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Supplementary Note 1: Active link efficiency

In the main text, we introduce the ‘active’ link effi-
ciency, η∗link = rent/rdec, given by the ratio of the inter-
node entanglement generation rate rent and the decoher-
ence rate rdec of the data qubits during network oper-
ation. This is a slight modification to the passive ver-
sion of the link efficiency introduced in prior work, η link,
which was evaluated considering rdec to be the decoher-
ence rate of a two-qubit entangled state during idling of
the communication link, rather than the single-qubit rate
during remote entanglement operation [1]. That metric
relates specifically to deterministic entanglement delivery
on a clock cycle [1] and bounds η∗link. A large η link is a
necessary, but not sufficient condition for large quantum
networks. While previous experiments reported η link in
the range of 5-8 [1, 2], the η∗link in those works was much
smaller than 1.

Supplementary Note 2: Nuclear-spin control

Dynamical decoupling (DD) spectroscopy is used to
characterise the nuclear spin environment of the NV cen-
tre [3]. The signal presented in the main text (Fig. 1(c))
is modelled by the interaction of the NV with two indi-
vidual 13C spins, taking into account the decoherence of
the electron spin during the decoupling sequence [3].

The resonance at 44.832 µs is associated with the sin-
gle spin characterised as a data qubit in this work, for
which we extract hyperfine interaction parameters of A∥
= 2π· 80(1) Hz and A⊥ = 2π· 271(4) Hz via Ramsey
spectroscopy and DD nutation experiments respectively
[4]. The resonance at 44.794 µs is, in reality, a sum over a
number of spins associated with the 13C bath. However,
the signal is reasonably approximated by a single nuclear
spin with A∥ = 2π· 0 Hz and A⊥ = 2π· 150 Hz.

We realise universal control over the electron-13C sys-
tem: an electron-nuclear two-qubit gate is implemented
following the methods described in Taminiau et al. [5]
(CRot duration ∼ 25 ms), while selective radio-frequency
driving and free precession enable arbitrary 13C single-
qubit gates [6]. Following the methods of Cramer et al.,
we estimate the two-qubit gate fidelity to be ∼ 84% [7].
This is thought to be limited by the electron spin coher-
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Supplementary Figure 1. Nuclear spin repetitive read-
out: (a) Repetitive readout protocol: in each repetition, the
nuclear X-basis spin-projection is mapped to the electron spin
Z-basis, which is optically read out and then reset. (b) Ex-
ample histograms obtained when preparing the |x⟩ and |−x⟩
states with a single projective measurement, followed by 8 X-
basis readouts. Dashed line denotes the optimal state discrim-
ination threshold. Dark (light) colours correspond to popu-
lations which are assigned to the targeted (erroneous) state.
(c) Optimised state preparation and measurement fidelity as
a function of the number of repetitive readouts. (d) Same
as (b), but now using the outcomes of 8 prior readouts (≥5
read-outs with ≥1 photon for |x⟩ initialisation, no photons in
any of the 8 readouts for |−x⟩ initialisation) as an additional
initialisation step.

ence, which is restricted by the P1 spin bath rather than
the 13C bath. Reduction of these impurities through im-
proved diamond growth should enable high fidelity con-
trol over a larger number of nuclear spins, as demon-
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strated in natural abundance 13C samples [6].
As the fidelity of the nuclear spin readout is limited by

the electron spin coherence, it is possible to improve this
readout fidelity by repeated measurements, as has pre-
viously been achieved for single 13C nuclear spins under
ambient conditions [8–10]. We implement the repetitive
readout protocol shown in Supplementary Fig. 1(a). As
the electron-nuclear coupling is weak — A∥ ≪ 1/τRO,
for τRO the combined readout and repumping time —
electron spin flips during the optical readout induce min-
imal 13C dephasing. We can thus repeat the mapping
and readout procedure a number of times, from which
we acquire histograms as exemplified in Supplementary
Fig. 1(b).

The histograms after preparation of |x⟩ and |−x⟩ re-
spectively show two distinct populations. The state
preparation and measurement process is quantified by
FSPAM = 1

2 (Fx|x + F−x|−x), where Fi|j is the probability
to assign the spin state |i⟩ after attempting initialisation
in |j⟩. In Supplementary Fig. 1(c), we plot FSPAM as
a function of the number of repeated readouts, in each
case using the optimal threshold to discriminate the two
states. At an optimum number of 12 readouts, FSPAM

reaches 80.4(9)%. In all nuclear spin data shown in the
main text and in the remainder of this supplement, we
utilise N = 8 readout repetitions (FSPAM = 79.4(9)%)
as a trade-off between optimal fidelity and measurement
run-time. The associated histogram is shown in Supple-
mentary Fig. 1(b).
FSPAM is predominantly limited by two mechanisms.

First, the measurement sequence still induces some de-
coherence of the nuclear spin — as can be seen by the
decrease in fidelity for >12 read-outs — reducing the ex-
tractable information. This effect would likely be miti-
gated by improvement of the two-qubit gate. Second, we
prepare the |x⟩ and |−x⟩ states using a single projective
measurement [7]. Repetitive measurements can also be
used to initialise the spin: in Supplementary Fig. 1(d) we
additionally show the outcome of 8 repetitive readouts,
conditioned on the outcome of 8 prior readouts. We find
an achievable FSPAM = 91(1)%, but do not employ it in
this work due to the additional time overhead of >0.5 s
per experimental shot.

Supplementary Note 3: 13C spin-bath echo

In the main text, we report the nuclear spin dephasing
timescale associated with nuclear spin bath dynamics to
be T ∗

2,13C−bath = 0.66(3) s. To identify this timescale, we

prepare the electron in the |0⟩ state and perform a spin-
echo at the 13C Larmor frequency (ΩRabi = 120 Hz).
Such a pulse inverts the local nuclear spin environment,
decoupling it from other quasi-static noise sources but
leaving the 13C-13C interactions unperturbed.
In Supplementary Fig. 2 we present the measured data

and experimental sequence.
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Supplementary Figure 2. 13C spin-bath echo: Mea-
sured nuclear spin dephasing when applying a spin-echo at
the 13C Larmor frequency. The electron is initialised in
the |0⟩ state, such that the echo pulse simultaneously in-
verts the addressed 13C along with the surrounding nuclear
spin environment. The data are fit with an exponential de-
cay, f(t) = A exp[−(t/T2)

n], for which we find T ∗
2,13C−bath =

0.66(3) s and n = 1.3(1).
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Supplementary Figure 3. Electron spin reset: After ini-
tialisation in |1⟩, the population in |0⟩ is plotted as a func-
tion of the repumping duration (30 nW, E’). A delay of 10
µs between turning off the spin-pumping laser and turning
on the readout laser ensures that minimal population re-
sides in the metastable singlet states [11]. The data are
well described by a two-timescale phenomenological model:
f(t) = A(1 − exp[−t/τ1]) + B(1 − exp[−t/τ2]), for which we
find A=0.480(15), B=0.503(14), τ1=142(5) ns, τ2=905(31)
ns.

Supplementary Note 4: Electron spin initialisation

Electron spin initialisation constitutes a large frac-
tion of the remote entanglement primitive duration [12].
Therefore, faster initialisation rates are desirable. This
can be achieved by using higher laser powers, such
that the NV centre is more frequently excited. How-
ever, higher laser powers also increase the ionisation rate
[13, 14]. Furthermore, as initialisation occurs primarily
via the NV− intersystem crossing [11], the ∼ 370 ns life-
time of the singlet state, alongside the finite branching
ratio from this state to the targeted ms = 0 state, limit
the extent to which higher laser powers increase the reset



3

speed.

As a trade-off between these factors, we use 30 nW of
E’ excitation for the repumping process. This leads to
initialisation fidelities ≥98% in a duration of 5 µs. In
Supplementary Fig. 3 we plot the measured reset dy-
namics for this power.

Supplementary Note 5: Weak electron-spin pulses

When implementing large numbers of repetitions of the
remote entanglement protocol using strong microwave
pulses, the mean number of detected photons during
single-shot read-out was observed to decrease. This is
attributed to heating of the sample. Note that heat-
ing is problematic in the context of optical entanglement
generation, because a reduction of the photon emission
decreases the success probability, and the photon indis-
tinguishability also decreases with temperature [15].

The applied heat-load can be reduced by decreasing the
MW Rabi frequency, but this is complicated by the pres-
ence of the nitrogen nuclear-spin. The electron-nitrogen
hyperfine coupling, A∥SzIz (A∥ = 2π · 2.18 MHz) causes
a three-fold splitting of the transition frequency. For this
reason, we usually employ strong, spectrally-broad Her-
mite pulses (Rabi frequency ∼ 27 MHz) for high-fidelity
(≫ 99%) manipulation of the electron spin, independent
of the nitrogen spin state.

While prior initialisation of the nitrogen spin in a
chosen state can relax this requirement [16], the large
excited-state hyperfine coupling causes rapid depolarisa-
tion of the nuclear spin under repeated optical reset of
the electron-spin, ruling out this method in the presented
experiments [17].

An alternative approach is to apply three separate
drive tones, each addressing one of the nitrogen hyper-
fine levels. High-fidelity inversion is realised if the Rabi
frequency of each tone, Ω, is large relative to the tran-
sition linewidth, which is described by a Gaussian dis-
tribution with σf = 1/(

√
2πT ∗

2 ) = 4.5 kHz. Conversely,
Ω should be small relative to the detuning between the
transitions A∥, such that AC-Stark frequency shifts re-
main small. We apply square pulse envelopes with Ω = 92
kHz for each tone. The integrated power over the multi-
tone pulse is ∼ 80 (∼ 40) times reduced for the π (π/2)
pulse when compared to the strong Hermite pulses (Rabi
frequency: π-pulse ∼ 27 MHz, π/2-pulse ∼ 16 MHz), en-
abling the repeated application of hundreds of thousands
of MW pulses without observation of heating effects.

We numerically evaluate the electron spin dynamics
using the QuTip python package [18]. Making the secu-
lar and rotating wave approximations, and transforming
to the interaction picture ω1Ŝz, with ω1 = D + γeBz,
the Hamiltonian describing the evolution of the driven
electron-nitrogen system is:

Time (μs)

F(
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τ

Simulation

Experiment

Supplementary Figure 4. Weak microwave pulses: Elec-
tron spin dynamics under application of the three-tone mi-
crowave pulse. The solid line (circles) show the simulated
(measured) dynamics after initialisation of the electron spin
in |0⟩. A π-pulse is realised after 5.5 µs.

H ′ = 2D |2⟩ ⟨2|+QÎ2z + γNBz Îz +A∥Ŝz Îz

+
1√
2
Ω(cos(ϕ1)Ŝx − sin(ϕ1)Ŝy)

+
1√
2
Ω(cos(A∥t+ ϕ2)Ŝx − sin(A∥t+ ϕ2)Ŝy)

+
1√
2
Ω(cos(−A∥t+ ϕ3)Ŝx − sin(−A∥t+ ϕ3)Ŝy).

(1)

Here, Ŝi and Îi are the electron and nuclear spin-1 oper-
ators. D is the zero-field splitting, Q is the quadrupole
splitting, γe and γN are the electron and nitrogen gy-
romagnetic ratios, and Bz is the external magnetic field
component parallel to the NV axis. ϕi are the phases of
the individual drive fields, while |2⟩ ⟨2| is the projector on
the state |2⟩ of the electron spin: this term is a detuning
of the non-driven ms = +1 electron spin transition. We
have additionally assumed that the three drive tones are
x-polarised.
In Supplementary Fig. 4 we show the simulated and

measured electron spin dynamics. A high-fidelity π-pulse
is realised after ∼ 5.5 µs of driving. The observed modu-
lations arise due to slight relative AC-Stark shifts. Each
drive tone induces a frequency shift approximately given
by δAC−Stark ∼ Ω2/2∆, where ∆ is the difference be-
tween the drive frequency and each detuned transition
frequency. For the mI = 0 transition, the shifts from the
off-resonant tones are cancelled to first order. However,
for the mI = ± 1 transitions, there is a frequency shift of
∼ ±2 kHz.
We note that the parameters used here are not

suitable for natural abundance samples, (T ∗
2 ∼ 5µs,

1/(
√
2πT ∗

2 ) ∼ 45 kHz), where the broader intrinsic
linewidth leads to significant infidelity (simulated to be
∼ 33% by Monte Carlo sampling, compared with ∼ 0.6%
for the present scenario). However, heating can alter-
natively be addressed by improved device engineering in
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future work, for example by fabricating the stripline us-
ing superconducting materials. This would enable the
use of strong microwave pulses throughout the experi-
ments and remove the time overhead required for weak
pulses.

Supplementary Note 6: Quantum network memory
performance using strong pulses

As discussed in the above section, the use of strong
microwave pulses during the remote entanglement prim-
itive led to the observation of heating effects. For this
reason, we implemented the weak pulse scheme to ensure
that optical processes were unaffected and thus would be
compatible with remote entanglement generation. Nev-
ertheless, we here study the data qubit decoherence when
using strong pulses, which enables a shorter duration per
entangling attempt.

The entangling primitive used here is identical to that
used in the main text (tr = 5 µs, t′ = 200 ns, tl = 1 µs),
but with the weak MW π/2 pulse (tMW = 2.8 µs) now re-
placed by a Hermite π/2 pulse (tMW = 100 ns). The total
duration is thus reduced from 9 µs to 6.3 µs. We measure
the decay of the nuclear coherence, (⟨X⟩2 + ⟨Y ⟩2)1/2, as
a function of the number of entangling primitives after
initialisation in |x⟩. We again interleave one round of nu-
clear spin XY8 decoupling pulses. In Supplementary Fig.
5 we plot the results, including different post-selection
thresholds for the post-measurement CR checks as in the
main text. Importantly, the rejected fraction of events
is similar to that observed when using the weak pulse
scheme, suggesting that optical dynamics are relatively
unchanged.

When compared with the data presented in the main
text, we observe an increase in data qubit robust-
ness. With the most stringent filtering, we find a decay
time of 419(96)·103 attempts (2.6(6) s). This compares
favourably with the weak pulse case, where the equato-
rial states {|x⟩,|y⟩,|−x⟩,|−y⟩} have a mean decay time of
190(8)·103 attempts (1.8(1) s).

Supplementary Note 7: Simulated nuclear spin
dephasing due to the remote-entanglement protocol

In this section we numerically analyse the nuclear-spin
dephasing induced by repeated remote entanglement at-
tempts. Our analysis is based upon Monte Carlo simu-
lations, adapted from the work of Kalb et al. [11]. Here,
we will neglect the intrinsic dephasing timescales (T ∗

2 and
T2) of the nuclear spin, rather focusing on the limits im-
posed by the remote entanglement sequence alone. Fur-
ther, we neglect the role played by ionisation. We will
consider two sequences, the first following that imple-
mented experimentally, and the second in which an ad-
ditional electron spin-echo is incorporated within each
attempt, see Supplementary Figs. 6(a,b).
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Supplementary Figure 5. Data qubit robustness using
strong electron pulses: Nuclear spin coherence as a func-
tion of the number of applied remote entangling primitives.
Blue, green, red lines correspond to post-selection using a CR-
check performed after the experiment, with thresholds of 0,
1, 5 respectively. The lower panel shows the corresponding
fraction of rejected data.

To build up a statistical distribution for the phase ac-
quired by the nuclear spin after repeated application of
the sequence, we generate a number of samples, K, each
of N trials.
In each trial, a random number 0 ≤ Rinit ≤ 1 is used

to instantiate the NV electron in a given spin projection,
|s⟩ ∈ {−1, 0,+1}, each with probability p|s⟩. The p|s⟩
are parameterised by a chosen initialisation error, pinit,
such that p|0⟩ = (1− pinit) and p|−1⟩ = p|+1⟩ = pinit/2.
The nuclear spin is now evolved for a time, ta =

(tp − ⟨tc⟩ + ts), where tp is the total optical pumping
duration, ⟨tc⟩ is the mean time to initialise (‘reset’) the
spin, and ts is the spacing between the end of the repump
laser pulse and the centre of the ‘α’ microwave pulse (used
to prepare the electron superposition for spin-photon en-
tanglement). The stochastic nature of tc is accounted for
below. A phase, ϕa is acquired according to the initial
state, at the difference frequency δω = A∥s.
Next, the ‘α’ microwave pulse is applied, the effect

of which is treated as instantaneous. While throughout
this work we set α = π/2, for which the sequence induces
maximal dephasing noise on the data qubit, α is generally
a free parameter which determines a rate-fidelity trade-
off for remote spin-spin entanglement in the single-click
entangling protocol [1, 12]. Another random number,
0 ≤ RMW ≤ 1, is used to determine whether the electron
spin is flipped between |0⟩ ↔ |−1⟩ (|+1⟩ is assumed to be
unperturbed). The inversion is applied if RMW < pMW,
the inversion probability of the chosen microwave pulse.
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Supplementary Figure 6. Numerical analysis of nuclear
spin dephasing: (a) Sketch of the primitive remote entan-
glement unit used in experiment as formulated for Monte
Carlo simulation. The nuclear spin (yellow) acquires spurious
phases according to the dynamics of the electron spin (purple)

and the Ŝz Îz coupling A∥. This phase is broken down into
contributions from three imperfect operations, determined by
initialisation infidelity (ϕa, parameterised by pinit), microwave
inversion (ϕb, parameterised by pMW and popt) and stochas-
tic reset time (ϕc, parameterised by tc). (b) Sketch of the
primitive remote entanglement unit when incorporating an
additional electron spin-echo pulse (with failure possibility
parameterised by pecho). (c) Results of Monte Carlo simu-
lations for the scenario given in (b), after application of 106

entangling primitives. α = π/2, pMW = 0.5, popt = 0.01, ta
= 5.1 µs, tb = 1.3 µs and ⟨tc⟩ = 200 ns. Results are averaged
over 1000 samples.

Immediately after the microwave pulse, we apply the
effect of the optical π-pulse used to create spin-photon
entanglement. A third random number, 0 ≤ Ropt ≤ 1,
is used to determine whether the electron spin is flipped
from |0⟩ → {|−1⟩ , |+1⟩}, each with equal probability.
Again, the inversion is applied if Ropt < popt, which we
set to be 0.01, according to the estimated spin-flip prob-
ability of the Ex,y transitions [11]. Note that the proba-
bility of this spin-flip is much smaller than that induced
by the microwave pulse, justifying the omission of the
optical pulses in the presented experiments.

In the case that we do not incorporate the electron
spin-echo (Supplementary Fig. 6(a)), the nuclear spin

now simply acquires phase for a time tb (ϕb), defined
as the time between the centre of the microwave pulse
and the onset of optical pumping. This time period al-
lows for the decision logic for success or failure of the
remote entanglement protocol (detection or loss of the
optical photon). For short range (metre-scale) experi-
ments, this timescale is typically ∼ 1µs, limited by the
current electronics used. The dephasing associated with
tb is dominant in this sequence: for α = π/2, there is an
extended period of time during which the electron has an
approximately 50% chance to be in either the |0⟩ or |−1⟩
state.
Finally, we account for the stochastic optical reset. In

the case that the electron spin is in |−1⟩ or |+1⟩ at the
onset of spin-pumping, a finite duration is required to
prepare |0⟩ for the start of the next repetition. A re-
set time, tc, is sampled from the phenomenological two-
timescale function fitted in Supplementary Fig. 3, which
determines the final evolution time before the end of the
trial, during which time a phase ϕc is acquired.
Summing these phases, we find the total phase ac-

quired by the nuclear spin for the i-th trial of the k-
th sample: ϕi,k. Repeating this process for N trials,
we calculate the cumulative phases Φn,k =

∑n
i=1 ϕi,k for

n = {1, ..., N}.
For each sample, we can then calculate the state fi-

delity after each n trials:

Fn,k =
1

2
+

1

2
cos(Φn,k − Φn) (2)

where Φn is the mean phase after n trials, averaged
over all samples. Finally, we find the characteristic n for
which cos(Φn,k − Φn) falls below 1/e.
As the dephasing associated with tb is dominant, we

also consider the case in which it is possible to incorpo-
rate an additional spin-echo into the sequence (for ex-
ample, because heating is mitigated by device engineer-
ing), see Supplementary Fig. 6(b). In this case, the
nuclear spin acquires phase for a time tb/2 (ϕb,1), be-
fore the echo is applied, and then for a further time
(t′b/2 + ⟨tc⟩) = tb/2 (ϕb,2). In case of successful appli-
cation of the echo, ϕb,1 + ϕb,2 = 0. We account for a
finite failure probability of the echo pulse using another
random number, 0 ≤ Recho ≤ 1. If Recho > pecho, the
electron spin is flipped between |0⟩ ↔ |−1⟩.
We consider two regimes. First, for the sequence ex-

cluding the spin-echo, we choose parameters that are as
least as pessimistic as used in the experiments in the main
text. We have ta = 6.1 µs, tb = 2.4 µs, ⟨tc⟩ = 535 ns (fol-
lowing the two-timescale function fitted in Fig. 3), pinit
= 0.03, pMW = 0.5, popt = 0.01. We find that after appli-
cation of 106 entangling primitives, the expected fidelity
with an initial superposition state is 0.776(4), averaged
over K = 4000 samples. These calculations indicate that
dephasing due to the entangling sequence is not limiting
in the experiments.

We now turn to the case in which the echo is incor-
porated. We assume that strong MW pulses can be
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employed, enabling ta = 5.1 µs, tb = 1.3 µs. Further,
we assume that faster spin reset can be achieved, as
has been previously demonstrated with higher powers
[11, 19]: setting ⟨tc⟩ = 200 ns (following a single expo-
nential timescale). We set pMW = 0.5, popt = 0.01. We
now perform a 2D sweep of the fidelity after 106 trials
as a function of pinit and pecho. The results are plotted
in Supplementary Fig. 6(c). Even with 1% errors in the
initialisation and echo operations, a fidelity of 0.975(1) is
achieved. Note that the errors associated with initialisa-
tion are dominant over those associated with echo failure
for these timings. This is because, first, ta > tb, and,
second, this process can erroneously prepare the electron
|s⟩ = +1 state. In particular, during the time tb, the
memory ideally evolves at the average frequency associ-
ated with the electron |s⟩ = {−1, 0} states. Instances in
which the |s⟩ = +1 state occurs lead to tb evolution at
a frequency difference 3 times larger than cases in which
the echo fails (which result in tb evolution with either
|s⟩ = 0 or −1).

Supplementary Note 8:
Controlled charge-state switching of the NV centre

Throughout the experiments shown in this work, we
make use of two-laser probe measurements (‘CR checks’)
to detect the NV− charge state [15]. During these checks,
weak resonant light is applied on the NV− E’ (8 nW)
and Ey (1.5 nW) transitions for 150 µs, during which we
record all photon counts. By setting a threshold on the
number of detected photons, it is possible to herald that
the NV is in the negative charge-state, and that the spin-
pumping and readout lasers are resonant. In the case of
low counts a strong green pulse (515 nm, 30 µW, 50 µs)
is used to scramble the local charge environment, before
the check is repeated.

To investigate the effect of NV− ionisation on the nu-
clear spin data qubit, we require fast switching of the NV
charge state along with efficient detection. In this section
we design and implement a protocol which enables such
studies.

The protocol is shown in Supplementary Fig. 7(a).
We begin with a CR check, which we use to prepare
the system in NV− (Check NV− (1)). At this point,
we can utilise the previously described universal control
to prepare the nuclear spin in a chosen state. Next, we
apply a strong two-laser ionisation pulse. 50 nW of Ey

and 500 nW of E’ excitation are used, which are cho-
sen to maintain predominantly NV− ms = 0 projection
while attempting ionisation. After this pulse, a second
CR check is performed (Check NV− (2)). We proceed
with the measurement only if this check returns 0 pho-
ton counts, which occurs with ∼ 10% (40%) probability
after a 300 µs (1 ms) ionisation pulse. This outcome her-
alds the system in a dark state of the NV, which can be
associated with either NV0 or a significant detuning of
the NV− transitions due to spectral diffusion.

We now perform the desired experiment on the nuclear
spin, either allowing free evolution or applying RF driv-
ing. Next, we apply a strong yellow (575 nm) recharging
pulse, using 500 nW for main text Figs. 3(a,b), and 1100
nW (the maximum attainable) for Fig. 3(c) to increase
the recharging probability. After the recharging pulse, we
apply spin-pump light to prepare the NV− ms = 0 state
and subsequently read-out the nuclear spin. Finally, we
perform one more CR check (Check NV− (3)). The out-
come of this check allows for post-selection of the nuclear
spin read-out data upon finding the NV in the negative-
charge state (retaining 82% of cases with the 575 nm
pulse parameters used for Figs. 3(a,b): 1 ms, 500 nW,
85% for Fig. 3(c): 0.5 ms, 1100 nW). For post-selection,
we discard data which lies close to the bright/dark dis-
crimination threshold (see below). We only consider data
for which the NV began in the negative charge-state (>
13 counts in (1)), transferred to a dark state (0 counts in
(2)), and then returned to the negative charge-state via
the recharging pulse (≥ 5 counts in (3)).

In Supplementary Fig. 7(b) we show example photon-
count distributions from CR checks performed after
preparing NV− (1), after heralding the dark state (2),
and after applying a 1.1 µW, 0.5 ms recharging pulse
(3). The mean number of photons detected in each case
is 16.9, 0.3, and 13.7 respectively, clearly demonstrating
the ability to switch between the bright and dark states.
However, the slight reduction of mean counts for case (3)
compared to case (1) indicates that the recharging pro-
cess does not achieve unity success. We now study this
process more carefully.

We first quantify the charge-state read-out fidelity.
Considering the data shown in panels (1) and (2) of
Supplementary Fig. 7(b), we maximise the quantity
Fcharge = 1

2 (Fb|b + Fd|d), where Fi|j is the probability

to assign the ‘bright’ (b, NV−) or ‘dark’ (d, NV0 or
off-resonant) state after attempting initialisation in that
state. With a threshold of 3 counts (assign bright if ≥ 3
photons detected), we find Fcharge = 98.81(4)%.

In Supplementary Fig. 7(c) we plot the NV− popula-
tion after first preparing the dark state and then applying
a 1 ms, 500 nW recharging pulse, for which we sweep the
pulse frequency. The observation of two transitions corre-
sponding to the spin-orbit branches of NV0 confirms that
this is the resonant recharging process [20, 21]. Here, the
broader line observed for the higher-frequency resonance
(lower spin-orbit branch of NV0) is likely due to the po-
larisation of the yellow laser — which is fixed at an arbi-
trary value in these experiments — being biased towards
linear horizontal [21]. Optimal recharging is achieved
when working at the central frequency for this branch,
here 521.247 THz. Note that the lifetime of the NV0

orbital-state is short even at 4 K (sub-µs), and so it is
sufficient to only address a single spin-orbit branch.

We now turn to the temporal dependence. In Sup-
plementary Fig. 7(d) we show the NV− population as
a function of the recharge pulse length, now at a (max-
imal) power of 1.1 µW. The population grows quickly,
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with a fitted time constant of 71(2) µs. However, beyond
a maximum population of 88.6(6)% at t = 0.55 ms, the
signal again decays. A possible explanation for this de-
cay is spectral diffusion, caused by ionisation of nearby
P1 centres by the yellow laser [22]. Note that signifi-
cantly higher recharging probabilities were achieved in
Ref. [21], where the diamond substrate contained sig-
nificantly fewer impurities. In Supplementary Fig. 7(e),
we focus on the first 500 µs of recharging, and probe the

population in each of the NV− spin states. We observe
that the recharging laser induces fast spin-pumping into
the ms = 0 state, as expected due to the intersystem
crossing. At t = 500 µs, the fraction of NV− population
in this state is 91.9(8)%. Note that this spin-pumping
effect mitigates dephasing of the nuclear spin in the time
between recharging and resonant spin-reset of the NV−

spin.
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Supplementary Figure 7. Charge-state switching: (a) Flow diagram for the charge-state switching protocol, showing the
decision logic used for bright- and dark-state heralding and optional post-selection. (b) Distribution of photon-counts from CR
checks performed at the points (1), (2), (3) indicated in panel (a). (c) NV− population as a function of the recharging pulse
frequency, using a 1 ms pulse of 500 nW. Solid line is a fit to the sum of two Voigt profiles. (d) NV− state population as a function
of the recharging pulse duration, at 521.247 THz and 1.1 µW. Solid line is a fit to F (t) = (1−exp[−t/τ1]) · (exp[−(t/τ2)

n], from
which we find τ1 = 71(2) µs, τ2 = 22(4) ms and n = 0.54(3). Dashed line shows the decay component, characterised by τ2. (e)
Populations in the NV0/dark state, and in the differing spin-projections of the NV− state as a function of the recharging pulse
duration, again at 521.247 THz and 1.1 µW. Solid lines are fits to F (t) = a+A exp[−(t/τ)n]. We find τ = {73(7),63(1),63(1)}
µs, n = {1.0(1),1.00(1),1.00(1)}, for the ms = 0, NV0 and NV− populations respectively.
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Supplementary Note 9:
Simulated performance of a weakly-coupled data

qubit for distributed quantum information
processing

In the main text, we present the simulated performance
of two-qubit non-local operations and generation of four-
qubit GHZ states between nuclear spin qubits hosted in
disparate quantum network nodes. Here, we outline the
models and methods used for these simulations. Further
details can be found in the code implementation [23].

a. Simulation parameters

In Supplementary Tables 1-3, we list the relevant
parameters, which are described in the following sub-
sections. Supplementary Table 2 describes gate durations
which are specific to a natural abundance 13C device,
alongside measured decoherence rates in such a device
[12], whereas Supplementary Table 3 describes the num-
bers used and characterised in this work (0.01% 13C).

b. Node topology

We assume that the NV centre has a star topology,
where two qubit gates are only possible between the elec-
tron spin qubit and another qubit. Moreover, only the
electron spin can act as the control for CNOT gates. Di-
rect read-out is only possible for the electron spin qubit:
other qubits must be read-out by first mapping their state
to the electron spin. The protocols considered here re-
quire a maximum of three 13C qubits per node.

c. Decoherence

Decoherence is modelled using two types of noise
channels: the generalised amplitude damping channel
and the phase damping channel [24], with characteristic
timescales of T1 and T2 respectively. We assign differ-
ent nuclear spin T1 and T2 values dependent on whether
their associated electron spin is being used to generate
inter-node entanglement at that point in the sequence.

The set of Kraus operators for the generalised ampli-
tude damping channel is given by

KAD1 =

√
1

2

[
1 0
0

√
1− γ1

]
,

KAD2 =

√
1

2

[
0

√
γ1

0 0

]
,

KAD3 =

√
1

2

[√
1− γ1 0
0 1

]
,

KAD4 =

√
1

2

[
0 0√
γ1 0

]
,

(3)

where γ1 = 1− exp(−t/T1).
The set of Kraus operators for the phase damping

channel is given by:

KPD1 =

[
1 0
0

√
1− γ2

]
, KPD2 =

[
0 0
0

√
γ2

]
, (4)

where γ2 = 1− exp(−t/T̄2).
In Supplementary Tables 2 and 3, the T1 times corre-

spond to the experimentally measured decoherence times
of the eigenstates of the Pauli-Z matrix (|↑⟩,|↓⟩), and cor-
respond directly to the T1 times used for the generalised
amplitude damping channel of the model. The T2 times
correspond to the experimentally measured decoherence
times of the eigenstates of the Pauli-X and Pauli-Y ma-
trices (|x⟩,|−x⟩,|y⟩,|−y⟩). To account for the dephasing
induced by the generalised amplitude damping channel,
modified T2 values must be used in the phase damping
channel, which are given by:

1

T̄2
=

2

T2
− 1

T1
(5)

d. Gates

We model single-qubit gates as noiseless. We model
noisy two-qubit gates using a depolarizing noise model:

N2Q(ρ, pg) = (1−pg)ρ+
pg
15

∑
σi,σj

(σi⊗σj)ρ(σi⊗σj)†, (6)

where σi, σj ∈ {I,X, Y, Z} and the sum is over all combi-
nations of the Pauli operators σi, σj except for σi = σj =
I.
For simplicity of compilation, we consider a gate-set

consisting of the Pauli gates, the Hadamard gate, the
CNOT gate and the CZ gate. SWAP gates are carried
out using three CNOT gates. All single- and two-qubit
gates have associated durations: after each operation, the
appropriate T1 and T2 decoherence is applied to all idle
qubits. Note that the universal gate-set offered by the
NV centre platform can be compiled into this textbook
gate-set at no additional cost in two-qubit gate count
[25].

e. NV-NV entanglement

We model the creation of remote-entanglement (RE)
links (i.e. NV-NV Bell pairs) following the single-click
protocol [26]. The protocol produces states that we as-
sume are of the form

ρNV,NV = (1− pn) |ψ⟩ ⟨ψ|+ pn |11⟩ ⟨11| . (7)

with |ψ⟩ = (|01⟩+ |10⟩)/
√
2 and pn a parameter that we

call the network error, arising from events in which both
NVs emitted a photon. That is, we assume the intrinsic
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infidelity associated with the single-photon scheme domi-
nates over other error sources such as imperfect visibility
[1]. The single-click protocol succeeds with probability
pRE.

In simulation, each time a RE link must be generated,
Monte-Carlo methods are used to determine the number
of entangling attempts nRE before success. The decoher-
ence channels are then applied to all idle qubits with an
associated duration of tent = nRETRE , where TRE is the
duration of each entangling primitive.

The results presented in Fig. 4(c) of the main text
are averaged over 500,000 repetitions, whereas those in
Fig. 4(d) use 100,000 repetitions, aside from the Expe-
dient protocol for N1/e = 2·103, for which only 10,000
repetitions are used due to the low protocol success rate.

f. Measurement noise

We restrict measurements to the Z-basis. To measure
the qubits in the X-basis, we apply a Hadamard gate
before the measurement. The gate duration time of this
additional operation is included in the simulations.

We model (single qubit) measurement errors by pro-
jecting onto the opposite eigenstate of the measured oper-
ator. Measurement errors are characterised by the prob-
ability pm of an incorrect projection.

g. Dynamical decoupling

To mitigate dephasing of both communication and
data qubits due to quasi-static noise sources (for exam-
ple, due to spin-bath interactions or magnetic field fluctu-
ations), a dynamical decoupling scheme is accounted for
in the sequencing of all operations. We model this process
by only applying operations at intervals of a basic echo
sequence on the data qubits: τ − π − τ . Here, π denotes
a π-pulse being applied to the system, and τ is the inter-
pulse delay time. Operations are only allowed in between
the echo sequences of each node; consecutive operations
in the same node are allowed, after which the decoupling
sequence is restarted. We set τ equal to the duration of
2500 entangling attempts for the purified sample and a τ
equal to the duration of 250 entangling attempts for the
natural abundance sample. The π-pulse duration is set
to 13 · 10−3 seconds for the purified sample and 1 · 10−3

seconds for the natural abundance sample. Due to the
faster gate operations associated with the communication
qubits, we assume that refocusing points of their own de-
coupling sequences can be simply matched to those of the
data qubits.

h. Non-local CNOT operations

In Fig. 4(c) of the main text, we present the average
fidelity of a non-local CNOT operation. Here, we use the

parameters given in Supplementary Tables 1 and 3, but
sweep the values of T1nRE = T2nRE = N1/e ·TRE . The av-
erage fidelity of the operation is calculated by determin-
ing the entanglement fidelity following the relation given
in Ref. [27]. We do not show the results when using the
faster gate and measurement durations (Supplementary
Table 2), because a negligible difference is observed. For
example, for N1/e = 83,333, we find an average fidelity
of 0.7899, compared with 0.7890 when using the slower
durations.

i. GHZ-creation protocols

In this section, we discuss the three GHZ creation pro-
tocols used in Fig. 4(d) of the main text. The circuit
diagrams of the protocols are depicted in Supplementary
Fig. 8. In each node, the first (purple) qubit indicates
the electron qubit of the NV centre (i.e., the communi-
cation qubit), with the other qubits indicating 13C spins
(‘memory’ and ‘data’ qubits). The memory qubits are
used to store intermediate states required to create the
GHZ state. When the GHZ state is created, it can be
consumed to non-locally perform a weight-4 Pauli mea-
surement on qubits of a distributed error-correcting code,
e.g., the surface code [28, 29]. In the diagrams of Sup-
plementary Fig. 8, the inner-most 13C is the data qubit
of the code (i.e., it would be a constituent of an encoded
logical qubit).
The Plain protocol is the most simple protocol to cre-

ate a 4-qubit GHZ state out of Bell pairs: it only requires
three pairs. The local operations of this protocol ‘fuse’
the three pairs into the GHZ state. Fusion takes place
with Block B.2 from the legend: this operation fuses two
entangled states that do not overlap in any of the nodes
with the aid of a Bell pair that is consumed in the pro-
cess. Feed-forward operations based on this Bell-state
measurement lead to protocol success with unit proba-
bility.
As mentioned above, RE links can only be created be-

tween the electron qubits. Hence, the states of the elec-
tron qubits must be swapped with those of data qubits
(‘stored’) at some point in all of the protocols. In the
Plain protocol, this occurs after the first pair of RE links
are created: the electron qubits of nodes A,C are stored
such that it is possible to generate a third RE link be-
tween nodes A and C.

The Modicum protocol uses one additional Bell pair
compared to Plain. This additional pair is used to distill
the 4-qubit GHZ state. This distillation step is proba-
bilistic; if successful it increases the state fidelity. How-
ever, if it fails, the GHZ state is discarded and the proto-
col restarts from scratch. Fusion of the Bell pairs takes
place in Modicum with Block B.1 (both in nodes A and
C in Supplementary Fig. 8), which describes fusion of
two entangled states that overlap in one network node.
Distillation takes place with Block A.2 in nodes B and
D, which essentially measures a stabilizer of the desired
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pure entangled state. In particular, Block A.2 is known
in the literature as ‘single selection’ [30]. The operation
is successful if the measurement results coincide: this
corresponds to the +1 outcome of the stabilizer mea-
surement. In case of an odd measurement combination,
the distillation operation fails, and the protocol returns
to the indicated ‘failure reset level’ (indicated with ‘frl’
in the legend). The Modicum protocol is identified with
the dynamic programming algorithm presented in [31],
and is similar to the protocol that creates one of the two
GHZ states of the ‘Basic’ protocol in [29].

The Expedient protocol [28] uses 22 Bell pairs to cre-
ate the GHZ state. Compared to the Plain protocol, the
additional 19 Bell pairs are used for distillation purposes.
This can be either for distillation of Bell pairs before they
are fused to form the GHZ state, or for distillation of the
GHZ state after it is created. Distillation takes place with
Block A.2, but also with Block C.1 and Block C.2. Block
C.1 can be understood as an operation that performs two
distillation steps by consuming two ancillary Bell pairs.
This block is known in the literature as the ‘double se-
lection’ distillation protocol [30]. Block C.2 essentially
performs three distillation steps by consuming three Bell
pairs. Depending on where in the circuit the distillation
steps occur, failure of a step means the entire protocol
has to start from scratch, or only a specific branch of
the protocol has to be carried out again. Finally, simi-
lar to the Plain protocol, this protocol uses Block B.2 to
fuse three Bell pairs into a GHZ state. This takes place
between distillation blocks A.2 and C.2.
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Parameter Description Values

General parameters

pg Gate error probability 0.01

pm Measurement error probability 0.01

pn Network error probability 0.1

pRE RE success probability 0.0001

Tmeas Measurement duration 4.0 · 10−6 s

TRE RE duration 6.0 · 10−6 s

Te
X Electron X gate duration 0.14 · 10−6 s

Te
Y Electron Y gate duration 0.14 · 10−6 s

Te
Z Electron Z gate duration 0.10 · 10−6 s

Te
H Electron H gate duration 0.10 · 10−6 s

Supplementary Table 1. General system parameters as used for the simulations presented in Figs. 4(c,d) of the main text.

13C decoherence parameters (Ref. [12])

T1n
idle

13C T1 when idle 300 s

T1n
RE

13C T1 during RE attempts 0.03 s

T2n
idle

13C T2 when idle 10 s

T2n
RE

13C T2 during RE attempts 0.012 s

T2e
idle Electron T2 when idle 1.0 s

1.1% 13C gate durations

TC
X

13C X gate duration 1.0 · 10−3 s

TC
Y

13C Y gate duration 1.0 · 10−3 s

TC
Z

13C Z gate duration 0.5 · 10−3 s

TC
H

13C H gate duration 0.5 · 10−3 s

TCNOT CNOT gate duration 0.5 · 10−3 s

TCZ CZ gate duration 0.5 · 10−3 s

TSWAP SWAP gate duration 1.5 · 10−3 s

Supplementary Table 2. Decoherence timescales as measured in Ref. [12], and typical gate durations for such a device (1.1%
13C) [6], as used for the simulations presented in Fig. 4(d) of the main text (labelled by N1/e = 2·103, the T2nRE decay).

13C decoherence parameters (this work)

T1n
idle

13C T1 when idle 300 s

T1n
RE

13C T1 during RE attempts 1.2 s

T2n
idle

13C T2 when idle 10 s

T2n
RE

13C T2 during RE attempts 1.2 s

T2e
idle Electron T2 when idle 1.0 s

0.01% 13C gate durations

TC
X

13C X gate duration 13 · 10−3 s

TC
Y

13C Y gate duration 13 · 10−3 s

TC
Z

13C Z gate duration 6.5 · 10−3 s

TC
H

13C H gate duration 6.5 · 10−3 s

TCNOT CNOT gate duration 25 · 10−3 s

TCZ CZ gate duration 25 · 10−3 s

TSWAP SWAP gate duration 75 · 10−3 s

Supplementary Table 3. Decoherence timescales as measured in this work, and associated gate durations (0.01% 13C device),
as used for the simulations presented in Figs. 4(c) (see “Non-local CNOT operations”) and 4(d) (labelled by N1/e = 2·105, the
T2nRE decay) of the main text.
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