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The NV Center!

•  Point Defect in Diamond!

•  Interesting Physics in negatively 
charged state NV-1!

•  Total electron spin S=1!

•  14N Nuclear Spin I=1!
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Di Vincenzo Criteria!
1.  Well-defined qubits!
2.  Initialization!
3.  tcoherence > tgate operation!
4.  Universal set of quantum gates!
5.  Qubit specific read-out!
6.  Convert from stationary to mobile 

qubit!
7.  Faithful transmission!
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Electron Spin Modulation:!
RF Rabi Driving at 2.9 MHz 
with Rabi frequency at 30 kHz!

•  2 qubit register!
•  qubit modulation via 

Rabi driving!
•  entanglement through 

hyperfine interaction!
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Spin Initialization from Excited State!

1)  Electron Spin using 
LASER pumping!

mS=0!
mS=+/–1!

N. B. Manson et al. Phys. Rev. B 47, 104303 (2006). !

2)  Nuclear Spin using LASER 
pumping at B = 500 G!

V. Jacques et al. Phys. Rev. Lett. 102, 057403 (2011). !

state spin sublevels caused by local strain on the sample,
which might be different from one NV defect to another. It
has been shown recently that such strain-induced splitting
is, however, much smaller than jDesj in ultrapure diamond
samples, and as a result does not affect the position of the
LAC [16].

At low magnetic field magnitudes, ! ! 1 and " ! 0. In
such regime, optical transitions from the ground to the
excited state are fully nuclear spin-conserving as no state
mixing in the excited state is occurring [Fig. 2(b)]. As a
result, the nuclear spin is not polarized.

Increasing the magnetic field magnitude close to the
LAC, ! and " begin to balance. The transition from j0; #i
to the excited state remains nuclear spin conserving,
whereas the transition from j0; "i results in (!jþiþ
"j#i) in the excited state. This superposition state then
starts to precess between !jþiþ "j#i ¼ j0; "i and
!jþi# "j#i ¼ ð!2 # "2Þj0; "iþ 2!"jþ1; #i at fre-

quency ! ¼ 1=2@½ðbþ ##þ1Þ2 þ 4a2(1=2, where @ is
Planck’s constant [Fig. 2(c)]. The maximum probability
pmaxðBÞ to find the nuclear spin flipped from j"i to j#i
within this precession is given by pmaxðBÞ ¼ 4!2"2,
which follows a Lorentzian magnetic field dependence
[see inset of Fig. 2(a)]. The nuclear spin-flip has then a

probability to be transferred to the ground state sublevel
j0; #i by nonradiative intersystem crossing through the
metastable singlet state responsible for electron spin po-
larization of the NV defect [12]. Every subsequent excita-
tion and decay cycles increase spin polarization in state
j0; #i.
As long as the precession frequency ! is on the same

order or faster than the excited-state decay rate 1=$, the
average probability to flip the nuclear spin in the
excited state is pþðBÞ ¼ pmaxðBÞ=2. Using $ ! 12 ns
and Aes ! 60 MHz [15], this requirement is fulfilled
even at the exact position of the LAC where! is minimal.
All aforementioned arguments hold as well for the crossing
of the levels ms ¼ 0 and ms ¼ #1 when the sign of the
magnetic field is reversed, leading to the probability
p#ðBÞ ¼ pþð#BÞ for a spin flip from j#i to j"i.
Starting with a mixture of cj0; #i and dj0; "i in the ground

state, the nuclear-spin polarization P defined by Eq. (1)
can be written as P ¼ c2 # d2. As rate of polarization k)
and depolarization keq, we assume

kþ ¼ d2pþ" ¼ ð1# P Þpþ"=2; (3)

k# ¼ #c2p#" ¼ #ð1þ P Þp#"=2; (4)

keq ¼ #k0eqP : (5)

Here " is the rate of nuclear-spin-conserving intersystem
crossing from the excited state to the ground state sublevel
j0; #i and k0eq takes into account all forces that are driving
the nuclear-spin polarization to its equilibrium state. For
such simple model, " depends on the intensity of the laser
which drives the optical transitions. For the steady state,
kþ þ k# þ k0eq ¼ 0, leading to

P ðBÞ ¼ pþ # p#
2k0eq
" þ pþ þ p#

: (6)

FIG. 3 (color online). (a) Nuclear-spin polarization P as a
function of the magnetic field magnitude, while keeping its
orientation along the NV symmetry axis. P is estimated by
recording ODMR spectra and using Eq. (1). The solid line is
data fitting using Eq. (6) with k0eq=" as single adjustable pa-

rameter (k0eq=" ¼ 0:009) 0:001). (b) Nuclear-spin polarization

P as a function of the magnetic field angle, its magnitude being
fixed at B ¼ 472 G. The solid line is a guide for eyes.

FIG. 2 (color online). Nuclear-spin polarization mechanism.
(a) Eigenstates of the excited-state Hamiltonian described by
Eq. (2) showing a LAC at BLAC ! 500 G. This simulation is
performed using Des ¼ #1420 MHz and Aes ¼ þ60 MHz.
The inset shows the evolution of parameters !, ", and 4!2"2

as a function of the magnetic field magnitude. (b) Far from LAC,
no nuclear-spin polarization is achieved as optical transitions
(3A ! 3E) are fully nuclear-spin conserving (black arrows).
(c) At LAC, precession at frequency ! between excited-state
sublevels j0; "i and jþ1; #i can lead to nuclear-spin flip, which
can be transferred to the ground state through nonradiative
intersystem crossing (curved arrow).
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High-fidelity projective read-out of a solid-state spin
quantum register
Lucio Robledo1*, Lilian Childress2*, Hannes Bernien1*, Bas Hensen1, Paul F. A. Alkemade1 & Ronald Hanson1

Initialization and read-out of coupled quantum systems are essential
ingredients for the implementation of quantum algorithms1,2.
Single-shot read-out of the state of a multi-quantum-bit (multi-
qubit) register would allow direct investigation of quantum correla-
tions (entanglement), and would give access to further key resources
such as quantum error correction and deterministic quantum tele-
portation1. Although spins in solids are attractive candidates for
scalable quantum information processing, their single-shot detec-
tion has been achieved only for isolated qubits3–6. Here we demon-
strate the preparation and measurement of a multi-spin quantum
register in a low-temperature solid-state system by implementing
resonant optical excitation techniques originally developed in
atomic physics. We achieve high-fidelity read-out of the electronic
spin associated with a single nitrogen–vacancy centre in diamond,
and use this read-out to project up to three nearby nuclear spin
qubits onto a well-defined state7. Conversely, we can distinguish
the state of the nuclear spins in a single shot by mapping it onto,
and subsequently measuring, the electronic spin5,8. Finally, we show
compatibility with qubit control: we demonstrate initialization,
coherent manipulation and single-shot read-out in a single experi-
ment on a two-qubit register, using techniques suitable for exten-
sion to larger registers. These results pave the way for a test of
Bell’s inequalities on solid-state spins and the implementation of
measurement-based quantum information protocols.

The electronic spin of the nitrogen–vacancy centre (NV) in dia-
mond constitutes an exceptional solid-state system for investigating
quantum phenomena, combining excellent spin coherence9–12 with a
robust optical interface13–16. Furthermore, the host nitrogen nuclear
spin (typically 14N, with nuclear spin I 5 1) and nearby isotopic
impurity 13C nuclei (I 5 1/2) have hyperfine interactions with the
NV’s electronic spin (S 5 1), allowing development of few-spin
quantum registers that have been suggested as building blocks for
quantum repeaters17, cluster state computation18 and distributed
quantum computing19. All of these applications require high-fidelity
preparation, manipulation and measurement of multiple spins. There
have been significant advances in coherent control over few-spin sys-
tems in diamond20,21, but no method exists for the simultaneous pre-
paration22,23 and single-shot read-out5 of multi-spin registers, which
impedes progress towards multi-qubit protocols. Here we remove this
obstacle by exploiting resonant excitation techniques, as pioneered in
atomic physics24,25, in microstructured diamond devices that allow
high photon collection efficiency (Fig. 1a). These new methods enable
us to initialize multiple nuclear spin qubits and to perform single-shot
read-out of a few-qubit register, clearing the way towards implementa-
tion of quantum algorithms with solid-state spins.

Our preparation and read-out techniques rely on resonant excita-
tion of spin-selective optical transitions of the NV, which can be
spectrally resolved at low temperatures26. We use the Ex and A1

transitions in our experiments (Fig. 1b): A1 connects the ground states
with spin projection mS 5 61 to an excited state with a primarily

mS 5 61 character, whereas Ex connects states with mS 5 0. A typical
spectrum of NV A, one of the two NVs we study, is shown in Fig. 1c
(see Supplementary Information for NV B). Under resonant excitation
of a single transition, the fluorescence decays with time owing to a
slight spin mixing within the excited states that induces shelving into
the other spin state (Fig. 1d). This optical pumping mechanism allows
high-fidelity spin state initialization24,27: from the data in Fig. 1d, we
estimate a preparation error into the mS 5 0 ground state of
0.3 6 0.1%, which is a drastic reduction of the 11 6 3% preparation

1Kavli Institute of Nanoscience Delft, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands. 2Department of Physics and Astronomy, Bates College, 44 Campus Avenue, Lewiston,
Maine 04240, USA.
*These authors contributed equally to this work.
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Figure 1 | Resonant excitation and electronic spin preparation of a
nitrogen–vacancy centre. a, Scanning electron microscope image of a solid
immersion lens representative of those used in the experiments (for details, see
Supplementary Information). The overlaid sketch shows the substitutional
nitrogen and the adjacent vacancy that form the NV. Inset, scanning confocal
microscope image of NV A (logarithmic colour scale). kct, 1,000 counts.
b, Energy levels used to prepare and read out the NV’s electronic spin (S 5 1 in
the ground and optically excited states); transitions are labelled according to the
symmetry of their excited states. Dashed lines indicate spin-non-conserving
decay paths. MW, microwave transition. c, Photoluminescence excitation
spectrum of NV A; frequency is given relative to 470.443 THz. d, Fluorescence
time trace of NV A, initially prepared in mS 5 0 (Ex excitation, 4.8-nW power)
and mS 5 6 1 (A1 excitation, 7.4-nW power; inset), with a saturation power
Psat < 6 nW. Spin flips in the excitation cycle lead to nearly exponential decay of
fluorescence, with fitted spin-flip times of 1/c0 5 8.1 6 0.1ms for Ex and
0.39 6 0.01ms for A1, and initial respective intensities of 740 6 5 and
95 6 2 kct s21, giving a lower limit of 99.7 6 0.1% to the mS 5 0 preparation
fidelity and one of 99.2 6 0.1% to the mS 5 61 preparation fidelity. The low
initial intensity for A1 is associated with a fast intersystem crossing to
metastable singlet states (Supplementary Information).
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High-fidelity projective read-out of a solid-state spin
quantum register
Lucio Robledo1*, Lilian Childress2*, Hannes Bernien1*, Bas Hensen1, Paul F. A. Alkemade1 & Ronald Hanson1

Initialization and read-out of coupled quantum systems are essential
ingredients for the implementation of quantum algorithms1,2.
Single-shot read-out of the state of a multi-quantum-bit (multi-
qubit) register would allow direct investigation of quantum correla-
tions (entanglement), and would give access to further key resources
such as quantum error correction and deterministic quantum tele-
portation1. Although spins in solids are attractive candidates for
scalable quantum information processing, their single-shot detec-
tion has been achieved only for isolated qubits3–6. Here we demon-
strate the preparation and measurement of a multi-spin quantum
register in a low-temperature solid-state system by implementing
resonant optical excitation techniques originally developed in
atomic physics. We achieve high-fidelity read-out of the electronic
spin associated with a single nitrogen–vacancy centre in diamond,
and use this read-out to project up to three nearby nuclear spin
qubits onto a well-defined state7. Conversely, we can distinguish
the state of the nuclear spins in a single shot by mapping it onto,
and subsequently measuring, the electronic spin5,8. Finally, we show
compatibility with qubit control: we demonstrate initialization,
coherent manipulation and single-shot read-out in a single experi-
ment on a two-qubit register, using techniques suitable for exten-
sion to larger registers. These results pave the way for a test of
Bell’s inequalities on solid-state spins and the implementation of
measurement-based quantum information protocols.

The electronic spin of the nitrogen–vacancy centre (NV) in dia-
mond constitutes an exceptional solid-state system for investigating
quantum phenomena, combining excellent spin coherence9–12 with a
robust optical interface13–16. Furthermore, the host nitrogen nuclear
spin (typically 14N, with nuclear spin I 5 1) and nearby isotopic
impurity 13C nuclei (I 5 1/2) have hyperfine interactions with the
NV’s electronic spin (S 5 1), allowing development of few-spin
quantum registers that have been suggested as building blocks for
quantum repeaters17, cluster state computation18 and distributed
quantum computing19. All of these applications require high-fidelity
preparation, manipulation and measurement of multiple spins. There
have been significant advances in coherent control over few-spin sys-
tems in diamond20,21, but no method exists for the simultaneous pre-
paration22,23 and single-shot read-out5 of multi-spin registers, which
impedes progress towards multi-qubit protocols. Here we remove this
obstacle by exploiting resonant excitation techniques, as pioneered in
atomic physics24,25, in microstructured diamond devices that allow
high photon collection efficiency (Fig. 1a). These new methods enable
us to initialize multiple nuclear spin qubits and to perform single-shot
read-out of a few-qubit register, clearing the way towards implementa-
tion of quantum algorithms with solid-state spins.

Our preparation and read-out techniques rely on resonant excita-
tion of spin-selective optical transitions of the NV, which can be
spectrally resolved at low temperatures26. We use the Ex and A1

transitions in our experiments (Fig. 1b): A1 connects the ground states
with spin projection mS 5 61 to an excited state with a primarily

mS 5 61 character, whereas Ex connects states with mS 5 0. A typical
spectrum of NV A, one of the two NVs we study, is shown in Fig. 1c
(see Supplementary Information for NV B). Under resonant excitation
of a single transition, the fluorescence decays with time owing to a
slight spin mixing within the excited states that induces shelving into
the other spin state (Fig. 1d). This optical pumping mechanism allows
high-fidelity spin state initialization24,27: from the data in Fig. 1d, we
estimate a preparation error into the mS 5 0 ground state of
0.3 6 0.1%, which is a drastic reduction of the 11 6 3% preparation

1Kavli Institute of Nanoscience Delft, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands. 2Department of Physics and Astronomy, Bates College, 44 Campus Avenue, Lewiston,
Maine 04240, USA.
*These authors contributed equally to this work.
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Figure 1 | Resonant excitation and electronic spin preparation of a
nitrogen–vacancy centre. a, Scanning electron microscope image of a solid
immersion lens representative of those used in the experiments (for details, see
Supplementary Information). The overlaid sketch shows the substitutional
nitrogen and the adjacent vacancy that form the NV. Inset, scanning confocal
microscope image of NV A (logarithmic colour scale). kct, 1,000 counts.
b, Energy levels used to prepare and read out the NV’s electronic spin (S 5 1 in
the ground and optically excited states); transitions are labelled according to the
symmetry of their excited states. Dashed lines indicate spin-non-conserving
decay paths. MW, microwave transition. c, Photoluminescence excitation
spectrum of NV A; frequency is given relative to 470.443 THz. d, Fluorescence
time trace of NV A, initially prepared in mS 5 0 (Ex excitation, 4.8-nW power)
and mS 5 6 1 (A1 excitation, 7.4-nW power; inset), with a saturation power
Psat < 6 nW. Spin flips in the excitation cycle lead to nearly exponential decay of
fluorescence, with fitted spin-flip times of 1/c0 5 8.1 6 0.1ms for Ex and
0.39 6 0.01ms for A1, and initial respective intensities of 740 6 5 and
95 6 2 kct s21, giving a lower limit of 99.7 6 0.1% to the mS 5 0 preparation
fidelity and one of 99.2 6 0.1% to the mS 5 61 preparation fidelity. The low
initial intensity for A1 is associated with a fast intersystem crossing to
metastable singlet states (Supplementary Information).
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High-fidelity projective read-out of a solid-state spin
quantum register
Lucio Robledo1*, Lilian Childress2*, Hannes Bernien1*, Bas Hensen1, Paul F. A. Alkemade1 & Ronald Hanson1

Initialization and read-out of coupled quantum systems are essential
ingredients for the implementation of quantum algorithms1,2.
Single-shot read-out of the state of a multi-quantum-bit (multi-
qubit) register would allow direct investigation of quantum correla-
tions (entanglement), and would give access to further key resources
such as quantum error correction and deterministic quantum tele-
portation1. Although spins in solids are attractive candidates for
scalable quantum information processing, their single-shot detec-
tion has been achieved only for isolated qubits3–6. Here we demon-
strate the preparation and measurement of a multi-spin quantum
register in a low-temperature solid-state system by implementing
resonant optical excitation techniques originally developed in
atomic physics. We achieve high-fidelity read-out of the electronic
spin associated with a single nitrogen–vacancy centre in diamond,
and use this read-out to project up to three nearby nuclear spin
qubits onto a well-defined state7. Conversely, we can distinguish
the state of the nuclear spins in a single shot by mapping it onto,
and subsequently measuring, the electronic spin5,8. Finally, we show
compatibility with qubit control: we demonstrate initialization,
coherent manipulation and single-shot read-out in a single experi-
ment on a two-qubit register, using techniques suitable for exten-
sion to larger registers. These results pave the way for a test of
Bell’s inequalities on solid-state spins and the implementation of
measurement-based quantum information protocols.

The electronic spin of the nitrogen–vacancy centre (NV) in dia-
mond constitutes an exceptional solid-state system for investigating
quantum phenomena, combining excellent spin coherence9–12 with a
robust optical interface13–16. Furthermore, the host nitrogen nuclear
spin (typically 14N, with nuclear spin I 5 1) and nearby isotopic
impurity 13C nuclei (I 5 1/2) have hyperfine interactions with the
NV’s electronic spin (S 5 1), allowing development of few-spin
quantum registers that have been suggested as building blocks for
quantum repeaters17, cluster state computation18 and distributed
quantum computing19. All of these applications require high-fidelity
preparation, manipulation and measurement of multiple spins. There
have been significant advances in coherent control over few-spin sys-
tems in diamond20,21, but no method exists for the simultaneous pre-
paration22,23 and single-shot read-out5 of multi-spin registers, which
impedes progress towards multi-qubit protocols. Here we remove this
obstacle by exploiting resonant excitation techniques, as pioneered in
atomic physics24,25, in microstructured diamond devices that allow
high photon collection efficiency (Fig. 1a). These new methods enable
us to initialize multiple nuclear spin qubits and to perform single-shot
read-out of a few-qubit register, clearing the way towards implementa-
tion of quantum algorithms with solid-state spins.

Our preparation and read-out techniques rely on resonant excita-
tion of spin-selective optical transitions of the NV, which can be
spectrally resolved at low temperatures26. We use the Ex and A1

transitions in our experiments (Fig. 1b): A1 connects the ground states
with spin projection mS 5 61 to an excited state with a primarily

mS 5 61 character, whereas Ex connects states with mS 5 0. A typical
spectrum of NV A, one of the two NVs we study, is shown in Fig. 1c
(see Supplementary Information for NV B). Under resonant excitation
of a single transition, the fluorescence decays with time owing to a
slight spin mixing within the excited states that induces shelving into
the other spin state (Fig. 1d). This optical pumping mechanism allows
high-fidelity spin state initialization24,27: from the data in Fig. 1d, we
estimate a preparation error into the mS 5 0 ground state of
0.3 6 0.1%, which is a drastic reduction of the 11 6 3% preparation

1Kavli Institute of Nanoscience Delft, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands. 2Department of Physics and Astronomy, Bates College, 44 Campus Avenue, Lewiston,
Maine 04240, USA.
*These authors contributed equally to this work.
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Figure 1 | Resonant excitation and electronic spin preparation of a
nitrogen–vacancy centre. a, Scanning electron microscope image of a solid
immersion lens representative of those used in the experiments (for details, see
Supplementary Information). The overlaid sketch shows the substitutional
nitrogen and the adjacent vacancy that form the NV. Inset, scanning confocal
microscope image of NV A (logarithmic colour scale). kct, 1,000 counts.
b, Energy levels used to prepare and read out the NV’s electronic spin (S 5 1 in
the ground and optically excited states); transitions are labelled according to the
symmetry of their excited states. Dashed lines indicate spin-non-conserving
decay paths. MW, microwave transition. c, Photoluminescence excitation
spectrum of NV A; frequency is given relative to 470.443 THz. d, Fluorescence
time trace of NV A, initially prepared in mS 5 0 (Ex excitation, 4.8-nW power)
and mS 5 6 1 (A1 excitation, 7.4-nW power; inset), with a saturation power
Psat < 6 nW. Spin flips in the excitation cycle lead to nearly exponential decay of
fluorescence, with fitted spin-flip times of 1/c0 5 8.1 6 0.1ms for Ex and
0.39 6 0.01ms for A1, and initial respective intensities of 740 6 5 and
95 6 2 kct s21, giving a lower limit of 99.7 6 0.1% to the mS 5 0 preparation
fidelity and one of 99.2 6 0.1% to the mS 5 61 preparation fidelity. The low
initial intensity for A1 is associated with a fast intersystem crossing to
metastable singlet states (Supplementary Information).
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PL Spectrum of optically excited 
NV Center:!
!
•  mS = 0 is bright (Ex)!
•  mS = -1 is dark (A1)!

between measurement outcomes indicate that the read-out is projec-
tive. Following preparation of a superposition of spin states, we con-
dition on detection of at least one photon (that is, measurement
outcome mS 5 0) during a first short read-out pulse, and probe the
resulting spin state with a second read-out (Fig. 2d, blue data points).
Regardless of the initial spin state, we observe a constant high prob-
ability of obtaining mS 5 0 in the second read-out. This shows that the
read-out method is strongly projective and well suited for application
in measurement-based quantum protocols.

We use projective read-out of the electronic spin in combination
with quantum gate operations for initialization and read-out of a few-
qubit nuclear spin register. We first demonstrate the concept of mea-
surement-based preparation on a single nuclear qubit. The electronic
spin resonance spectrum for NV B (Fig. 3a, green trace) reveals the
coupling to the host I 5 1 14N nuclear spin: two partly overlapping sets
of three hyperfine lines correspond to the mS 5 0 « 21 and

mS 5 0 « 11 electronic spin transitions, Zeeman-split by ,2 MHz
in Earth’s magnetic field. The outermost transitions are associated with
a specific nuclear spin state with spin projection mI, for example (mS,
mI) 5 (0, 21) « (21, 21) at 2.874 GHz. Our initialization procedure
works as follows (Fig. 3a, circuit diagram). First we prepare the elec-
tronic spin in mS 5 61. We then perform a nuclear-spin-controlled
NOT operation on the electronic spin by applying a p-pulse at
2.874 GHz; this operation rotates the electronic spin into mS 5 0 only
when mI 5 21. Finally we read out the electronic spin for 400 ns. If one
or more photons are detected during this interval, the two-spin system
is projected into (mS, mI) 5 (0, 21). Alternatively, if we run the same
protocol with initial electronic spin state mS 5 0, we prepare the nuc-
lear spin with mI 5 {0, 11}.

The efficiency of the nuclear spin initialization is evidenced by its
drastic effect on the electronic spin resonance spectrum (Fig. 3a).
Whereas before preparation the depths of the different hyperfine lines
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Figure 3 | Nuclear spin preparation and read-out. a, Measurement-based
preparation of a single 14N nuclear spin. In Earth’s ambient magnetic field of
,0.5 G, without nuclear spin polarization we observe four resonances in the
hyperfine spectrum (green trace) for NV B; the outer two correspond to the
nuclear spin state with mI 5 21 and the central two are combinations of the
states with mI 5 {0, 11}. PL, photoluminescence intensity. Red and brown
traces indicate transitions to the mS 5 11 and mS 5 21 states, respectively. As
indicated in the circuit diagram, to initialize the nuclear spin we entangle it with
the electronic spin and then read out the latter; p denotes the number of
preparation steps, each of which is one iteration of the section of the circuit
diagram enclosed in parentheses. Mcond indicates the conditioning
measurement, Me the electron spin read-out and UMW the microwave spin
manipulation. Data for the mI 5 21 preparation is shown in orange; data for
the mI 5 {0, 11} preparation is shown in cyan. Fits to Gaussian spectra show an
amplitude ratio of 96 6 4% in the desired nuclear spin state. b, Measurement-
based preparation of a three-nuclear-spin register. Using a similar sequence
(circuit diagram), we prepare a well-defined state for all three nuclear spins. A
portion of the uninitialized hyperfine spectrum (green) contains 12 partly
superposed lines, of which we prepare the single line corresponding to

mI 5 (21, 1/2, 1/2) (orange). Gaussian fits constrained to known hyperfine
splittings yield an amplitude ratio of 88 6 10%. The observed visibility can be
improved by performing two preparation steps and electronic spin repumping
(p 5 2; five red data points), yielding a contrast of 82% of the expected visibility
from known read-out fidelity (Supplementary Information). Uncertainties and
error bars, 2 s.e. (n 5 1,000 for a and b with p 5 1; selected from 10,000
measurement runs for b with p 5 2). c, Single-shot measurement of the 14N
nuclear spin, preceded by two preparation steps (p 5 2). Read-out (three
repetitions) conditioned on successful preparation distinguishes mI 5 21
(orange; threshold ,1 count) from mI 5 {0, 11} (cyan) with an average fidelity
of 92 6 2% (Supplementary Information). d, Multiple-nuclear-spin read-out.
Using a sequence similar to that in c (inset), we distinguish one of the 12
hyperfine states associated with NV A. To prepare nuclear spin states, we
perform the read-out procedure seven times and keep only data with zero total
counts (identified as mI 5 (21, 1/2, 1/2)) or $2 counts per initialization step
(other states). Subsequent read-out with six repetitions (mI 5 (21, 1/2, 1/2);
state discrimination threshold, ,3 total counts) achieves a 96.7 6 0.8% average
fidelity for preparation and detection of the nuclear spin configuration.
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High-fidelity projective read-out of a solid-state spin
quantum register
Lucio Robledo1*, Lilian Childress2*, Hannes Bernien1*, Bas Hensen1, Paul F. A. Alkemade1 & Ronald Hanson1

Initialization and read-out of coupled quantum systems are essential
ingredients for the implementation of quantum algorithms1,2.
Single-shot read-out of the state of a multi-quantum-bit (multi-
qubit) register would allow direct investigation of quantum correla-
tions (entanglement), and would give access to further key resources
such as quantum error correction and deterministic quantum tele-
portation1. Although spins in solids are attractive candidates for
scalable quantum information processing, their single-shot detec-
tion has been achieved only for isolated qubits3–6. Here we demon-
strate the preparation and measurement of a multi-spin quantum
register in a low-temperature solid-state system by implementing
resonant optical excitation techniques originally developed in
atomic physics. We achieve high-fidelity read-out of the electronic
spin associated with a single nitrogen–vacancy centre in diamond,
and use this read-out to project up to three nearby nuclear spin
qubits onto a well-defined state7. Conversely, we can distinguish
the state of the nuclear spins in a single shot by mapping it onto,
and subsequently measuring, the electronic spin5,8. Finally, we show
compatibility with qubit control: we demonstrate initialization,
coherent manipulation and single-shot read-out in a single experi-
ment on a two-qubit register, using techniques suitable for exten-
sion to larger registers. These results pave the way for a test of
Bell’s inequalities on solid-state spins and the implementation of
measurement-based quantum information protocols.

The electronic spin of the nitrogen–vacancy centre (NV) in dia-
mond constitutes an exceptional solid-state system for investigating
quantum phenomena, combining excellent spin coherence9–12 with a
robust optical interface13–16. Furthermore, the host nitrogen nuclear
spin (typically 14N, with nuclear spin I 5 1) and nearby isotopic
impurity 13C nuclei (I 5 1/2) have hyperfine interactions with the
NV’s electronic spin (S 5 1), allowing development of few-spin
quantum registers that have been suggested as building blocks for
quantum repeaters17, cluster state computation18 and distributed
quantum computing19. All of these applications require high-fidelity
preparation, manipulation and measurement of multiple spins. There
have been significant advances in coherent control over few-spin sys-
tems in diamond20,21, but no method exists for the simultaneous pre-
paration22,23 and single-shot read-out5 of multi-spin registers, which
impedes progress towards multi-qubit protocols. Here we remove this
obstacle by exploiting resonant excitation techniques, as pioneered in
atomic physics24,25, in microstructured diamond devices that allow
high photon collection efficiency (Fig. 1a). These new methods enable
us to initialize multiple nuclear spin qubits and to perform single-shot
read-out of a few-qubit register, clearing the way towards implementa-
tion of quantum algorithms with solid-state spins.

Our preparation and read-out techniques rely on resonant excita-
tion of spin-selective optical transitions of the NV, which can be
spectrally resolved at low temperatures26. We use the Ex and A1

transitions in our experiments (Fig. 1b): A1 connects the ground states
with spin projection mS 5 61 to an excited state with a primarily

mS 5 61 character, whereas Ex connects states with mS 5 0. A typical
spectrum of NV A, one of the two NVs we study, is shown in Fig. 1c
(see Supplementary Information for NV B). Under resonant excitation
of a single transition, the fluorescence decays with time owing to a
slight spin mixing within the excited states that induces shelving into
the other spin state (Fig. 1d). This optical pumping mechanism allows
high-fidelity spin state initialization24,27: from the data in Fig. 1d, we
estimate a preparation error into the mS 5 0 ground state of
0.3 6 0.1%, which is a drastic reduction of the 11 6 3% preparation

1Kavli Institute of Nanoscience Delft, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands. 2Department of Physics and Astronomy, Bates College, 44 Campus Avenue, Lewiston,
Maine 04240, USA.
*These authors contributed equally to this work.
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Figure 1 | Resonant excitation and electronic spin preparation of a
nitrogen–vacancy centre. a, Scanning electron microscope image of a solid
immersion lens representative of those used in the experiments (for details, see
Supplementary Information). The overlaid sketch shows the substitutional
nitrogen and the adjacent vacancy that form the NV. Inset, scanning confocal
microscope image of NV A (logarithmic colour scale). kct, 1,000 counts.
b, Energy levels used to prepare and read out the NV’s electronic spin (S 5 1 in
the ground and optically excited states); transitions are labelled according to the
symmetry of their excited states. Dashed lines indicate spin-non-conserving
decay paths. MW, microwave transition. c, Photoluminescence excitation
spectrum of NV A; frequency is given relative to 470.443 THz. d, Fluorescence
time trace of NV A, initially prepared in mS 5 0 (Ex excitation, 4.8-nW power)
and mS 5 6 1 (A1 excitation, 7.4-nW power; inset), with a saturation power
Psat < 6 nW. Spin flips in the excitation cycle lead to nearly exponential decay of
fluorescence, with fitted spin-flip times of 1/c0 5 8.1 6 0.1ms for Ex and
0.39 6 0.01ms for A1, and initial respective intensities of 740 6 5 and
95 6 2 kct s21, giving a lower limit of 99.7 6 0.1% to the mS 5 0 preparation
fidelity and one of 99.2 6 0.1% to the mS 5 61 preparation fidelity. The low
initial intensity for A1 is associated with a fast intersystem crossing to
metastable singlet states (Supplementary Information).
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Decoherence!
Decoherence is caused by all the undesired interactions of a quantum 
state with its environment which shortens its lifetime.!
!

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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Decoherence is caused by all the undesired interactions of a quantum 
state with its environment which shortens its lifetime.!
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Ø Dynamic decoupling: Periodic flipping of the qubit spin state to 
average out the interactions with the environment.!

L. Viola et al. Phys. Rev A 58, 2733 (1998). !

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.

www.sciencemag.org SCIENCE VOL 330 1 OCTOBER 2010 61

REPORTS

G. de Lange et al. Science 330, 60–63 (2010).!

τ	


(π/2)x	
 (π/2)x	




Dynamical Decoupling!

A. M. Souza et al. Phil. Trans. R. Soc. 370, 4748–4769 (2012). !

Review. Robust dynamical decoupling 4751

y

t

t/2

yy N

t/2t

t

(a) (b)

(c)

(d)

y

Sz Sx

Sz

Sz

Sy

–x

x
Cn–1 Cn–1 Cn–1Cn–1

x Ny y

Figure 1. Dynamical decoupling pulse sequences. The empty and solid rectangles represent 90◦ and
180◦ pulses, respectively, and N represents the number of iterations of the cycle. (a) Initial state
preparation. (b) Hahn spin-echo sequence. (c) CPMG sequence. (d) CDD sequence of order N ,
CDDN = Cn and C0 = t.

(b) Dynamical decoupling sequences with a single rotation axis

DD is achieved by iteratively applying to the system a series of stroboscopic
control pulses in cycles of period tc [44]. Over that period, the time-averaged SE
interaction can be described by an averaged or effective Hamiltonian [88]. The
goal of DD is the elimination of the effective SE interaction. This can be seen by
looking at Hahn’s pioneering spin-echo experiment [31] (figure 1b). It is based on
the application of a p-pulse to the spin system at a time t after the spins were left
to evolve in the magnetic field. This pulse effectively changes the sign of the SE
interaction—in this case, the Zeeman interaction with the magnetic field. Letting
the system evolve for a refocusing period or time reversed evolution during the
same duration t generates the echo. If the magnetic field is static, the dynamics
is completely reversed and the initial state of the spin recovered. However, if the
magnetic field fluctuates, its effect cannot be reversed completely. Thus, the echo
amplitude decays as a function of the refocusing time [31,32]. This decay contains
information about the time-dependence of the environment.

To reduce the decay rate of the echo due to a time-dependent environment, Carr
and Purcell introduced a variant of the Hahn spin-echo sequence, where the single
p-pulse is replaced by a series of pulses separated by intervals of duration t [32].
This CP sequence reduces the changes induced by the environment if the pulse
intervals are shorter than the correlation time of the environment. However, as the
number of pulses increases, pulse errors tend to accumulate. Their combined effect
can destroy the state of the system, rather than preserving it against the effect of
the environment. This was noticed by Meiboom & Gill [33] who proposed a modifi-
cation of the CP sequence for compensating pulse errors, the CPMG sequence.
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Protecting the dynamics of coupled quantum systems from de-
coherence by the environment is a key challenge for solid-state
quantum information processing1,2. An idle quantum bit (qubit)
can be efficiently insulated from the outside world by dynamical
decoupling3, as has recently been demonstrated for individual
solid-state qubits4–9. However, protecting qubit coherence during
a multi-qubit gate is a non-trivial problem3,10,11: in general, the
decoupling disrupts the interqubit dynamics and hence conflicts
with gate operation. This problem is particularly salient for hybrid
systems12–22, in which different types of qubit evolve and decohere
at very different rates. Here we present the integration of dynamical
decoupling into quantum gates for a standard hybrid system, the
electron–nuclear spin register. Our design harnesses the internal
resonance in the coupled-spin system to resolve the conflict between
gate operation and decoupling. We experimentally demonstrate
these gates using a two-qubit register in diamond operating at room
temperature. Quantum tomography reveals that the qubits involved
in the gate operation are protected as accurately as idle qubits. We
also perform Grover’s quantum search algorithm1, and achieve

fidelities of more than 90% even though the algorithm run-time
exceeds the electron spin dephasing time by two orders of mag-
nitude. Our results directly allow decoherence-protected interface
gates between different types of solid-state qubit. Ultimately,
quantum gates with integrated decoupling may reach the accuracy
threshold for fault-tolerant quantum information processing with
solid-state devices1,11.

Decoherence is a major hurdle in realizing scalable quantum tech-
nologies in the solid state. The interqubit dynamics that implement the
quantum logic are unavoidably affected by uncontrolled couplings to the
solid-state environment, preventing high-fidelity gate performance
(Fig. 1a). Dynamical decoupling3, a technique that uses fast qubit flips
to average out the interactions with the environment, is a powerful and
practical tool for mitigating decoherence4–11,23–25. This approach is par-
ticularly promising for the emerging class of hybrid quantum architec-
tures12–22, in which different types of qubit, such as electron and nuclear
spins, superconducting resonators and nanomechanical oscillators, per-
form different functions. Dynamical decoupling allows each qubit type
to be decoupled at its own rate, ensuring uniform coherence protection.
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Figure 1 | Quantum gate operation in the presence of decoherence.
a–c, Challenge of high-fidelity quantum gates for qubits (orange, electron spin;
purple, nuclear spin) coupled to a decohering environment. a, Without
decoherence protection, the fidelity of two-qubit gates is limited by interactions
with the environment. b, Dynamical decoupling efficiently preserves the qubit
coherence (protected storage) by turning off the interaction between the qubit
and its environment. However, this generally also decouples the qubit from
other qubits and prevents two-qubit gate operations. If the decoupling and the
gate are separated in time, the unprotected gate is still susceptible to
decoherence-induced errors. c, The goal is to perform dynamical decoupling
during the gate operation, thus ensuring that the gates are protected against
decoherence. The gate operation should therefore be compatible with
decoupling. The dephasing rate of the nuclear spin is negligible in our
experiments. However, nuclear spin protection can easily be incorporated using
another layer of decoupling. d, The two-qubit system used in this work: a
nitrogen–vacancy (NV) colour centre in diamond carries an electron spin S 5 1

(orange) coupled to a 14N nuclear spin I 5 1 (purple). The states of the
electronic qubit, | 0æ and | 1æ, are split by 1.4 GHz in an external field
B0 5 510 G. The states | 0"æ and | 0#æ are split by 5.1 MHz owing to nuclear
quadrupole and Zeeman interactions. The hyperfine coupling yields an
additional splitting, such that the levels | 1"æ and | 1#æ are separated by 2.9 MHz.
The Rabi driving is applied in resonance with this transition. e, Dynamics of the
electron–nuclear spin system in the limit v1=A, visualized in a coordinate
frame that rotates with frequency 1.4 GHz in the electron spin subspace and
frequency 2.9 MHz in the nuclear spin subspace. In this frame, the states | 1"æ
and | 1#æ have the same energy. The Rabi driving field, which is directed along
the x axis, coherently rotates the nuclear spin if the electronic qubit is in | 1æ (the
resulting rotation around the x axis by angle h is denoted RX(h)). However, the
Rabi driving is negligible for the states | 0"æ and | 0#æ, which differ in energy by
A 5 2p3 2.16 MHz. The phase accumulation between | 0"æ and | 0#æ
corresponds to a coherent rotation of the nuclear spin around the z axis with
frequency A (denoted RZ(a), where a is the rotation angle).
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Protecting the dynamics of coupled quantum systems from de-
coherence by the environment is a key challenge for solid-state
quantum information processing1,2. An idle quantum bit (qubit)
can be efficiently insulated from the outside world by dynamical
decoupling3, as has recently been demonstrated for individual
solid-state qubits4–9. However, protecting qubit coherence during
a multi-qubit gate is a non-trivial problem3,10,11: in general, the
decoupling disrupts the interqubit dynamics and hence conflicts
with gate operation. This problem is particularly salient for hybrid
systems12–22, in which different types of qubit evolve and decohere
at very different rates. Here we present the integration of dynamical
decoupling into quantum gates for a standard hybrid system, the
electron–nuclear spin register. Our design harnesses the internal
resonance in the coupled-spin system to resolve the conflict between
gate operation and decoupling. We experimentally demonstrate
these gates using a two-qubit register in diamond operating at room
temperature. Quantum tomography reveals that the qubits involved
in the gate operation are protected as accurately as idle qubits. We
also perform Grover’s quantum search algorithm1, and achieve

fidelities of more than 90% even though the algorithm run-time
exceeds the electron spin dephasing time by two orders of mag-
nitude. Our results directly allow decoherence-protected interface
gates between different types of solid-state qubit. Ultimately,
quantum gates with integrated decoupling may reach the accuracy
threshold for fault-tolerant quantum information processing with
solid-state devices1,11.

Decoherence is a major hurdle in realizing scalable quantum tech-
nologies in the solid state. The interqubit dynamics that implement the
quantum logic are unavoidably affected by uncontrolled couplings to the
solid-state environment, preventing high-fidelity gate performance
(Fig. 1a). Dynamical decoupling3, a technique that uses fast qubit flips
to average out the interactions with the environment, is a powerful and
practical tool for mitigating decoherence4–11,23–25. This approach is par-
ticularly promising for the emerging class of hybrid quantum architec-
tures12–22, in which different types of qubit, such as electron and nuclear
spins, superconducting resonators and nanomechanical oscillators, per-
form different functions. Dynamical decoupling allows each qubit type
to be decoupled at its own rate, ensuring uniform coherence protection.
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Figure 1 | Quantum gate operation in the presence of decoherence.
a–c, Challenge of high-fidelity quantum gates for qubits (orange, electron spin;
purple, nuclear spin) coupled to a decohering environment. a, Without
decoherence protection, the fidelity of two-qubit gates is limited by interactions
with the environment. b, Dynamical decoupling efficiently preserves the qubit
coherence (protected storage) by turning off the interaction between the qubit
and its environment. However, this generally also decouples the qubit from
other qubits and prevents two-qubit gate operations. If the decoupling and the
gate are separated in time, the unprotected gate is still susceptible to
decoherence-induced errors. c, The goal is to perform dynamical decoupling
during the gate operation, thus ensuring that the gates are protected against
decoherence. The gate operation should therefore be compatible with
decoupling. The dephasing rate of the nuclear spin is negligible in our
experiments. However, nuclear spin protection can easily be incorporated using
another layer of decoupling. d, The two-qubit system used in this work: a
nitrogen–vacancy (NV) colour centre in diamond carries an electron spin S 5 1

(orange) coupled to a 14N nuclear spin I 5 1 (purple). The states of the
electronic qubit, | 0æ and | 1æ, are split by 1.4 GHz in an external field
B0 5 510 G. The states | 0"æ and | 0#æ are split by 5.1 MHz owing to nuclear
quadrupole and Zeeman interactions. The hyperfine coupling yields an
additional splitting, such that the levels | 1"æ and | 1#æ are separated by 2.9 MHz.
The Rabi driving is applied in resonance with this transition. e, Dynamics of the
electron–nuclear spin system in the limit v1=A, visualized in a coordinate
frame that rotates with frequency 1.4 GHz in the electron spin subspace and
frequency 2.9 MHz in the nuclear spin subspace. In this frame, the states | 1"æ
and | 1#æ have the same energy. The Rabi driving field, which is directed along
the x axis, coherently rotates the nuclear spin if the electronic qubit is in | 1æ (the
resulting rotation around the x axis by angle h is denoted RX(h)). However, the
Rabi driving is negligible for the states | 0"æ and | 0#æ, which differ in energy by
A 5 2p3 2.16 MHz. The phase accumulation between | 0"æ and | 0#æ
corresponds to a coherent rotation of the nuclear spin around the z axis with
frequency A (denoted RZ(a), where a is the rotation angle).
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Protecting the dynamics of coupled quantum systems from de-
coherence by the environment is a key challenge for solid-state
quantum information processing1,2. An idle quantum bit (qubit)
can be efficiently insulated from the outside world by dynamical
decoupling3, as has recently been demonstrated for individual
solid-state qubits4–9. However, protecting qubit coherence during
a multi-qubit gate is a non-trivial problem3,10,11: in general, the
decoupling disrupts the interqubit dynamics and hence conflicts
with gate operation. This problem is particularly salient for hybrid
systems12–22, in which different types of qubit evolve and decohere
at very different rates. Here we present the integration of dynamical
decoupling into quantum gates for a standard hybrid system, the
electron–nuclear spin register. Our design harnesses the internal
resonance in the coupled-spin system to resolve the conflict between
gate operation and decoupling. We experimentally demonstrate
these gates using a two-qubit register in diamond operating at room
temperature. Quantum tomography reveals that the qubits involved
in the gate operation are protected as accurately as idle qubits. We
also perform Grover’s quantum search algorithm1, and achieve

fidelities of more than 90% even though the algorithm run-time
exceeds the electron spin dephasing time by two orders of mag-
nitude. Our results directly allow decoherence-protected interface
gates between different types of solid-state qubit. Ultimately,
quantum gates with integrated decoupling may reach the accuracy
threshold for fault-tolerant quantum information processing with
solid-state devices1,11.

Decoherence is a major hurdle in realizing scalable quantum tech-
nologies in the solid state. The interqubit dynamics that implement the
quantum logic are unavoidably affected by uncontrolled couplings to the
solid-state environment, preventing high-fidelity gate performance
(Fig. 1a). Dynamical decoupling3, a technique that uses fast qubit flips
to average out the interactions with the environment, is a powerful and
practical tool for mitigating decoherence4–11,23–25. This approach is par-
ticularly promising for the emerging class of hybrid quantum architec-
tures12–22, in which different types of qubit, such as electron and nuclear
spins, superconducting resonators and nanomechanical oscillators, per-
form different functions. Dynamical decoupling allows each qubit type
to be decoupled at its own rate, ensuring uniform coherence protection.

1Kavli Institute of Nanoscience, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands. 2Ames Laboratory and Iowa State University, Ames, Iowa 50011, USA. 3Center for Spintronics
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Figure 1 | Quantum gate operation in the presence of decoherence.
a–c, Challenge of high-fidelity quantum gates for qubits (orange, electron spin;
purple, nuclear spin) coupled to a decohering environment. a, Without
decoherence protection, the fidelity of two-qubit gates is limited by interactions
with the environment. b, Dynamical decoupling efficiently preserves the qubit
coherence (protected storage) by turning off the interaction between the qubit
and its environment. However, this generally also decouples the qubit from
other qubits and prevents two-qubit gate operations. If the decoupling and the
gate are separated in time, the unprotected gate is still susceptible to
decoherence-induced errors. c, The goal is to perform dynamical decoupling
during the gate operation, thus ensuring that the gates are protected against
decoherence. The gate operation should therefore be compatible with
decoupling. The dephasing rate of the nuclear spin is negligible in our
experiments. However, nuclear spin protection can easily be incorporated using
another layer of decoupling. d, The two-qubit system used in this work: a
nitrogen–vacancy (NV) colour centre in diamond carries an electron spin S 5 1

(orange) coupled to a 14N nuclear spin I 5 1 (purple). The states of the
electronic qubit, | 0æ and | 1æ, are split by 1.4 GHz in an external field
B0 5 510 G. The states | 0"æ and | 0#æ are split by 5.1 MHz owing to nuclear
quadrupole and Zeeman interactions. The hyperfine coupling yields an
additional splitting, such that the levels | 1"æ and | 1#æ are separated by 2.9 MHz.
The Rabi driving is applied in resonance with this transition. e, Dynamics of the
electron–nuclear spin system in the limit v1=A, visualized in a coordinate
frame that rotates with frequency 1.4 GHz in the electron spin subspace and
frequency 2.9 MHz in the nuclear spin subspace. In this frame, the states | 1"æ
and | 1#æ have the same energy. The Rabi driving field, which is directed along
the x axis, coherently rotates the nuclear spin if the electronic qubit is in | 1æ (the
resulting rotation around the x axis by angle h is denoted RX(h)). However, the
Rabi driving is negligible for the states | 0"æ and | 0#æ, which differ in energy by
A 5 2p3 2.16 MHz. The phase accumulation between | 0"æ and | 0#æ
corresponds to a coherent rotation of the nuclear spin around the z axis with
frequency A (denoted RZ(a), where a is the rotation angle).
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Protecting the dynamics of coupled quantum systems from de-
coherence by the environment is a key challenge for solid-state
quantum information processing1,2. An idle quantum bit (qubit)
can be efficiently insulated from the outside world by dynamical
decoupling3, as has recently been demonstrated for individual
solid-state qubits4–9. However, protecting qubit coherence during
a multi-qubit gate is a non-trivial problem3,10,11: in general, the
decoupling disrupts the interqubit dynamics and hence conflicts
with gate operation. This problem is particularly salient for hybrid
systems12–22, in which different types of qubit evolve and decohere
at very different rates. Here we present the integration of dynamical
decoupling into quantum gates for a standard hybrid system, the
electron–nuclear spin register. Our design harnesses the internal
resonance in the coupled-spin system to resolve the conflict between
gate operation and decoupling. We experimentally demonstrate
these gates using a two-qubit register in diamond operating at room
temperature. Quantum tomography reveals that the qubits involved
in the gate operation are protected as accurately as idle qubits. We
also perform Grover’s quantum search algorithm1, and achieve

fidelities of more than 90% even though the algorithm run-time
exceeds the electron spin dephasing time by two orders of mag-
nitude. Our results directly allow decoherence-protected interface
gates between different types of solid-state qubit. Ultimately,
quantum gates with integrated decoupling may reach the accuracy
threshold for fault-tolerant quantum information processing with
solid-state devices1,11.

Decoherence is a major hurdle in realizing scalable quantum tech-
nologies in the solid state. The interqubit dynamics that implement the
quantum logic are unavoidably affected by uncontrolled couplings to the
solid-state environment, preventing high-fidelity gate performance
(Fig. 1a). Dynamical decoupling3, a technique that uses fast qubit flips
to average out the interactions with the environment, is a powerful and
practical tool for mitigating decoherence4–11,23–25. This approach is par-
ticularly promising for the emerging class of hybrid quantum architec-
tures12–22, in which different types of qubit, such as electron and nuclear
spins, superconducting resonators and nanomechanical oscillators, per-
form different functions. Dynamical decoupling allows each qubit type
to be decoupled at its own rate, ensuring uniform coherence protection.

1Kavli Institute of Nanoscience, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands. 2Ames Laboratory and Iowa State University, Ames, Iowa 50011, USA. 3Center for Spintronics
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Figure 1 | Quantum gate operation in the presence of decoherence.
a–c, Challenge of high-fidelity quantum gates for qubits (orange, electron spin;
purple, nuclear spin) coupled to a decohering environment. a, Without
decoherence protection, the fidelity of two-qubit gates is limited by interactions
with the environment. b, Dynamical decoupling efficiently preserves the qubit
coherence (protected storage) by turning off the interaction between the qubit
and its environment. However, this generally also decouples the qubit from
other qubits and prevents two-qubit gate operations. If the decoupling and the
gate are separated in time, the unprotected gate is still susceptible to
decoherence-induced errors. c, The goal is to perform dynamical decoupling
during the gate operation, thus ensuring that the gates are protected against
decoherence. The gate operation should therefore be compatible with
decoupling. The dephasing rate of the nuclear spin is negligible in our
experiments. However, nuclear spin protection can easily be incorporated using
another layer of decoupling. d, The two-qubit system used in this work: a
nitrogen–vacancy (NV) colour centre in diamond carries an electron spin S 5 1

(orange) coupled to a 14N nuclear spin I 5 1 (purple). The states of the
electronic qubit, | 0æ and | 1æ, are split by 1.4 GHz in an external field
B0 5 510 G. The states | 0"æ and | 0#æ are split by 5.1 MHz owing to nuclear
quadrupole and Zeeman interactions. The hyperfine coupling yields an
additional splitting, such that the levels | 1"æ and | 1#æ are separated by 2.9 MHz.
The Rabi driving is applied in resonance with this transition. e, Dynamics of the
electron–nuclear spin system in the limit v1=A, visualized in a coordinate
frame that rotates with frequency 1.4 GHz in the electron spin subspace and
frequency 2.9 MHz in the nuclear spin subspace. In this frame, the states | 1"æ
and | 1#æ have the same energy. The Rabi driving field, which is directed along
the x axis, coherently rotates the nuclear spin if the electronic qubit is in | 1æ (the
resulting rotation around the x axis by angle h is denoted RX(h)). However, the
Rabi driving is negligible for the states | 0"æ and | 0#æ, which differ in energy by
A 5 2p3 2.16 MHz. The phase accumulation between | 0"æ and | 0#æ
corresponds to a coherent rotation of the nuclear spin around the z axis with
frequency A (denoted RZ(a), where a is the rotation angle).
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Protecting the dynamics of coupled quantum systems from de-
coherence by the environment is a key challenge for solid-state
quantum information processing1,2. An idle quantum bit (qubit)
can be efficiently insulated from the outside world by dynamical
decoupling3, as has recently been demonstrated for individual
solid-state qubits4–9. However, protecting qubit coherence during
a multi-qubit gate is a non-trivial problem3,10,11: in general, the
decoupling disrupts the interqubit dynamics and hence conflicts
with gate operation. This problem is particularly salient for hybrid
systems12–22, in which different types of qubit evolve and decohere
at very different rates. Here we present the integration of dynamical
decoupling into quantum gates for a standard hybrid system, the
electron–nuclear spin register. Our design harnesses the internal
resonance in the coupled-spin system to resolve the conflict between
gate operation and decoupling. We experimentally demonstrate
these gates using a two-qubit register in diamond operating at room
temperature. Quantum tomography reveals that the qubits involved
in the gate operation are protected as accurately as idle qubits. We
also perform Grover’s quantum search algorithm1, and achieve

fidelities of more than 90% even though the algorithm run-time
exceeds the electron spin dephasing time by two orders of mag-
nitude. Our results directly allow decoherence-protected interface
gates between different types of solid-state qubit. Ultimately,
quantum gates with integrated decoupling may reach the accuracy
threshold for fault-tolerant quantum information processing with
solid-state devices1,11.

Decoherence is a major hurdle in realizing scalable quantum tech-
nologies in the solid state. The interqubit dynamics that implement the
quantum logic are unavoidably affected by uncontrolled couplings to the
solid-state environment, preventing high-fidelity gate performance
(Fig. 1a). Dynamical decoupling3, a technique that uses fast qubit flips
to average out the interactions with the environment, is a powerful and
practical tool for mitigating decoherence4–11,23–25. This approach is par-
ticularly promising for the emerging class of hybrid quantum architec-
tures12–22, in which different types of qubit, such as electron and nuclear
spins, superconducting resonators and nanomechanical oscillators, per-
form different functions. Dynamical decoupling allows each qubit type
to be decoupled at its own rate, ensuring uniform coherence protection.
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Figure 1 | Quantum gate operation in the presence of decoherence.
a–c, Challenge of high-fidelity quantum gates for qubits (orange, electron spin;
purple, nuclear spin) coupled to a decohering environment. a, Without
decoherence protection, the fidelity of two-qubit gates is limited by interactions
with the environment. b, Dynamical decoupling efficiently preserves the qubit
coherence (protected storage) by turning off the interaction between the qubit
and its environment. However, this generally also decouples the qubit from
other qubits and prevents two-qubit gate operations. If the decoupling and the
gate are separated in time, the unprotected gate is still susceptible to
decoherence-induced errors. c, The goal is to perform dynamical decoupling
during the gate operation, thus ensuring that the gates are protected against
decoherence. The gate operation should therefore be compatible with
decoupling. The dephasing rate of the nuclear spin is negligible in our
experiments. However, nuclear spin protection can easily be incorporated using
another layer of decoupling. d, The two-qubit system used in this work: a
nitrogen–vacancy (NV) colour centre in diamond carries an electron spin S 5 1

(orange) coupled to a 14N nuclear spin I 5 1 (purple). The states of the
electronic qubit, | 0æ and | 1æ, are split by 1.4 GHz in an external field
B0 5 510 G. The states | 0"æ and | 0#æ are split by 5.1 MHz owing to nuclear
quadrupole and Zeeman interactions. The hyperfine coupling yields an
additional splitting, such that the levels | 1"æ and | 1#æ are separated by 2.9 MHz.
The Rabi driving is applied in resonance with this transition. e, Dynamics of the
electron–nuclear spin system in the limit v1=A, visualized in a coordinate
frame that rotates with frequency 1.4 GHz in the electron spin subspace and
frequency 2.9 MHz in the nuclear spin subspace. In this frame, the states | 1"æ
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Decoherence-protected quantum gates for a hybrid
solid-state spin register
T. van der Sar1, Z. H. Wang2, M. S. Blok1, H. Bernien1, T. H. Taminiau1, D. M. Toyli3, D. A. Lidar4, D. D. Awschalom3, R. Hanson1

& V. V. Dobrovitski2

Protecting the dynamics of coupled quantum systems from de-
coherence by the environment is a key challenge for solid-state
quantum information processing1,2. An idle quantum bit (qubit)
can be efficiently insulated from the outside world by dynamical
decoupling3, as has recently been demonstrated for individual
solid-state qubits4–9. However, protecting qubit coherence during
a multi-qubit gate is a non-trivial problem3,10,11: in general, the
decoupling disrupts the interqubit dynamics and hence conflicts
with gate operation. This problem is particularly salient for hybrid
systems12–22, in which different types of qubit evolve and decohere
at very different rates. Here we present the integration of dynamical
decoupling into quantum gates for a standard hybrid system, the
electron–nuclear spin register. Our design harnesses the internal
resonance in the coupled-spin system to resolve the conflict between
gate operation and decoupling. We experimentally demonstrate
these gates using a two-qubit register in diamond operating at room
temperature. Quantum tomography reveals that the qubits involved
in the gate operation are protected as accurately as idle qubits. We
also perform Grover’s quantum search algorithm1, and achieve

fidelities of more than 90% even though the algorithm run-time
exceeds the electron spin dephasing time by two orders of mag-
nitude. Our results directly allow decoherence-protected interface
gates between different types of solid-state qubit. Ultimately,
quantum gates with integrated decoupling may reach the accuracy
threshold for fault-tolerant quantum information processing with
solid-state devices1,11.

Decoherence is a major hurdle in realizing scalable quantum tech-
nologies in the solid state. The interqubit dynamics that implement the
quantum logic are unavoidably affected by uncontrolled couplings to the
solid-state environment, preventing high-fidelity gate performance
(Fig. 1a). Dynamical decoupling3, a technique that uses fast qubit flips
to average out the interactions with the environment, is a powerful and
practical tool for mitigating decoherence4–11,23–25. This approach is par-
ticularly promising for the emerging class of hybrid quantum architec-
tures12–22, in which different types of qubit, such as electron and nuclear
spins, superconducting resonators and nanomechanical oscillators, per-
form different functions. Dynamical decoupling allows each qubit type
to be decoupled at its own rate, ensuring uniform coherence protection.

1Kavli Institute of Nanoscience, Delft University of Technology, PO Box 5046, 2600 GA Delft, The Netherlands. 2Ames Laboratory and Iowa State University, Ames, Iowa 50011, USA. 3Center for Spintronics
and Quantum Computation, University of California, Santa Barbara, California 93106, USA. 4Departments of Electrical Engineering, Chemistry, and Physics, and Center for Quantum Information Science
and Technology, University of Southern California, Los Angeles, California 90089, USA.
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and its environment. However, this generally also decouples the qubit from
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gate are separated in time, the unprotected gate is still susceptible to
decoherence-induced errors. c, The goal is to perform dynamical decoupling
during the gate operation, thus ensuring that the gates are protected against
decoherence. The gate operation should therefore be compatible with
decoupling. The dephasing rate of the nuclear spin is negligible in our
experiments. However, nuclear spin protection can easily be incorporated using
another layer of decoupling. d, The two-qubit system used in this work: a
nitrogen–vacancy (NV) colour centre in diamond carries an electron spin S 5 1

(orange) coupled to a 14N nuclear spin I 5 1 (purple). The states of the
electronic qubit, | 0æ and | 1æ, are split by 1.4 GHz in an external field
B0 5 510 G. The states | 0"æ and | 0#æ are split by 5.1 MHz owing to nuclear
quadrupole and Zeeman interactions. The hyperfine coupling yields an
additional splitting, such that the levels | 1"æ and | 1#æ are separated by 2.9 MHz.
The Rabi driving is applied in resonance with this transition. e, Dynamics of the
electron–nuclear spin system in the limit v1=A, visualized in a coordinate
frame that rotates with frequency 1.4 GHz in the electron spin subspace and
frequency 2.9 MHz in the nuclear spin subspace. In this frame, the states | 1"æ
and | 1#æ have the same energy. The Rabi driving field, which is directed along
the x axis, coherently rotates the nuclear spin if the electronic qubit is in | 1æ (the
resulting rotation around the x axis by angle h is denoted RX(h)). However, the
Rabi driving is negligible for the states | 0"æ and | 0#æ, which differ in energy by
A 5 2p3 2.16 MHz. The phase accumulation between | 0"æ and | 0#æ
corresponds to a coherent rotation of the nuclear spin around the z axis with
frequency A (denoted RZ(a), where a is the rotation angle).
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2) Qubits decoupled 
from each other and 
environment!

3) Qubits only 
decoupled from 
environment!
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Building a 2-Qubit Gate

Combine special cases 1 and 2

obtain a conditional rotation gate
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NV - Centers



Framework
• Unconditional teleportation 

• Any state can be transmitted 

• Remoteness 

• Sender and reciever are reasonably separated 
(3m)



• Remote entanglement between NV electrons 

• Local entanglement: Spin rotation / Spin-selective 
excitation  
Electron-Photon

• Local entanglement: Quantum  
interference photon detection  
Photon-Photon

Entanglement



Teleporter Setup 
Configuration

• Alice NV-Center: 
Transmission Qubit (1) Nuclear spin  
Messenger Qubit (2) Electron spin 

• Bob NV-Center:  
Reciever Qubit (3) Electron spin 

• Qubits 2 & 3 entangled in | �i23



Teleporter Setup 
Initialization

• Transmission Qubit initialized in 

• Projective measurement of Messenger 

• Prior to entanglement 

• Source State  

• After entanglement to avoid Dephasing

|1i1

| i1 = ↵|0i1 + �|1i1



Teleporter Setup 
Final State

• Final State in Bell basis:  
 
 
 
 
 
 
 

| i1 ⌦ | �i23 =
1

2
[|�+i12(↵|1i3 � �|0i3)

+|��i12(↵|1i3 + �|0i3)
+| +i12(�↵|0i3 + �|1i3)
+| �i12(�↵|0i3 � �|1i3)]



Teleportation

• Interaction between Qubits 1 and 2 

• CNOT followed by        Y-rotation of Transmitter 

• Projective measurements 

• Conditional Pauli-rotations

⇡/2



Teleportation 
Interaction

• Nuclear rotations controlled by Electron excitation 
level: 

• Controlled        Y-rotation (on 1 controlled by 2) 
    Y-rotation (unconditional on 2) 
Controlled        Y-rotation (on 1 controlled by 2) 
 
Effectively:        Y-rotation (unconditional on 1)

⇡/2

⇡/2
⇡

⇡/2



• Overall state after interaction:  
 
 
 
 
 
 

Ry1(
⇡/2)UCNOT (| i1 ⌦ | �i23) =

1

2
[|11i12(↵|1i3 � �|0i3)

+ |01i12(↵|1i3 + �|0i3)
+ |10i12(↵|0i3 � �|1i3)
+ |00i12(↵|0i3 + �|1i3)]

Teleportation 
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Teleportation 
Interaction

• Overall state after interaction:  
 
 
 
 
 
 

Ry1(
⇡/2)UCNOT (| i1 ⌦ | �i23) =

1

2
[|11i12(�xz| i3)

+ |01i12(�x| i3)
+ |10i12(�z| i3)
+ |00i12( | i3)]



Teleportation 
Measurement

• Direct measurement on messenger 

• Projective measurement on transmitter 

• CNOT on        electron (on reinitialized 
messenger, controlled by transmitter)  
Direct measurement on messenger

|0i2



Teleportation 
Pauli rotations

• Depending on measurement: 
 
 
 
 
 
 

|00i12 7!
|10i12 7! �

z

|01i12 7! �
x

|11i12 7! �
xz



Results
• Tomography for Y on Bob’s side to confirm 

alignment of reference frames  
 
 

• 6 unbiased states transmitted. Fidelity 0.77  
 
 



Outlook
• Remote Entanglement  

Mutliple Qubits per node: 

• NV Centers are a good candidate for Quantum 
networks 

• Entanglement fidelity high enough to close 
detection loophole of Bell Inequality  
 
 


