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See, e.g., “The quantum internet”, Kimble, Nature 453, 1023 (2008).



NV center: 
“Ion trapped in a solid”
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12C

See, e.g., Awschalom, Epstein, Hanson, Scientific American 297, 84 (2007)    
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Wiring up NV centers
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Spin-resolved 
optical excitation (T < 10 K)

Early work in  Stuttgart, Harvard, HP Labs
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E-spin single-shot readout

Robledo et al, Nature 477, 574 (2011) 

⟨Freadout⟩ ~ 95%
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the NV spin (Fig. 1B), leading to process fidel-
ities of 99% for the basic control pulses needed
for dynamical decoupling (14).

The coherent dynamics of an NV spin are
strongly influenced by the coupling to neighboring
spins (the spin bath) (15, 16). Because such spin
environments are common in the solid state, our
results are directly relevant for other solid-state
quantumbits such as spins in quantumdots (19, 20)
and donors in silicon (4, 21). For the NV centers
studied here, the bath is composed of electron
spins localized on nitrogen impurity atoms. Res-
onant interactions (flip-flops) between the bath
spins and the NV spin are suppressed because of
a large energy mismatch (16). Therefore, the im-
pact of the spin bath on the NV spin is limited to
dephasing and can be described as a random
magnetic fieldB(t) that is directed along the NV’s
quantization axis. The value of B(t) is determined
by the state of the environment. We modeled the
bath field B(t) by an Ornstein-Uhlenbeck process
with the correlation function C(t) = 〈B(0)B(t)〉 =
b2 exp(−|t|/tC), where b is the coupling strength
of the bath to the spin and tC is the correlation
time of the bath, which measures the rate of flip-
flops between the bath spins due to the intrabath
dipolar coupling (14, 22).

The values of the parameters describing the
bath field were extracted from experiments. The
bath-induced dephasing during free evolution
had aGaussian envelope S(t) = exp(–b2t2/2), which
yielded the value for b (14); we found b = (3.6 T
0.1) ms−1 forNV1 (Fig. 1C), and b= (2.6 T 0.1) ms−1

for NV2 (14). The quasi-static dephasing could
be undone with a spin echo (SE) technique (Fig.
2A), revealing the much slower decay of spin
coherence caused by the dynamics of the spin
bath. The spin echo signal decayed as SE(t) =
exp[−(t/T2)3], characteristic for a slowly fluctuat-
ing spin bath with tC = T2

3b2/12 >> 1/b (22). The
values we found for tC, (25 T 3) ms for NV1 [T2 =
(2.8 T 0.1) ms] and (23 T 3) ms for NV2 [T2 = (3.5 T
0.2)ms], confirmed this. The spin echo decay time
T2 is often considered as the coherence or mem-
ory time of the system.We took T2 as the starting
point and demonstrated that the coherence time
could be markedly prolonged by dynamically de-
coupling the spin from the surrounding spin bath.

We first explored the potential of dynamical
decoupling by extending the SE pulse sequence
to periodic repetitions of the Carr-Purcell-Meiboom-
Gill (CPMG) cycle (Fig. 2A). The decoupling
performance was characterized by measuring
the state fidelity Fs ¼ 〈yijrmjyi〉, where jyi〉 is
the expected (ideal) state after applying the
sequence and rm the measured density matrix
of the actual state. Although the coherence had
vanished after 4 ms for the SE case, we observed
that the eight-pulse CPMG sequence preserved
the coherence almost completely during this same
time.

The optimal decoupling sequence for a quan-
tum system depends on the coupling to its environ-
ment and the dynamics within the environment
itself. In (23), nonperiodic interpulse spacing,

now called the UDD sequence, was found to
achieve a strong improvement in decoupling
efficiency over periodic pulse spacing in the case
of environmental noise spectra with a hard cut-

off; this was experimentally verified in (24, 25).
Recent theory (26, 27), however, suggests that
periodic, CPMG-like pulse spacing is ideal for
decoupling from an environment with a soft cut-

Fig. 1. Quantumcontrol
of a single spin in dia-
mond. (A) Left: A nitrogen-
vacancy defect is formed
by a single substitutional
nitrogen (14N) atom and
an adjacent vacancy (V).
The NV electron spin (or-
ange arrow) is coupled
to the host 14N nuclear
spin (blue arrow) through
the hyperfine interaction.
Middle: The NV center is
surrounded by a bath of
electron spins located at
sites of substitutional ni-
trogen atoms in the dia-
mond lattice (16). Right:
Confocal photolumines-
cence scan of a section
of the device, where the
golden regions are part
of the on-chip coplanar waveguide (CPW) used for applying quantum control pulses and NV centers appear as
bright spots in between the conductors of the CPW. (B) Energy level diagrams of the NV center electron spin
(left) and the electron spins in the bath (right). An applied magnetic field splits the NV spin triplet electronic
ground state; the effective two-level system used here is formed by the spin sublevelsmS = 0 (labeledj0〉) and
mS = −1 (labeledj1〉) (14). (C) Coherent driven oscillations of NV1. For the pulsed experiments, the same Rabi
frequency is used (14). (D) Decay during free evolution of NV1 probed using Ramsey interference. Solid line is
a fit (14). The fast oscillating component is due to a detuning of the driving field of 15 MHz with respect to the
spin transition, whereas the beating is caused by the hyperfine interaction with the host nuclear spin.
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Fig. 2. Optimized dynamical decoupling of NV1. (A) Left: State fidelities for CPMG decoupling sequence
applied to NV1. The blue curve is a spin echo measurement. High state fidelity is recovered for increasing
number of pulsesN. Solid lines are fits to ~exp[–(t/Tcoh)3]. Right: Vertical lines indicate the location of p-pulses.
(B) Comparison of decoupling with CPMG (orange) and UDD (green) for N = 6 pulses. The solid lines are
fits to ~exp[−(t/Tcoh)3]. The right panel shows the 1/e decay times from fits to data and to simulations (14).
The same color scheme applies. (C) Single-axis decoupling for different input states, showing state-
selective decoupling for the CPMG sequence with N = 12 operations (shown in the upper right). Bloch
sphere on the right shows input states and the decoupling axis. Solid lines are numerical simulations
incorporating the experimental pulse errors (14). (D) Double-axis decoupling, with XY4 sequence with N=
12, showing excellent decoupling for both input states. Pulse timings are the same as for CPMG but with
the decoupling axis alternating between X and Y, as shown on the right. The simulations for jx〉 and jy〉
yield practically the same curve and therefore appear as one.
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Projective measurement 
of nuclear spins
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e (S=1) 

13C (I=1/2) 

Robledo et al, Nature 477, 574 (2011)
Pfaff et al, Nature Physics 9, 29 (2013) 

Inspired by earlier work: Jiang et al, Science (2009), Neumann et al, Science (2010)
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Projective measurement 
of nuclear spins
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Entanglement by measurement
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Entanglement by measurement
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Entanglement by measurement
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Entanglement by measurement
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Bell state fidelity
F = (90±3)%



Bell’s inequality
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First proof of entanglement of two 
nuclear spins in a solid 
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Pfaff et al, Nature Physics 9, 29 (2013) 



Entanglement of distant 
NV electron spins
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Pioneering work with ions:
Moehring et al., Nature 449, 68 (2007)
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Indistinguishable photons: 
Stark tuning

10µm 



Setup





success-probability: ~ 1e-7
event rate: ~ 1/10 mins 

for ~ 1000 events: 160 hrs



Result

Bernien et al, Nature 497, 89 (2013)

|Ψ-> = 
1/√2 (|↑↓> - |↓↑>)

|Ψ+> = 
1/√2 (|↑↓> + |↓↑>)

Bell state fidelity
F ~ (73±4)%
F > (69±5)%

Bell state fidelity
F ~ (64±5)%
F > (58±6)%



w.pfaff@tudelft.nl
http://hansonlab.tudelft.nl

NV init, 
control & 
readout
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Pfaff et al, 
Nature Physics 9, 29 (2013) 

Entanglement of 
two spins at a 
distance of 3 m

Bernien et al, 
Nature 497, 89 (2013)
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