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3

12C

B

(a) (b)

NV

13C

Figure 1. (a) Atomic structure of the NV defect in diamond consisting of a

substitutional nitrogen atom (N) associated with a vacancy (V) in an adjacent

lattice site of the diamond matrix. The NV defect axis z provides an intrinsic

quantization axis for the electron spin and a magnetic field B is applied along

this axis. (b) Schematic view of a single NV defect (red arrow) placed in a

nuclear-spin bath. Blue arrows indicate
13

C nuclear spins located randomly in

the diamond lattice. Decoherence of the central electronic spin is induced by

hyperfine coupling with the
13

C nuclear spins.

The paper is organized as follows. First we introduce in section 2.1 a theoretical model of

a central spin immersed in a spin bath, which allows us to infer the phase memory time T
∗

2
of

the NV defect electron spin. Then we describe in section 2.2 the numerical and experimental

methods used to analyze the FID signals recorded from single NV defects. The experimental

and numerical results are finally presented in section 3 and compared with the theoretical

predictions.

2. Model and methods

2.1. Theoretical model

We consider the electronic spin S = 1 associated with a single negatively charged NV defect

in diamond (figure 1(a)). This central spin is nestled in a high-purity diamond lattice, where

electron spin impurities such as nitrogen donors (P1 centers) are below 1 ppb and thus do

not contribute to the decoherence of the central spin. Each lattice position can be occupied

either by
12

C atoms (spinless) or by
13

C isotopes (nuclear spin I = 1

2
), which form a nuclear-

spin bath (figure 1(b)). The natural abundance of
13

C in diamond is pnat = 1.1%, while

isotopically modified diamond samples exhibit
13

C concentrations as low as p = 0.01% [43]. In

a high-purity diamond sample, the decoherence of the NV defect electron spin is dominated

by hyperfine coupling with the
13

C nuclear spins. The full Hamiltonian of the system is

given by

H = HNV + Hbath + HNV–bath. (1)
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Figure 2. (a) Experimental sequence used to measure the FID of the NV defect

electron spin. A first laser pulse (2 µs) is used to polarize the electron spin in

the ms = 0 sublevel. A Ramsey sequence consisting of two resonant microwave

(MW) π/2-pulses separated by a variable free evolution duration τ is then

applied and a second laser pulse is finally used for spin-state read-out. For data

analysis, the NV defect PL recorded during the first 300 ns of the laser pulses

is used for spin-state read-out while the PL recorded during the last 300 ns

is used as the reference. (b) Typical FID signals recorded from a single NV

defect (NV12) for three different magnetic field amplitudes applied along the NV

defect axis. The red solid line is data fitting as explained in the main text. The

results of the fitting for the different magnetic fields are as follows: for B = 19 G,

β+1 = 0.347, β0 = 0.333, β−1 = 0.320 and δ = −0.61 MHz; for B = 77 G, β+1 =
0.565, β0 = 0.288, β−1 = 0.147 and δ = 3.65 MHz; and for B = 340 G, β+1 = 1,

β0 = 0, β−1 = 0 and δ = 3.63 MHz. (c) Numerical simulations of the FID signal

for a particular
13

C distribution. These graphs are obtained by multiplying the

simulated FID envelope by the magnetic field-dependent populations βm of each
14

N nuclear-spin state.

field. The coherence time increases around B = 150 G, and at the same time the exponent of the

exponential fit deviates from a Gaussian decay (� = 2) (figure 3(d)).

In order to extract quantitative information on the enhancement factor η, the coherence

time was measured at low field (B ≈ 20 G) and at high field (B ≈ 500 G) for a set of 20 single

NV defects. Figure 4(a) shows a histogram of the coherence time in both regimes. A large

variation of dephasing times is observed owing to the random distribution of
13

C around the

central spin. The mean decoherence time at low field is �T ∗
2

(20 G)�exp = 2.3 ± 1 µs, while in

the high field limit �T ∗
2

(500 G)�exp = 3.7 ± 2 µs (errors are standard deviations). The histogram

of the enhancement factor η is shown in figure 4(b), corresponding to �η� = 1.7 ± 0.5, in good

quantitative agreement with the model developed in the previous section (see equation (23)). The

histogram of the coherence time extracted from the numerical simulation over 1000 different

nuclear-spin bath configurations is shown in figure 4(c), leading to �T ∗
2

(20 G)�N1 = 2.4 ± 0.7 µs
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Figure 4. (a) Experimental and (c) theoretical histograms of the coherence

time T ∗
2

over 20 and 1000 different
13

C bath configurations, respectively. (b)

Corresponding experimental and (d) theoretical distributions of the coherence

time enhancement between weak magnetic field (B = 20 G) and high magnetic

field (B = 500 G).

the evolution due to the anisotropic component of the hyperfine interaction gets larger as the

concentration of
13

C nuclear spins increases. As a result, the magnetic field strength linked to

the transition between the coherence time in the low field limit (T ∗
2,LF

) and in the high field limit

(T ∗
2,HF

) decreases with the
13

C content. We note that for a given
13

C content, the inner distribution

of nearby nuclei might resemble a bath configuration corresponding to a smaller concentration.

For this particular case, we expect to have a larger T ∗
2

and a smaller magnetic field amplitude to

increase T ∗
2

, as it might be the case for NV12 in figure 3(a).

The coherence time normalized to its value in the high field limit is shown in figure 5(b).

The enhancement of the coherence time matches very well the value given by equation (23),

T ∗
2,HF

/T ∗
2,LF

=
√

5/2 = 1/0.632, and is independent of the impurity concentration. Finally, the

coherence time is plotted as a function of p in figure 5(c). In the limit of either a weak or a high

magnetic field, the coherence time scales as 1/
√

p, as expected from equations (16) and (18).

In intermediate regimes, the scaling deviates from this simple behavior owing to the increment

of the coherence time starting when γn B ∼ A(n)
(see figure 5(a)).

3.3. Partition of the nuclear-spin bath into shells and cones

In this section, we analyze the contribution to decoherence of each nuclear-spin impurity with

respect to its position relative to the central spin, using the numerical method N2 for a natural

abundance of
13

C.

First, we group
13

C according to their radial distance to the central spin. The nuclear-spin

bath is thus divided into shells Si with 5 Å width. The number of lattice sites in each shell is
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Figure 6. (a) Shell partition of the nuclear-spin bath. Each shell Si has a thickness

of 5 Å. The number of lattice points per shell is indicated. (b) Coherence time

versus shell number for low (10 G) and high (500 G) magnetic fields. The

calculation is performed with the numerical method N2 for a natural abundance

of
13

C. The coherence time enhancement for each shell is equal to
√

5/2, as

shown in the inset. (c) Contribution of each shell to decoherence calculated as

(T ∗
2
/T ∗

2,Si
)2

. As expected, nuclei close to the central spin contribute the most.

We now analyze the contribution of each nuclear spin as a function of its angular orientation

θ with respect to the symmetry axis of the NV defect. For this purpose, the nuclear-spin bath

is divided into 20 angular cones, as shown in figure 7(a). Each cone Ci contains on average

an equal number of lattice sites, so that their relative contributions to decoherence can be

better compared. The coherence time T ∗
2,Ci

of the central spin is inferred by calculating the

FID envelope due to the nuclei belonging to a given cone Ci of the nuclear-spin bath.

Figure 7(b) shows the FID envelope at weak and high magnetic fields for three different

cones C1, C5 and C10, containing nuclei close to the north pole, to the magic angle θM ≈ 54
◦

and to the equator, respectively. For cones C1 and C10, the FID signals are almost identical

at weak and high magnetic fields, whereas for cone C5 there is a large enhancement of the

coherence time at high magnetic field. The coherence time enhancement factor η is plotted as

a function of the cone mid-angle in figure 7(c). This behavior can be understood as follows.

Within our model, the hyperfine interaction is assumed to be purely dipolar between the central

spin and each nuclear spin of the bath. In this framework, equations (20) and (21) indicate

that the anisotropic component of the hyperfine vector A⊥ is zero at the poles (θ = {0, π})
and at the equator (θ = π/2); meanwhile, the Azz component is zero at the polar magic angle

(θM = cos
−1(1/

√
3) ≈ 54

◦
). Therefore, since the anisotropic component is suppressed for large

magnetic fields, the main contribution to the coherence time enhancement comes from the

nuclei with axial component Azz ≈ 0, i.e. placed at the magic angle θM ≈ 54
◦
. This effect is

an analogous phenomenon to magic angle spinning in solid-state nuclear magnetic resonance

spectroscopy [54]. Following equation (23), the enhancement factor as a function of the polar

angle θ can be written as

η(θ) =
T ∗

2,HF
(θ)

T ∗
2,LF

(θ)
=

�����

√
1 + 3 cos2 θ

1 − 3 cos2 θ

����� . (25)

This formula accurately matches the enhancement factor inferred from the numerical

simulations, as shown in figure 7(c).
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Figure 7. (a) Cone partition of the nuclear-spin bath. Each cone contains

approximately the same number of lattice sites (∼5000). Cones C1, C5 and C10

contain nuclear spin close to the north pole, to the magic angle θM ≈ 54
◦
, and

to the equator, respectively. (b) Envelope of the FID signal for cones C1 (dashed

lines), C5 (solid lines) and C10 (dashed-dot lines) at weak magnetic field (blue)

and at high magnetic field (red). (c) Coherence time enhancement factor η as a

function of the cone mid-angle. The maximum enhancement occurs for nuclei

with a polar angle θ close to the magic angle. The solid line is the theoretical

prediction given by equation (25).

From the partition of the bath into shells and cones, we conclude that nuclear-spin baths

with a large number of nuclei close to the magic angle and close to the central spin exhibit a

large enhancement of their coherence time when the magnetic field is increased. This feature

also explains the large variation of the enhancement factor shown in figures 4(c) and (d), which

correlates with the presence of nuclei close to the magic cone.

4. Conclusions

We have studied the decoherence of the electronic spin associated with a single NV defect

in diamond placed in a
13

C nuclear-spin bath. By recording the FID signal as a function of

the strength of a magnetic field applied along the NV defect axis, we have demonstrated

an increment of the coherence time at high magnetic field, in agreement with theoretical

studies. Numerical simulations of the FID signal indicate that the coherence time enhancement

is independent of the
13

C concentration and is mainly due to nuclei positioned close to the

vacancy and close to the polar magic angle (θ ≈ 54
◦
) with respect to the symmetry axis of the

NV defect. This work points out interesting dynamics of a single spin placed in a spin bath,

whose understanding is required for the development of diamond-based quantum information

processing where single spins in diamond are used as robust solid-state qubits.
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transform of the FID signal indicates a relatively high
polarization efficiency P¼40"10%, which suggests that
the 13C quantization axis is close to the NV defect axis
in both the ground and excited states [26]. The anisotropic
component of the hyperfine tensor Aani is therefore
assumed to be much smaller than Azz. Since the 13C
nuclear spin gets polarized in j "i, this measurement also
provides unambiguous identification of each ESR fre-
quency to a given nuclear spin state, j "i or j #i [27,28].

In the spirit of previous works [9,10], projective single-
shot detection of the 13C 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 ms ¼ 0

sublevel through optical pumping. A controlled not
(CNOT) gate is then applied to induce an electron spin flip
conditioned on the 13C nuclear spin state jc ni. 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 ! pulses on the electronic spin, which selec-
tively drive the ESR transition for a given 13C nuclear spin
state, e.g., j #i. In order to take advantage of the full ESR
contrast and to get rid off any quantum jumps linked to the

(a)

(c)

(d) (e)

(b)

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 and in the excited state are highlighted.
(b) Hyperfine structure of the ms ¼ 0 and ms ¼ #1 electron
spin manifolds for a NV defect coupled with its intrinsic 14N
nuclear spin (mIðNÞ ) and with a nearby single 13C nuclear spin
( " or # ). The hyperfine sublevels are denoted as jmIðNÞ ; " ð#Þi.
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 T'

2 ¼ 2:9" 0:1 "s.
(e) Fourier transform of the FID signal.
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(b)

(c)

(d)

FIG. 2 (color online). (a) Logic diagram of the single-shot
readout scheme and corresponding experimental sequence. The
duration of the !-pulses is set to 4 "s. 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 ms ¼ 0 sub-
level (j0ie) at each repetition of the sequence. (b) PL time trace
showing quantum jumps of the 13C nuclear spin state. The solid
line is a fit with a two states hidden Markov model from which
the relaxation time T1 of the nuclear spin state is extracted.
(c) Normalized nuclear-spin dependent photon counting distri-
butions S"ð#Þ. The solid lines are data fitting with the formula
given in Ref. [23]. (d) Single-shot readout fidelity F "ð#Þ as a
function of the readout threshold. The initialization thresholds
N i;#,N i;" and the optimized discrimination threshold N r;opt

are indicated with dashed lines. The solid lines are extracted
from the fits in (c). We note that the initialization fidelity in state
j #i (j "i) is given by F #ðN i;#Þ [F "ðN i;"Þ].

P HY S I CA L R EV I EW LE T T E R S

2 2



! `!

!;D@3=& $U/! T,U! ]$C+(! D+,C.,4! $2! &)'! 0+*C-'K
0)$&! .',D$6&! 0()'4'! ,*D! ($..'0/$*D+*C!
'X/'.+4'*&,-! 0'e6'*('3! #)'! D6.,&+$*! $2! &)'!
/+K/6-0'0!+0!0'&!&$!M!603!#)'!QJJ!*0!-,0'.!/6-0'!
+0! 60'D! 7$&)! 2$.! 0/+*K0&,&'! .',DK$6&! ,*D! &$!
,()+'S'! ,*! '22+(+'*&! /.'/,.,&+$*! $2! &)'! W\!
D'2'(&!'-'(&.$*!0/+*!+*!&)'!40!n!J!067K-'S'-!,&!
',()! .'/'&+&+$*! $2! &)'! 0'e6'*('3! T7U! :]! &+4'!
&.,('! 0)$R+*C! e6,*&64! 864/0! $2! &)'! "Q?!
*6(-',.!0/+*!0&,&'3!#)'!0$-+D!-+*'!+0!,!2+&!R+&)!,!
&R$!0&,&'0!)+DD'*!N,.>$S!4$D'-!2.$4!R)+()!
&)'! .'-,X,&+$*! &+4'! #"! $2! &)'! *6(-',.! 0/+*!
0&,&'! +0! 'X&.,(&'D3! T(U! W$.4,-+Z'D! *6(-',.K
0/+*! D'/'*D'*&! /)$&$*! ($6*&+*C!
D+0&.+76&+$*0! 53! #)'! 0$-+D! -+*'0! ,.'! D,&,!
2+&&+*C03!!
TDU!5+*C-'K0)$&!.',D$6&!2+D'-+&V!9!,0!,!26*(&+$*!
$2! &)'! .',D$6&! &).'0)$-D3! #)'! +*+&+,-+Z,&+$*!
&).'0)$-D0! W+! ,*D! &)'! $/&+4+Z'D!
D+0(.+4+*,&+$*! &).'0)$-D! W.P$/&! ,.'! +*D+(,&'D!
R+&)! D,0)'D! -+*'03! #)'! 0$-+D! -+*'0! ,.'!
'X&.,(&'D! 2.$4! &)'! 2+&0! +*! T(U3! #)'!
+*+&+,-+Z,&+$*! 2+D'-+&V! +*! 0&,&'! 6/TD$R*U! ! +0!

C+S'*!7V!96/!T9D$R*U3!!"#$%&'(%)*'1234>'@&A>'B&CC>'6698'9D9E9<';<96:=>!
!

!
!
!;D@3=& $V/! T,U! BX/'.+4'*&,-! 0'e6'*('3! T7UP! T(U! :]! &+4'! &.,('! .'($.D'D! 7V! ($*&+*6$60-V!
.'/',&+*C! &)'! 0'e6'*('! 2$.! ,! 4,C*'&+(! 2+'-D! =! n! IL`J! A3! B,()! D,&,! /$+*&! ($..'0/$*D0! &$!
,//.$X+4,&+S'-V!QJJJ!.'/'&+&+$*0!$2!&)'!.',D$6&!0'e6'*('!TLJ!40U3!l6,*&64!864/0!-+*>'D!&$!
T7U! &)'! R',>-V! ($6/-'D! "Q?! *6(-',.! 0/+*! ,*D! &$! T(U! &)'! +*&.+*0+(! "MW! *6(-',.! 0/+*! (,*! 7'!
D+0&+*C6+0)'D3! TDU! W$.4,-+Z'D! *6(-',.K0/+*! D'/'*D'*&! /)$&$*! ($6*&+*C! D+0&.+76&+$*0!
4',06.'D!R+&)!&)'!+*+&+,-+Z,&+$*!&).'0)$-D0!0'&!&$!W!+PD,.>!n""J!($6*&0!,*D!W!+P7.+C)&!n!"aJ!
($6*&03!#)'!/.$8'(&+S'! .',D$6&! 2+D'-+&V! +0!$/&+4+Z'D! 2$.!,!D+0(.+4+*,&+$*! &).'0)$-D!W!.P$/&!n!
"QI!($6*&03!!"#$%&'(%)*'1234>'@&A>'B&CC>'6698'9D9E9<';<96:=>!
!
#)'0'!.'06-&0!$/'*!&)'!D$$.!2$.!26&6.'!,//-+(,&+$*0!+*!e6,*&64!+*2$.4,&+$*!+*S$-S+*C!0'S'.,-!
e6,*&64!7+&03!

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
ms ¼ "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 13C 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
!nB # ðAzz;AaniÞ. 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 13C nuclear
spin studied in detail in this work, quantum jumps were
also observed for a 13C coupling strength Azz ¼ 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 quantum jumps in the PL time trace for mag-
netic fields up to 5000 G. The probability to find weakly
coupled 13C 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 spectral selectivity of the quantum
logic.

Finally, we demonstrate single-shot readout in a two-
qubit register by including the intrinsic 14N nuclear spin of

the NV defect. For this experiment, the CNOT gate is
performed with a single narrow band MW " pulse which
selectively drives the ESR transition for a given state of the
register, e.g., state j1; #i [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 14N
nuclear spin shares its symmetry axis with the NV defect
(Aani ¼ 0), its relaxation time is only a few tens of milli-
seconds 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 j1; #i
(dark state) with a fidelity higher than 98% by using an
initialization threshold N i;dark ¼ 110 counts [Figs. 4(d)].
We note that any state of the register could be deterministi-
cally prepared and readout by changing the frequency of
the MW used for the CNOT gate. From the overlap between
the photon counting distributions, we extract a projective
readout fidelity F ¼ 83& 2%, limited by the 14N nuclear
spin relaxation time. This value could be significantly
improved by increasing the magnetic field strength in order
to decouple more efficiently the 14N 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].
The authors acknowledge P. Bertet, J. Wrachtrup, and

M. Lecrivain for fruitful discussions and experimental
assistance. This work was supported by the Agence
Nationale de la Recherche (ANR) through the Projects
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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 ¼ 5280 G. Each data point corresponds to approximatively 3000 repetitions of the readout sequence (20 ms).
Quantum jumps linked to (b) the weakly coupled 13C nuclear spin and to (c) the intrinsic 14N nuclear spin can be distinguished.
(d) Normalized nuclear-spin dependent photon counting distributions measured with the initialization thresholds set to N i;dark ¼ 110
counts and N i;bright ¼ 160 counts. The projective readout fidelity is optimized for a discrimination threshold N r;opt ¼ 135 counts.
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transform of the FID signal indicates a relatively high
polarization efficiency P¼40"10%, which suggests that
the 13C quantization axis is close to the NV defect axis
in both the ground and excited states [26]. The anisotropic
component of the hyperfine tensor Aani is therefore
assumed to be much smaller than Azz. Since the 13C
nuclear spin gets polarized in j "i, this measurement also
provides unambiguous identification of each ESR fre-
quency to a given nuclear spin state, j "i or j #i [27,28].

In the spirit of previous works [9,10], projective single-
shot detection of the 13C 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 ms ¼ 0

sublevel through optical pumping. A controlled not
(CNOT) gate is then applied to induce an electron spin flip
conditioned on the 13C nuclear spin state jc ni. 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 ! pulses on the electronic spin, which selec-
tively drive the ESR transition for a given 13C nuclear spin
state, e.g., j #i. In order to take advantage of the full ESR
contrast and to get rid off any quantum jumps linked to the
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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 and in the excited state are highlighted.
(b) Hyperfine structure of the ms ¼ 0 and ms ¼ #1 electron
spin manifolds for a NV defect coupled with its intrinsic 14N
nuclear spin (mIðNÞ ) and with a nearby single 13C nuclear spin
( " or # ). The hyperfine sublevels are denoted as jmIðNÞ ; " ð#Þi.
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 T'

2 ¼ 2:9" 0:1 "s.
(e) Fourier transform of the FID signal.
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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 !-pulses is set to 4 "s. 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 ms ¼ 0 sub-
level (j0ie) at each repetition of the sequence. (b) PL time trace
showing quantum jumps of the 13C nuclear spin state. The solid
line is a fit with a two states hidden Markov model from which
the relaxation time T1 of the nuclear spin state is extracted.
(c) Normalized nuclear-spin dependent photon counting distri-
butions S"ð#Þ. The solid lines are data fitting with the formula
given in Ref. [23]. (d) Single-shot readout fidelity F "ð#Þ as a
function of the readout threshold. The initialization thresholds
N i;#,N i;" and the optimized discrimination threshold N r;opt

are indicated with dashed lines. The solid lines are extracted
from the fits in (c). We note that the initialization fidelity in state
j #i (j "i) is given by F #ðN i;#Þ [F "ðN i;"Þ].
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