples [10]. However, we note that the
speed of the single-shot readout measurement decreases
with the 13C coupling strength owing to the required spec-
tral selectivity of the quantum logic.

Finally, we demonstrate single-shot readout in a two-
qubit register by including the intrinsic '*N nuclear spin
of the NV defect. For this experiment, the CNOT gate is
performed with a single narrow band MW 7 pulse which
selectively drives the ESR transition for a given state of the
register, e.g., state |1, |) [Fig. 1(b) and 1(a)]. The PL time
trace then exhibits quantum jumps linked to both nuclear
spin species, which can be easily distinguished because their
characteristic relaxation times differ by orders of magnitude
[Figs. 4(b) and 1(c)]. Indeed, although the '*N nuclear spin
shares its symmetry axis with the NV defect (A ,,; = 0), its
relaxation time is only a few tens of milliseconds because a
strong hyperfine contact interaction in the NV defect excited
state A | =~ 40 MHz induces fast electron-nuclear spin flip
flops [9]. From the nuclear-spin dependent photon counting
distributions, we infer that the two nuclear spin qubits can
be initialized into state |1,]) (dark state) with a fidelity
higher than 98% by using an initialization threshold
N i qux = 110 counts [Figs. 4(d)]. We note that any state
of the register could be deterministically prepared and read-
out by changing the frequency of the MW used for the CNOT
gate. From the overlap between the photon counting distri-
butions, we extract a projective readout fidelity F = 83 =
2%, limited by the "*N nuclear spin relaxation time. This
value could be significantly improved by increasing the
magnetic field strength in order to decouple more efficiently
the "*N nuclear spin from the electron spin dynamics [9].

The reported initialization and single-shot readout of
two nuclear spin qubits combined with well-established
techniques of coherent manipulation within the quantum
register [14,15] pave the way towards tests of quantum
correlations with solid-state single spins at room tempera-
ture [32] and implementations of simple quantum error
correction protocols [21].
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