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Chapter 1

Introduction

H. Bernien & W. Pfa�

The ability to control, measure and entangle few-qubit quantum registers creates unique

opportunities for studying the non-classical features of quantum mechanics. Apart from

being of great fundamental interest, this ability is an important requirement for future

technologies powered by quantum mechanics, such as quantum computers and quantum

networks (chapter 1.1). A promising candidate platform for constructing and studying

elementary building blocks for such technologies are spins in diamond (chapter 1.2). This

thesis presents a set of experiments that �rst establish a universal tool-box for quantum

control and measurement of spins in diamond. We then make use of these tools to create

entanglement between non-interacting remote spins and to perform deterministic quantum

teleportation between them.

1



1. Introduction

1.1 Quantum computers and quantum networks

Quantum mechanics is widely regarded as one of the most successful theories in physics,

and to the best of our knowledge no experiment has been performed thus far that contradicts

it. This accuracy is remarkable because today’s experimental possibilities go well beyond of

what the founders of quantum theory thought was achievable — Schrödinger for instance

famously wrote
1
:

“we never experiment with just one electron or atom or (small) molecule. In thought-
experiments we sometimes assume that we do; this invariably entails ridiculous
consequences [...]

it is fair to state that we are not experimenting with single particles, any more than
we can raise Ichthyosauria in the zoo.”

This statement clearly does not hold any more, as experimental techniques to study single

particles have been developed with great success in the recent decades — acknowledged by

the recent awarding of the 2012 Nobel Prize in Physics to Serge Haroche and David J. Wine-

land “for ground-breaking experimental methods that enable measuring and manipulation of
individual quantum systems.”

Nonetheless, quantum mechanical predictions — and in particular their “ridiculous con-
sequences”, such as quantum entanglement

2,3
— prevail, and we are lead to believe that

seemingly exotic features of quantum theory are not merely side-e�ects of mathematical

modelling, but real phenomena that can be observed. This development has in turn triggered

great interest in the possibility to use these phenomena in new technologies that can outper-

form counterparts that operate solely on the basis of classical physics.

As experimental quantum physicists we are interested in studying and controlling the

quintessential features of quantum mechanics on the smallest scale. These e�orts are made

in the hope that we can resolve fundamental disputes and questions about the interpretation

of quantum theory
4,5

, as well as demonstrate the feasibility of new quantum technologies.

In particular, quantum information processing can help to overcome limitations faced in

classical computing. An illustrating example is quantum physics itself: assume we want

to simulate a molecule of 500 degrees of freedom, where each of those dimensions has at

least two possible states. The full state information consists of the complex amplitudes of all

≥ 2
500

terms in the general superposition state — more numbers than the estimated total

of atoms in the observable universe and certainly intractable by any classical computer.

However, if controlled and preserved well enough, a quantum system that can be mapped

to the very molecule to be described can be used for the task
6

— an idea that has been

generalized to universal quantum simulators
7
.

Furthermore it has become clear that also more general computational problems can

be treated more e�ciently when generalizing the classical computer to a quantum Turing

2



1.2. Spins in diamond as building block for quantum technologies

machine
8,9

, where the classical bit that takes values of either 0 or 1 is replaced by the

quantum bit (qubit) that can be in superpositions of basis states |0〉 and |1〉. This idea has

since given raise to the new discipline of quantum information processing
10,11

. Potential

applications that generated of lot of interest include the factorisation of large numbers
12

and the searching of unsorted databases
13

.

The implementation of quantum information protocols demands very good control over

individual and composite quantum systems
14

. Notably, quantum entanglement between

qubits can be employed to achieve a performance-enhancement over classical protocols
15,16

.

Furthermore, the ability to perform projective quantum measurements is desirable for a

number of applications, for instance quantum error correction
10

.

For the communication of quantum information and for distributed quantum computing

quantum networks have been devised
17

. If entanglement between (remote) nodes of such a

network can be established, quantum states and operations can be transmitted via teleport-

ation
18,19

. The entanglement required can be generated, for instance, by interference and

measurement of photons
20

.

The realisation of an extended network of quantum registers or computers that are linked

by entanglement would allow us to study quantum physics at a truly macroscopic scale

and test its limits. At the same time this step could enable radically new applications in

computation and communication. The focus of this work is the generation of entanglement

between non-interacting solid-state qubits by quantum measurement, in order to show a

pathway for creating prototypes of such quantum networks.

1.2 Spins in diamond as building block for quantum technologies

We implement quantum registers with single spins that are associated to the Nitrogen

Vacancy (NV) colour defect in diamond. The NV centre has gained much interest in ex-

perimental quantum physics since the �rst observation of a single such centre in 1997
21

:

the defect behaves much like a single ion or small molecule, but comes “pre-packaged” in

a robust solid-state environment that it does not strongly interact with. The NV centre

displays quantum phenomena that can be accessed with relatively simple experimental

arrangements, and under moderate environment conditions.

The NV shows photoluminescence under excitation with visible light and is a stable single-

photon emitter
22

. It has an electronic spin that can be initialized and read out optically, and

manipulated with standard magnetic resonance techniques
23

. Remarkably, these properties

are available even at room temperature. As a result, the NV has been used for experiments

in various aspects of quantum science, from sensitive metrology
24–27

, studies of single-spin

decoherence
28–30

, to fundamental tests of quantum mechanics
31–33

, to name only a few.

Recent critical advances show the potential for NV centres in quantum information

processing: It has been shown that nuclear spins interacting with the NV electronic spin

can be used as qubits
34–36

, opening up the possibility for building local multi-qubit quantum

3



1. Introduction

single photon
emissionlaser excitation

entanglement by photon 
interference and measurement

spin manipulation
by magnetic resonance pulses

or ?

Figure 1.1 | Vision of a macroscopic quantum network based on spins in diamond.
Nodes consist of single NV centres in diamonds that are separated by macroscopic distances
(metres up to kilometres). The NV electronic spin (purple) can be measured optically, and
serves as the interface for a quantum register of nuclear spins (orange, green). Entanglement
between nodes is established by interference and measurement of photons that are correlated
with the electron spins.

registers. Further, at cryogenic temperatures the electronic spin can be interfaced coherently

with photons
37

, enabling linking of such registers to macroscopic networks. On these

grounds we believe that the NV centre is a promising platform for implementing quantum

registers and networks. A cartoon of the architecture we envision is shown in Fig. 1.1.

1.3 Thesis overview

In chapter 2 we outline the relevant physical properties of the NV centre: we �rst discuss

how the electronic spin can serve as the central qubit of a nuclear spin register, and how it can

be used as the optical interface to this register. Furthermore, we explain how entanglement

between remote NV centres can be established.

Chapter 3 describes the experimental details of our measurements. We discuss the

principles of addressing single NV centres and how to fabricate devices that enable high

4



1.3. Thesis overview

�delity spin control and readout. Finally, we discuss the experimental setup used.

In chapter 4 we show that optical transitions of the NV centre can be manipulated

coherently. We identify the main mechanism for decoherence and develop a method to

overcome it.

The energy levels involved in the optical cycle are investigated further in chapter 5. We

determine the spin-dependent intersystem crossing probabilities between the triplet and

singlet states.

In chapter 6 we implement a projective quantum measurement of the electronic spin of

the NV centre and nuclear spin states of the nitrogen and nearby
13

C-atoms. We use spin

selective optical excitation at low temperatures combined with the high collection e�ciency

enabled by solid immersion lenses (chapter 3.2), allowing us to measure the spin states in a

single shot.

Chapter 7 shows that NV centres are suitable for measurement-based entanglement

protocols. We obtain indistinguishable photons from separate NVs and observe two-photon

quantum interference.

We demonstrate generation of entanglement between two NV centre electronic spins

that are separated by a macroscopic distance of three metres in chapter 8. We show how

quantum interference and measurement of indistinguishable single photons from the NV

centres can project the spins into a Bell-state.

By combining this remote entanglement with a local Bell-state measurement we are able

to deterministically teleport the state of a nuclear spin qubit onto an electronic spin over a

macroscopic distance of three metres (chapter 9).

We �nally summarise the work presented in chapter 10 and discuss the future of this

line of experiments.

5
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Chapter 2

The NV centre in diamond as platform

for qantum networks

H. Bernien & W. Pfa�

In this chapter we will outline the physical principles for using the NV centre as the

elementary building block for quantum registers and quantum networks. In particular, we

address the nature of the electronic spin and its suitability for serving both as a central qubit

and an optical interface (chapter 2.2), and how a nuclear spin register around the electronic

spin is formed (chapter 2.3). We �nally lay out the principles for establishing entanglement

between remote NV centres using a photonic channel (chapter 2.4).
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2. The NV centre in diamond as platform for quantum networks

a b

C

N

V

conduction band

valence band

a1’

a1

ex ey

Figure 2.1 | Basic structure of the NV centre. a, The nitrogen-vacancy defect in the
carbon-matrix of diamond is formed by a substitutional nitrogen atom (N) next to a la�ice
vacancy (V). b, Molecular orbitals (labels denote their symmetry) and their filling in the
orbital ground state of NV−. These orbitals are linear combinations of the hybridised sp3

orbitals of the nitrogen and the 3 carbon atoms that transform according to the irreproducible
representations of the C3v symmetry group1,2. The lowest-lying orbital a′

1
is located inside

the valence band. The relevant physics of the NV centre is mainly governed by the occupation
of the orbitals in the band gap. In the ground state of NV− the orbital configuration is a2

1
e2.

Optical excitation can promote one electron to the first orbital excited state a1

1
e3.

2.1 Introduction

The nitrogen-vacancy defect (NV) is a colour-centre in diamond consisting of a substitutional

nitrogen atom and a neighbouring lattice vacancy (Fig. 2.1a). In its neutral charge state (NV
0
)

the defect hosts 5 electrons — 3 from the dangling bonds of the vacancy’s next-neighbour

carbon atoms, and 2 donor electrons from the nitrogen. In this work we are mainly concerned

with the negatively charged state (NV
−

), where an additional electron is captured from the

environment.

The 6 electrons of NV
−

occupy the available molecular orbitals in the ground state as

shown in Fig. 2.1b. The two orbitals that have the highest energy are degenerate and host

one unpaired electron each to form a spin triplet. Upon optical excitation one electron from

the orbital below can be transferred to one of the two highest energy orbitals. Importantly,

the energies of the ground as well as the �rst orbital excited state are located inside the band

gap of diamond, resulting in ion-like properties of the defect.

In the following we will give only a brief overview of the features of the NV centre relevant

for the experimental work presented. For more details we point the reader to the numerous

reviews published very recently, covering both the fundamental properties of the defect
3,4

10
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as well as the current applications
5–11

.

2.2 The electronic spin: central qubit and optical interface

In the simpli�ed model of non interacting electrons both the ground state con�guration a2

1
e2

and the �rst excited con�guration a1

1
e3

have degenerate spin singlet and triplet states. This

degeneracy is lifted by the Coulomb interaction which leads to spin triplet (S=1) ground

states
3A2 which are separated by 1.945 eV from the spin triplet excited states

3E (Fig. 2.2)
1,2

.

The exact positions of the singlet states are not yet determined
2

and are for this work

summarised to one intermediate level. Adding spin-orbit and spin-spin interactions to the

model splits the ground and excited triplet states.

Central qubit

Within the orbital ground state the ms = ±1 levels are separated by a zero �eld splitting

D ≈ 2.88 GHz from thems = 0 state. The ground state is described by the Hamiltonian

HGS = DS2

z + γeB · S, (2.1)

where Si are the Pauli spin operators and γe = 2.802 MHz/G is the gyromagnetic ratio. A

magnetic �eld Bz parallel to the N-V axis splits the ms = ±1 states by the Zeeman e�ect

(Fig. 2.2d). For moderate �eld strengths the degeneracy between ms = −1 and ms = +1 is

lifted and their transitions toms = 0 can be selectively driven by applying microwaves with

the frequency of the corresponding transition
12

. We can de�ne an e�ective two level system

which serves as a qubit with ms = 0 := |0〉 andms = −1 := |1〉 (equally well ms = +1 can be

de�ned as |1〉).

These qubit states are very robust. Coherence times of a few milliseconds can be observed

even at room temperature and at low temperatures coherence times of single NVs beyond

10 ms for single NVs
13

and up to 0.5 s for ensembles
14

have been observed. There are two

main reasons for these long times. First, the electronic energy levels lie deep within the large

band gap of diamond (5.5 eV) and are therefore well isolated from the bulk electronic states.

Second, the diamond lattice consists to 98.9% of spinless
12

C, leading to only slow dephasing

from a �uctuating nuclear spin bath.

The limit on the coherence time is set by the remaining magnetic impurities. These form

a spin bath which creates a �uctuating magnetic �eld at the NV location which leads to

dephasing
15

. For type Ib diamonds the spin bath is dominated by nitrogen defect centres (P1)

that have an electronic S = 1/2 spin. In type IIa diamonds the bath is given by the remaining

13
C nuclear spins (I = 1/2).

Optical interface

The spin-orbit and spin-spin interaction split the excited state triplet into four levels, two of

which are doubly degenerate (E1,2 and Ex,y ). The spin of the Ex,y states isms = 0. All others

11



2. The NV centre in diamond as platform for quantum networks

states are superpositions ofms = +1 andms = −1. The transitions between the ground state

and the excited state are in the visible (637 nm) and follow the selection rules given in table

2.1
1
. At low temperature they can be resonantly excited using a laser of the corresponding

frequency and this way di�erent spin states can be selectively addressed.

A1 A2 E1 E2 Ex Ey
3A2,ms=−1 σ+ σ+ σ− σ−
3A2,ms=0 y x

3A2,ms=+1 σ− σ− σ+ σ+

Table 2.1 | Optical selection rules. Transitions between the ground and excited states
occur under the emission or absorption of a linearly polarised (x,y) or circularly polarised
(σ+, σ−) photon.

The NV centre cannot also be excited o�-resonantly with higher energy. In this way a

phonon level above the excited state will be populated that quickly decays non radiatively

into
3E (see �g. 2.2a). During the emission the reverse process happens by which the NV

either directly decays into the ground state (zero phonon line, ZPL) or via a phonon level

above the ground state (phonon side band, PSB).

From the excited triplet state the NV centre can also decay to the metastable singlet states.

This coupling is stronger for states withms = ±1 components than forms = 0 states. This

di�erence results in a spin dependent �uorescence rate that allows to determine the spin

state by averaging the �uorescence intensity over many experimental runs
3
. Decay from

the singlets goes preferentially intoms = 0, leading to spin polarisation under o�-resonant

excitation. The initialisation �delity using this technique has been reported to range from

42–96%, depending on the experimental setting
4
. Higher initialisation �delity and spin

readout in a single shot can be achieved at low temperatures using spin selective resonant

excitation (chapter 6).

The excited levels can be shifted by applying strain as well as by applying electric �elds

to the NV centre
16,17

. Electric �elds along the N-V axis do not e�ect the spacing between

the levels but o�set the whole spectrum. Electric �elds perpendicular to this axis break the

C3v symmetry and change the splittings between the levels (Fig. 2.2c). This also a�ects the

spin components of the levels which are increasingly mixed with higher strain. The ability

to tune the frequency of the emitted photons is crucial in order to link distant NV centres

via a photonic channel.

2.3 Nuclear spins as quantum register

Nuclear spins in solids are promising candidates for quantum register qubits because of

their long coherence times
18,19

and the availability of well-established nuclear magnetic

resonance techniques to manipulate them
20,21

. In particular, nuclear spins in diamond that

12
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Figure 2.2 | Electronic level structure and optical excitation of NV−. a, The ground
state triplet 3A2 can be optically excited either resonantly to the 3E excited or o�-resonantly
into higher lying levels in the phonon side band (PSB) that quickly decay to 3E. Emission of
photon can either occur directly or in to the PSB above the ground state. b, The ground
state is split by the zero field spli�ing into onems = 0 and two degeneratems = ±1 states.
Spin-spin and spin-orbit interactions split the excited state into four levels of which two are
doubly degenerate. The labels indicate the symmetry of the state underC3v transformations.
Arrows indicate the allowed optical transitions. c, The excited state spli�ings are e�ected
by strain (or equivalently by an electric field) that is applied perpendicular to the N-V-axis.
With increasing strain the spin states of the levels are increasingly mixed. d, Magnetic fields
along the N-V axis split thems = ±1 levels in the ground state by the Zeeman e�ect.
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couple strongly to the electronic spin of an NV centre have shown great potential for use in

quantum registers in a row of proof-of-principle experiments in the recent years
19,22–28

.

We de�ne nuclear spin qubits in the orbital ground state of NV
−

. The key ingredient that

allows us to do so is the hyper�ne interaction between nuclear spins and the NV electronic

spin. This coupling causes a splitting of the electronic spin states ms = ±1, with each of the

sub-levels corresponding to a nuclear spin eigenstate that we can use as qubit basis state.

The exact nature of the basis states of a particular nuclear spin depends on the details of

the hyper�ne interaction, which is in general given by
20

Hhf = µeµn

∑
µ,ν=x,y,z

Sµ

[(
−

8π

3

|ψ (rn) |
2

+

〈
1

|r − rn |
3

〉)
δµν − 3

〈
nµnν

|r − rn |
3

〉]
Iν , (2.2)

where both Fermi contact and dipolar coupling are included. S and I are the electronic and

nuclear spin operators, respectively, µe,n are the magnetic moments of the electron and

nucleus,ψ (r) is the electron wavefunction, rn is the position of the nucleus, n is a unit vector

along the r − rn axis, δµν is the Kronecker delta, and 〈·〉 denotes the average.

For the case of small magnetic �elds — corresponding to the experimental settings used

throughout this thesis — this interaction can be simpli�ed: the largest energy involved is the

zero-�eld splitting in z direction, D ≈ 2π × 2.88 GHz, that de�nes the quantisation of the

electron spin. One can make a secular approximation and neglect terms in the Hamiltonian

that contain Sx or Sy , because transitions of the electronic spin due to hyper�ne interaction

are strongly suppressed due to the large energy mismatch. If the dominating in�uence on

the nuclear spin is the interaction with the electron, the quantisation axis in ms = ±1 is

entirely determined by the direction of the hyper�ne �eld of the electron at the point of the

nucleus. The resulting simpli�ed interaction Hamiltonian is then

Hhf = Sz
∑
ν

αzν Iν ≡ ASzIz ′ , (2.3)

where z ′ is the quantisation direction of the nuclear spin for ms = ±1, and α µν are the

components of the hyper�ne tensor (implicitly given in (2.2)). We can see that our qubit

basis states are nuclear spin eigenstates that are de�ned by the splitting due to the e�ective

magnetic �eld of the electronic spin.

We are particularly interested in nuclear spins for which the interaction strength exceeds

the line width of the electronic spin transitions, which is typically on the order of ∼ 100 kHz

for our samples. In this case it is possible to perform electron spin rotations between

ms = 0↔ ±1 that are conditional on the nuclear spin state, allowing for the implementation

of a controlled-NOT (CNOT) gate. Suitable nuclei are the one of the nitrogen host atom of

the NV centre as well as those of close-by
13

C atoms.

14
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The nitrogen host

Each NV centre has a nitrogen atom with nuclear spin. Most commonly, with a natural

abundance of 99.3%, the nitrogen is of the isotope
14

N with a nuclear spin of IN = 1. There is

also the possibility for a
15

N (I = 1/2), either by chance or engineering
29,30

. We will only

discuss the
14

N case here because all experiments presented have been performed using

naturally occurring NV centres with the
14

N isotope.

The system Hamiltonian for electronic and nitrogen nuclear spin in the orbital ground

state can be written as

He,N = DS2

z + γeB · S − QIN2

z + γNB · IN − A ‖SzINz − A⊥
(
Sx INx + SyINy

)
, (2.4)

where Si and IN i are the i-components of spin-1 operators for electron and nucleus, S and IN.

Note that the quantisation axes (z-axes) for both electron and nitrogen spin are parallel. γe,N

are the electron and nitrogen nuclear spin gyromagnetic ratios, and Q is the quadrupolar

splitting of the nitrogen nuclear spin. The hyper�ne interaction can be divided into a parallel

component A ‖ and a perpendicular component A⊥. In the secular approximation,

He,N = DS2

z + γeBzSz − QIN
2

z + γNBzINz − ANSzINz , (2.5)

where we neglect all o�-diagonal terms of the
14

N spin because its quantisation is fully

governed by its quadrupolar splitting, independent of the electron spin projection. The

resulting level structure is shown in Fig. 2.3.

We can, for instance, identify mI = −1 := |1〉
N

and mI = 0 := |0〉
N

, leaving the third

nuclear spin projection idle. The splitting of the two basis states is — up to an additional

Zeeman splitting — determined by the sum of the quadrupolar splitting and the hyper�ne

interaction strength, ωN0
= Q +AN = 2π × 7.132 MHz, and qubit rotations can be performed

using magnetic resonance pulses in the radio-frequency (RF) domain.

13C spins

Besides the spin of the nitrogen host, the NV electronic spin also couples to
13

C nuclear spins

(I = 1/2) in the environment. In non-puri�ed diamond, the
13

C isotope occurs with a natural

abundance of 1.1% within the otherwise spin-free
12

C material, and the resulting spin bath is

to a large extent responsible for the dephasing of the electronic spin
31

. However, individual

13
C atoms that are located only a few lattice sites away from the NV centre experience a

strong hyper�ne interaction
32

, and are usable as qubits.

For a strongly coupled carbon nuclear spin coupled to the NV centre electronic spin we

can write the Hamiltonian in the orbital ground state as

He,N,C = DS2

z + γeBzSz − QIN
2

z + γNBzINz − ANSzINz + γCB · IC + ACSzICz ′ , (2.6)

where we have again made the secular approximation. For small magnetic �elds, the quant-

isation axis z ′ of the carbon spin in thems = ±1 manifold is determined by the hyper�ne �eld
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ms = 0 ≡ |0〉e mI,N = 0

mI,C = +½ ≡ |0〉C

mI,C = -½ ≡ |1〉C

mI,N = 0 ≡ |0〉N

mI,N = ±1

mI,N = +1

mI,N = -1 ≡ |1〉N

ms = -1 ≡ |1〉e

ms = +1

D

Q

Q - AN

Q + AN

γeBz

γeBz

AC

mI,N = 0

mI,N = -1

mI,N = +1

electron + 14N + 13C
(optional, variable AC)

Figure 2.3 | Spin level structure in the orbital ground state. The electronic ms = 0

state is separated from thems = ±1 levels by the zero-field spli�ing, D = 2π × 2.878 GHz
(at low temperature). In presence of an external magnetic field the ms = ±1 levels are
split by 2γeBz , where Bz is the z-component of the field, and γe = 2π × 2.802 MHz/G is
the electron gyromagnetic ratio. The mI = ±1 states of the of the nitrogen spin (I = 1

for 14N, the case depicted here) are lowered with respect to the mI = 0 level due to a
nuclear quadrupole spli�ing, with Q = 2π × 4.946 MHz. Hyperfine interaction between the
electronic and the 14N spin splits themI = ±1 levels forms = ±1, with a coupling constant
AN = 2π × 2.186 MHz. We ignore the magnetic field spli�ing of the nuclear spin at this
point. In the presence of a strongly coupled 13C nuclear spin (I = 1/2) thems = ±1 levels are
further split by a coupling constant AC that depends on the la�ice site that the 13C atom
occupies. A typical set of qubit basis states are indicated.
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of the electron at the lattice site of the
13

C atom. Contrary to the spin-1
14

N the carbon spin

has no pre-determined quantisation forms = 0 — its quantisation axis is then determined by

the alignment of the externally applied magnetic �eld. Therefore, unless the magnetic �eld

is aligned with the e�ective hyper�ne �eld at the location of the nucleus, the quantisation

axes can be di�erent for ms = 0 and ms = ±1. An illustration of the level diagram for one

13
C spin coupled to the NV is shown in Fig. 2.3.

We identify qubit basis states asmI = +1/2 := |0〉
C

andmI = −1/2 := |1〉
C

. The splitting

depends on the hyper�ne interaction strength, and can range from tens of kHz for
13

C atoms

a few sites away, up to more than 100 MHz for neighbour sites of the vacancy
24,32

.

2.4 Remote entanglement via a photonic channel

The optical interface of the NV centre does not only allow to access the local register but

also provides a route to connect remote registers by entanglement. In a measurement-based

scheme
33–36

a combined detection of photons emitted from both emitters projects the spins

into an entangled state
13,37,38

. These type of protocols are particularly well suited for the

case of the NV centre as the �delity of the entangled state is not directly e�ected by the

success probability and is therefore robust against photon loss.

The general scheme of entanglement generation is shown in �gure 2.4. First, both centres

are caused to emit a photon that is entangled with the electronic spin
39–42

. The overall

spin-photon state is then

��ψ 〉
=

1

2

[
|0〉 |α〉 + |1〉 ��γ 〉] , (2.7)

where |0〉, |1〉 are two electronic spin states and |α〉, ��γ 〉 are two orthogonal photonic states,

that could be, for instance, di�erent polarization-, frequency-, time-bin-, or number-states.

Such entangled states can be created by using the spin-dependent optical transitions of the

NV centre at low temperatures.

In order to create entanglement between the two spins, both photons are overlapped on a

beamsplitter. The beamsplitter transforms a photon |α〉 in the input mode according to
43

:

|α〉a −→
1

√
2

( |α〉
1

+ |α〉
2
), |α〉b −→

1

√
2

( |α〉
1
− |α〉

2
), (2.8)

where the indices a,b describe the two input modes and 1, 2 the two output modes (Fig. 2.4b).
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a b

a

1 2

b

c

Figure 2.4 | Measurement-based creation of remote entanglement. a, Each spin is
prepared in a state that is entangled with an emi�ed photon. b, The two photons are
overlapped on a beamspli�er. If the photons are indistinguishable the beamspli�er erases
the which-path information. c, Detection of certain photonic states projects the spins into
an entangled state.

The full state of the two photons and two spins is

��ψ 〉
a ⊗

��ψ 〉
b =

1

√
2

( |0〉a |α〉a + |1〉a
��γ 〉a ) ⊗ 1

√
2

( |0〉b |α̃〉b + |1〉b
��γ̃ 〉b )

=
1

4

[|0〉a ( |α〉1 + |α〉
2
) + |1〉a (��γ 〉1

+
��γ 〉2

)

⊗ |0〉b ( |α̃〉1 − |α̃〉2) + |1〉b (��γ̃ 〉1
− ��γ̃ 〉2

)]

=
1

4

[|00〉 ( |αα̃〉
1
− |αα̃〉

2
+ |α̃〉

1
|α〉

2
− |α〉

1
|α̃〉

2
)

+ |11〉 (��γγ̃ 〉1
− ��γγ̃ 〉2

+
��γ̃ 〉1

��γ 〉2
− ��γ 〉1

��γ̃ 〉2
)

+ |01〉 (��αγ̃ 〉1
− ��αγ̃ 〉2

+
��γ̃ 〉1
|α〉

2
− |α〉

1

��γ̃ 〉2
)

+ |10〉 (��α̃γ 〉1
− ��α̃γ 〉2

+ |α̃〉
1

��γ 〉2
− ��γ 〉1

|α̃〉
2
)]. (2.9)

For indistinguishable photons (|α〉 = |α̃〉, ��γ 〉 = ��γ̃ 〉) terms such as |α̃〉
1
|α〉

2
− |α〉

1
|α̃〉

2

cancel. This e�ect is called two-photon quantum interference, or Hong-Ou-Mandel e�ect
44

,

and is essential for the success of the protocol. Then equation 2.9 becomes:

��ψ 〉
a ⊗

��ψ 〉
b =

1

4

[|00〉 ( |2α〉
1
− |2α〉

2
)

+ |11〉 (��2γ 〉1
− ��2γ 〉2

)

+ ( |01〉 + |10〉) (��αγ 〉1
− ��αγ 〉2

)

+ ( |01〉 − |10〉) (��γ 〉1
|α〉

2
− |α〉

1

��γ 〉2
)]. (2.10)
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Detecting a certain photonic state projects the two emitters into the corresponding spin

state. Assume that |α〉 and
��γ 〉 are two orthogonal polarization of the photon. Then the

detection of one photon in each output port of the beamsplitter (�gure 2.4 c) projects the

two spins into the entangled Bell state Ψ− = 1/
√

2( |01〉 − |10〉).

In chapter 8 we use such a measurement-based protocol to create entanglement between

two NV centres that are separated by three metres. The photon states used in that experiment

are number states, |α〉 = |1〉
photon

and
��γ 〉 = |0〉photon

. With the detectors used states as

|2α〉
1
= |2〉

1,photon
and |α〉

1

��γ 〉2
= |1〉

1,photon
|0〉

2,photon
cannot be distinguished. Therefore,

the spins are projected into a mixed state. This issue can be overcome with an adaptation

of the protocol as suggested by Barret and Kok
36

, consisting of two rounds of the protocol

with a spin �ip in between. Detection of exactly one photon in each round then projects the

two spins into an entangled state (chapter 8).
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Chapter 3

Experimental methods

H. Bernien & W. Pfa�

In this chapter we introduce the experimental techniques that allow us to employ the NV

centre as a building block for quantum registers and networks. We �rst show how we can

optically address and characterize single NVs (chapter 3.1). The fabrication of NV centre

devices that allow for high collection e�ciency of the emitted photons, spin manipulation

and tuning of the optical transition frequencies is described in chapter 3.2. We then discuss

how we can pre-select during an experiment on the correct charge-state of the NV centre

and on the optical transitions being on resonance with the laser frequencies (chapter 3.3).

We conclude with a technical description of the experimental setup used (chapter 3.4).
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3. Experimental methods

3.1 Addressing single NV centres

For the experiments presented in the following chapters we employ single NV centres in

bulk diamond, cooled to liquid helium temperatures. We �rst locate and pre-select centres

of interest in a simpler setup at room-temperature, and subsequently fabricate structures for

enhancing the collection e�ciency, tuning optical resonances, and manipulating spins.

Samples

We use naturally occurring NV centres in high purity type IIa chemical-vapor deposition

grown diamond with either a 〈100〉 crystal orientation or a 〈111〉 crystal orientation that is

obtained by cleaving a 〈100〉 substrate. The latter case has the advantage that NV centres

with their axis perpendicular to the surface plane can be selected. For these centres the

dipoles belonging to the Ex - and Ey-transition lie in the surface plane. The diamonds are

supplied by Element 6.

Localising NV centres

Using confocal microscopy, Gruber et al. were able to detect single NV centres for the

�rst time in 1997
1
. To date this technique remains the standard tool for addressing single

NV centres optically. We use a home-built confocal microscope at room temperature for

basic characterisation. To �nd NVs we focus the beam of a green laser (532 nm) onto the

sample using a microscope objective with high numerical aperture (typically, NA = 0.95).

The same objective captures the �uorescence from the sample. A dichroic mirror separates

the red-shifted phonon side-band emission from the excitation beam into a detection path

(Fig. 3.1a).

By scanning the sample in all three dimensions using piezo-electric positioners and

monitoring the position-dependent �uorescence via an avalanche photo diode (APD) we are

able to localise emitters within the sample (Fig. 3.1b). We test whether such a candidate is

indeed an NV centre: The spectrum of the NV emission exhibits a characteristic zero-phonon

line (ZPL) at wavelength λ ≈ 637 nm and a dominant red-shifted phonon side-band (PSB)

which can be recognised easily (Fig. 3.1c). We can see whether the emission detected comes

from a single NV centre (or more general, from a single-photon emitter) by measuring the

second-order autocorrelation function д2 (τ ) using a Hanbury Brown-Twiss con�guration
4
.

By directing the emission onto a 50:50 beamsplitter with an APD located at each output port

we can record two-photon coincidences on the APDs as a function of the delay τ between

the two events. This corresponds, up to normalisation, to д2 (τ ) (Fig. 3.1d). A single emitter

shows д2 (0) < 1/2.
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Figure 3.1 | Identifying single NV centres. a, Setup for sample characterisation. A mi-
croscope objective (MO; Olympus MPlanApo50x) focuses the green excitation laser (Coherent
Compass 315M, frequency doubled Nd:YAG) onto the sample, mounted on a piezo scanning
stage (Physik Instrumente). A dichroic mirror (DM; Semrock) separates the fluorescence
spectrally into the detection path. Via a mechanically switchable mirror (FM) the emission
is guided either to a spectrometer (Princeton Instruments Acton) or to a beam spli�er (BS)
followed by two APDs (Perkin Elmer SPCM-AQR-14-FC) in HBT configuration. The signals
of the APDs are recorded by a time-tagging module (FastComTec P7889). b, Confocal map of
a typical sample. The colour map indicates fluorescence level, where blue is high intensity.
The high-intensity spots correspond to emission coming from single NV centres. (Figure
adapted from2.) c, Spectrum of the emission of a typical NV centre. The zero phonon line is
clearly visible at λ = 637 nm. d, Second-order autocorrelation function. Taking into account
background luminescence (do�ed line), the anti-bunching dip at τ = 0 reaches a value close
to 0. The solid line is a fit to a three-level model taking into account relaxation via the
singlet-levels3.
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3.2 Fabrication of NV centre devices

One of the main limitations that are encountered when performing optical measurements

on single NV centres in bulk diamond is the low collection e�ciency of the emitted photons.

A large fraction of the ‘lost’ photons is due to the mismatch of the refractive indices between

diamond (ndiamond ≈ 2.4) and air/vacuum (Fig. 3.2a). For angles

θ > arcsin(1/ndiamond) ≈ 24.6◦

total internal re�ection occurs. Furthermore, due to refraction at the interface even for

angles θ < 24.6◦ the emission is distributed over a large range of angles which are not

all collected by the numerical aperture of the objective. These problems can be overcome

by using solid immersion lenses (SILs)
5–7

. In the con�guration shown in �gure 3.2b the

NV centre is located in the centre of a half spherical lens. In this situation the emission is

perpendicular to the air-diamond interface and no total internal re�ection and refraction

occurs.

In order to deterministically fabricate a solid immersion lens (SIL) around a speci�c NV

centre we �rst fabricate a 200 nm thick gold marker grid de�ning a coordinate system onto

the diamond surface via electron beam lithography. These markers are both visible in the

focused ion beam system (FIB, FEI Strata DB 235), which is used to mill the SILs (Fig. 3.3a), as

well as in the confocal microscope setup, in which we determine the relative positions of

the NV centres (Fig. 3.3b). After locating the NV centres we use a 30 kV gallium ion beam

to mill the lenses (Fig. 3.3c). The desired lens pro�le is approximated by milling concentric

rings of varying diameters. The size of the lens is adjusted to �t the depth of the NV centre,

which is selected within a range of 5–15 µm underneath the diamond surface in order to

keep the milling time reasonable (0.5–4 hours per lens). After fabricating the lenses we

θ

a b

diamond

air/vacuum

Figure 3.2 | Working principle of a solid immersion lens. a, For an emi�er in bulk
diamond total internal reflection and refraction occurs at the interface which limit the
collection e�iciency. b, In a geometry where the NV centre is placed in a half sphere, the
emission is perpendicular to the surface and the collection e�iciency is enhanced.
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Figure 3.3 | Deterministic fabrication of SILs around preselected NVs. a, A coordinate
system is fabricated on the diamond surface that is both visible in the focused ion beam
(FIB) system and the confocal setup b (kcts = 1000 counts). c, The position of a selected
NV centre are determined from the confocal image and a lens is milled in the FIB. d, A�er
subsequent wet and dry etching the fluorescence from the NV inside the SIL can be detected
with enhanced collection e�iciency. (Confocal scans b and d are representative scans of
similar devices.)
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Figure 3.4 | Saturation measurements with and without SIL. Fluorescence count rates
in dependence of o�-resonant green excitation power (kcts = 1000 counts). Solid lines are
fits to A · x/(x + Psat.). For single mode detection (SM detect.) the emission is collected
with a single mode fiber which is a�ached to a fiber coupled APD. For multimode detection
(MM detect.) a fiber with 60 µm core diameter is used. The use of a SIL increases the
collection e�iciency by about one order of magnitude and allows for multimode detection
which additionally enhances the detected fluorescence. An anti-reflection coating further
increases the count rates. The mismatch between the fit and the data for high count
rates is likely due to the dead time of the APD and counting module which leads to an
underestimation of the actual count rate. Data with SIL is taken on the same NV centre
in a 〈111〉 orientated diamond, Data without SIL is recorded on a di�erent NV centre in a
〈100〉 orientated diamond.

clean the sample for 30 minutes in a boiling mixture of equal parts of perchloric, sulfuric

and nitric acid. This step removes material redeposited during the milling. During the FIB

process gallium atoms are implanted into the diamond which form a conductive layer of

about 30 nm thickness on the surface
8
. This layer is removed by reactive-ion etching in

an oxygen-plasma. After these cleaning steps we can image the NV inside the SIL with

enhanced collection e�ciency (Fig. 3.3d).

Figure 3.4 shows the saturation behavior of an NV centre with and an NV centre without

solid immersion lens. For the case of single mode detection the collection e�ciency is in-

creased by about one order of magnitude. Furthermore, by using SILs the excitation becomes

more e�cient, leading to lower saturation powers Psat.. Owing to the high magni�cation of

the lens, a low background count rate allows us to use multimode detection, which enhances

our count rates by a factor of about two over single mode detection.
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Figure 3.5 | NV centre device a, Scanning electron microscope image of a typical device
a�er fabrication. Next to the lens are a gold strip line for applying magnetic resonance
pulses (‘RF’ and ’MW’) and gold gates for applying DC voltages. b, Applying a voltage to the
gates shi�s the optical resonances of the NV centre by the DC Stark e�ect. Two separate NV
centres can be tuned on resonance by this method (Frequency is given relative to 470.4 THz).
c, The electronic spin can be manipulated on ns-timescales by sending microwaves at
2.88 GHz through the strip line. d, Magnetic resonance pulses in the MHz range through
the same strip line can rotate close-by nuclear spins on a µs-timescale. Shown are Rabi
oscillations of the nitrogen nuclear spin associated with the NV centre.

Even when using SILs, the large mismatch of the refractive indices between diamond and

air/vacuum still reduces the collection e�ciency due to re�ections. Under normal incidence

the re�ection coe�cient is equal to 17 %. To decrease re�ections we fabricate a single-layer

anti-re�ection coating (aluminum oxide) on top of the diamond surface
9

resulting in a further

enhanced collection e�ciency (top curve Fig. 6.8).

Further functionality is added to the device by fabricating a 200 nm thick gold microwave

strip line and electronic gates around the lens via electron beam lithography (Fig. 3.5a). A
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voltage applied to the gates shifts the optical transition frequencies via the DC Stark e�ect

(Fig. 3.5b). This method allows us to bring two separate NV centres on resonance in order to

produce indistinguishable photons (chapters 7, 8 and 9). The microwave strip line can be

used to manipulate both the electronic spin (Fig. 3.5c) and nuclear spins (Fig. 3.5d).

3.3 Charge-state control and resonance veri�cation

Our experiments require that before each run of an experimental sequence the NV centre

is in its negative charge state, as well as that the lasers for optical control and readout are

on resonance with the respective transitions. Optical excitation in the zero-phonon line,

however, leads to ionisation
2

of the NV centre from NV
−

to NV
0
. The charge state can

be re-pumped to NV
−

by illumination with green laser-light (typically at a wavelength of

λ = 532 nm), which in turn causes spectral di�usion of the zero-phonon line resonance

frequencies due to changes of the local charge environment
2
.

We ensure the correct conditions before each run of an experimental sequence using

a preselection method as follows (Fig. 3.6). Before the experiment is started, we apply

simultaneous laser pulses on both readout and spin-pumping transition, and monitor the

�uorescence. The number of photons detected during this excitation interval is much higher

if both lasers are on resonance compared to the case where either (or both) of the lasers are

not. Also, the detection of any photons shows that the NV is with very high probability in its

negative charge state. By imposing a suitable threshold for the number of photons detected

we are able to preselect on the correct charge state and on-resonance con�guration.

RO

Charge

SP

APD

verify repump verify repump

< thcts cts≥ th < th ≥ th

Ex
pe

ri
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t 

se
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[…]

Figure 3.6 | Charge and resonance verification. Before each run of the experimental
sequence we check whether the lasers are on resonance by exciting both readout (RO) and
spin-pumping (SP) transitions and monitoring fluorescence counts on the APD. In case the
counts detected surpass a pre-set threshold, we proceed with the experiment, otherwise we
perform a charge-reset (Charge) until the resonance condition is met.
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If the threshold is passed, the experiment is started. If not, we ‘reset’ the state probabilist-

ically with a green laser pulse: In case the NV was in the neutral charge state, illumination

with green laser light enables re-capturing an electron from the environment. Furthermore,

due to spectral di�usion the resonance frequencies can shift. By repeating the probe/reset

cycle, the NV can be brought into a useable con�guration again.

An alternative method for ionising the charge state from NV
0

to NV
−

is resonant excitation

in the NV
0

zero-phonon line at a wavelength of λ ≈ 575 nm. Via a two-photon absorption

process the NV
−

state can be restored
10

. This resonant excitation method requires less optical

power (typically 2–3 orders of magnitude) and the optical wavelength employed causes less

charge �uctuations in the environment
11

, and is therefore bene�cial to the spectral stability

of the resonances compared to charge reset with green excitation
10

.

3.4 Experimental setup

Experiments are performed using two home-built low temperature confocal microscopes

featuring lasers for o�-resonant and resonant excitation, cryogenic piezoelectric positioners

and high-e�ciency/low-background �uorescence detection paths (Fig. 3.7). One of the

cryostats used is a �ow cryostat operated at a temperature of 8–9 K (Janis ST-500) and the

other one is a custom-built bath cryostat operating at liquid helium temperature (CryoVac).
Both setups are equipped with almost-identical measurement hardware (see Fig. 3.7 for

details).

Experiment control

The hardware used for experiments on a single setup and communication between the

devices is schematically shown in Fig. 3.8. The experimental protocols discussed in this thesis

involve conditional logic, for instance for probabilistic charge and resonance preparation

and probabilistic preparation of nuclear spin states by projective measurement. We therefore

implement the experiment control loops on a fast, programmable controller with DAC- and

counter-modules (ADwin Gold II or ADwin Pro) that is able to trigger experiment sequences

on other hardware. Speci�c realisations of such conditional protocols are discussed in the

context of the respective experiments.

Setup for remote entanglement

For the generation of remote entanglement we combine two independent setups as schem-

atically shown in Fig. 3.9. Both setups are capable of preparing charge and resonances

autonomously using their single-setup capabilities (�gures 3.7, 3.8), while the entangle-

ment generation is performed in a synchronised protocol that is coordinated by the ADwin

controller and AWG of one of the two setups.
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Figure 3.7 | Low temperature confocal microscope. Samples are mounted onto XYZ
stepper/scanner piezo stacks (A�ocube) and located inside a cryostat (see main text). The
excitation light is focussed onto the sample using a microscope objective located inside the
cryostat. The same objective collects the emission. Each cryostat is equipped with enough
electrical lines to control the positioners (Vx,y,z), apply magnetic resonance pulses (RF),
apply DC voltages to the gates (Vdc). Static magnetic fields are applied using permanent
magnets (PM) arranged on the outside of the cryostat. O�-resonant green excitation is
provided by 532 nm lasers (Spectra Physics Millenia Pro or Laser 2000 Cobalt Samba). Resonant
excitation is performed with tuneable 637 nm lasers (Newfocus Velocity and Sirah Matisse DS),
with pulses generated using acousto-optic modulators in double-pass configuration (AOM;
Crystal Technologies). For fast excitation pulses the output of the Matisse is fed sequentially
through an AOM and electro-optic modulator (EOM; Jenoptik). The photon emission of
the NV is split into a ZPL part and an o�-resonant PSB part by a dichroic long-pass filter
(DM; Semrock LPD01-633RS). The PSB emission is detected by an avalanche photo diode
(APD; Perkin-Elmer SPCM or Pico�ant Tau-SPAD). The ZPL emission is further filtered by
a second dichroic filter (to remove green excitation light) and a tuneable band pass filter
(BP; Semrock TBP-700B). Resonant excitation light is filtered by cross-polarisation rejection
using half- and quarter-wave plates and a polariser (λ/2, λ/4, Pol), and then detected by an
APD (Pico�ant Tau-SPAD).
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Figure 3.8 | Single-setup control scheme. A PC programs the control loop on a integrated
micro-controller (ADwin) and sequences on an arbitrary waveform generator (AWG; Tektronix
AWG 5014). Sequences on the AWG are triggered from the ADwin, and the AWG notifies
the ADwin when sequences are completed. Both ADwin and AWG generate laser pulses for
charge re-pumping (Pump), electron spin pumping (SP), and electron spin readout (RO) via
AOMs. The AWG also generates fast optical excitation pulses for coherent optical control
on the readout transition via an EOM. Laser frequencies are monitored with a wave meter
(Highfinesse WS7 or WSU), and controlled using DAC modules on the frequency modulation
inputs of the lasers (Labjack, or built-in for Sirah Matisse laser). MW pulses are generated
by a vector source (Rohde & Schwarz SMB100A). The AWG controls frequency and timing of
these pulses via IQ (I,Q) and pulse modulation (M). RF pulses are synthesised directly in
the AWG. Spin manipulation signals are amplified (Amplifier Research 20S1G4 or 40S1G4 for
MW, and AR 30W 1000B or Electronic & Innovation 240L for RF) and combined (Minicircuits)
before feeding to the sample. Gate voltages to the sample are controlled via a DAC module
(Labjack or ADwin) and amplified by a home-built DC amplifier. APD signals are registered
by both the counting module of the ADwin and a fast time-tagging module (PQ; Pico�ant
PicoHarp 300 or HydraHarp 400).
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Figure 3.9 | Control scheme for remote entanglement. The ADwin of setup A runs a
master control loop for synchronising the operations on both setups during the entanglement
generation — only charge and resonance preparation is run on each setup autonomously.
For the detection of entanglement events the zero-phonon line counts at the output ports
of a fibre-coupled beam spli�er (Evanescent Optics) are monitored by a programmable logic
device (CPLD; Altera Max V development kit) that detects the photon signature for successful
entanglement events and triggers the experimental sequence that is to follow entanglement
generation. All photon events and CPLD output are recorded by a fast time-tagging module
(Pico�ant HydraHarp 400) for data analysis and filtering of data. Synchronisation events
for both CPLD and HydraHarp are provided by an AWG.
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Chapter 4

Control and coherence of the optical

transition of single defect centers in

diamond

L. Robledo, H. Bernien, I. van Weperen, and R. Hanson

We demonstrate coherent control of the optical transition of single Nitrogen-Vacancy

defect centers in diamond. On applying short resonant laser pulses, we observe optical

Rabi oscillations with a half-period as short as 1 nanosecond, an order of magnitude shorter

than the spontaneous emission time. By studying the decay of Rabi oscillations, we �nd

that the decoherence is dominated by laser-induced spectral jumps. By using a low-power

probe pulse as a detuning sensor and applying post-selection, we demonstrate that spectral

di�usion can be overcome in this system to generate coherent photons.

This chapter has been published in Physical Review Letters 105, 177403 (2010).
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4. Control and coherence of the optical transition of single defect centers in diamond

4.1 Introduction

Quantum control of light and matter is an outstanding challenge in modern science. Full

control over both the spin state and the optical transition of a quantum system enables

exciting applications such as spin-based quantum information processing and long-distance

quantum teleportation of a spin state
1
. The basic operation underlying these applications,

generation of non-local spin-spin entanglement, was recently demonstrated using individual

trapped ions
2
. It is highly desirable to achieve the same level of control in solid-state systems

as these may be easier to scale and promise higher integration density.

Candidate systems are required to have an electronic ground state with non-zero spin

as well as a strong optical transition. Furthermore, coherent control over this transition is

essential, as well as indistinguishability of the emitted photons
3
. In this context, several

promising systems are studied extensively. Two-photon interference from independent

sources was demonstrated for donor-bound excitons in semiconductors
4

and for quantum

dots
5
. Optical Rabi oscillations have been observed in quantum dots

6
and Nitrogen-Vacancy

(NV) color centers in diamond
7
. A major challenge for these solid-state systems is the

inhomogeneous broadening of the optical transitions caused by �uctuations in the solid-state

environment
8–10

. These �uctuations not only degrade the �delity of optical control, but

also reduce the visibility in two-photon interference experiments. Since this interference is

crucial for generating non-local entanglement, imperfect contrast directly translates into a

reduced entanglement �delity.

Here, we demonstrate coherent optical control over the orbital state of single NV centers

in diamond. Using short resonant laser pulses, we induce coherent oscillations of the optical

transition. The decay of these oscillations yields important information on the transition’s

coherence
11

. We study the dependence of the coherence time on the involved laser �elds.

In particular, we �nd that spectral jumps, induced by an inevitable repump process, appear

to degrade the �delity of optical control. A scheme where the control is preceded by a

detuning-sensitive stage is implemented. We show that post-selection based on the detuning

sensing can be used to circumvent the degrading e�ect of spectral jumps on two-photon

interference.

4.2 Experimental setting

The NV center consists of a single substitutional nitrogen atom in the diamond lattice,

located next to a vacancy. We use a type IIa CVD-grown bulk diamond sample from Element

Six (〈100〉 oriented), containing a concentration low enough to detect individual negatively

charged NV
−

centers (Fig. 4.1a).

The experiments are performed in a scanning confocal microscope using a �ow cryostat

at a temperature of T = 8 K. NV center �uorescence is excited either o�-resonant using a

λ = 532 nm (green) laser or on resonance by means of a narrow-band tunable λ = 637 nm

(red) diode laser. For continuous resonant excitation, the laser frequency is actively stabilized
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using a high-resolution wavemeter. An electro-optical modulator (EOM) with risetime of

1.3 ns allows us to apply short resonant pulses. The green laser is sent through an acousto-

optical modulator with a risetime of 4 ns. A dichroic mirror and additional longpass �lters

reject the excitation laser, so that only emission into the phonon sidebands (> 660 nm) is

detected by an avalanche photodiode (APD) in the single-photon counting regime.

4.3 Photoluminescence excitation measurements

Excitation spectra are obtained by sweeping the excitation frequency across the NV center

resonance and recording the red-shifted phonon-sideband emission. A spin triplet ground

state with sublevels (Sx,y,z) and orbitalA2 symmetry, coupled to an excited state consisting of

a spin triplet with sublevels (Sx,y,z) and orbital doublet with sublevels (Ex,y ) gives rise to six

resonances
12

. However, in general strong spin-�ip transitions lead to fast spin polarization,

preventing most resonances to be directly observed in single-laser excitation experiments
13

.

Here, we show results from NV centers in the high strain regime (δstr ≈ 40 GHz) where we

excite the cycling (Sz ,A2) ↔ (Sz ,Ex ) transition
13

. This transition has a very low probability

for spin-�ips. After a spin-�ip the same laser �eld can excite the (Sx ,A2) ↔ (Sx ,Ex )
resonance detuned by ≈ 200 MHz which su�ers from strong spin polarization back into the

Sz state
12

. Furthermore, the e�ect of hyper�ne interaction can be neglected at the timescale

of our experiment
14

. In conclusion this transition represents a good approximation to a

2-level system.

Continuous resonant excitation quickly bleaches NV emission, which can be recovered

by o�-resonant green excitation. We measure the �uorescence decay rate as function of

resonant laser power by applying a pulse sequence that alternates a 10 µs green pulse and

200 ms resonant excitation. We �nd that the �uorescence during the resonant pulse decays

exponentially at a rate proportional to the driving power, provided the excitation power

saturates the NV transition (Fig. 4.1b). The same decay is observed with and without simul-

taneous MW excitation at 2.88 GHz, eliminating spin polarization as possible explanation.

Excitation at λ = 637 nm but detuned from the exact resonance does not bleach the NV

center. These results indicate that photo-ionization of the center out of the excited state is

the origin of the observed decay. O�-resonant (green) excitation can excite charge impurities

in the environment of the NV center (e.g. substitutional Nitrogen
15

) which can bring the NV

center back to the negative charge state. This mechanism is intrinsic to the NV center, and

explains the need for o�-resonant repumping whenever driving NV centers resonantly.

Fig. 4.1c shows a series of resonant excitation scans. Between each scan, a green pulse

was applied to prepare the NV center in the negative charge state and initialize the spin into

the Sz state
12

. Large spectral jumps from scan to scan and occasional photoionization can

be observed. In absence of the green pulse, spectral jumps remain below our experimental

resolution (however the probability of ionization increases). This observation is consistent

with the assumption that the green laser changes the local charge environment, leading to a

shift of the resonance frequency via the DC Stark e�ect. The distribution of spectral jumps
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Figure 4.1 | Resonant excitation of single NV centers. a, Confocal fluorescence image
of individual NV centers. b, Resonant excitation leads to exponential decay of fluorescence
due to photo-ionization. Inset: Ionization rate Γ as function of power of the resonant
excitation laser. c, Series of resonance scans. Green repump pulses applied in between scans
to re-charge the NV center induce spectral jumps. d, Sum of individual excitation scans
yields frequency distribution of spectral jumps for NV1 and NV2. In comparison, for NV2
individual scans have been shi�ed to coincide in center frequency and then summed, to
obtain the intrinsic linewidth. Data is normalized to the area under the curve.

is thus dominated by the concentration of charge impurities in a center’s direct environment.

We observe large di�erences from center to center: In Fig. 4.1d, we compare the range of

jumps for two centers. Spectral jumps of NV1 occur over a twice as large range as those of

NV2, suggesting a higher concentration of nearby charge impurities. Summing individual

scans while compensating for the spectral jumps reveals the Lorentzian-shaped absorption

line in absence of green excitation. We �nd an intrinsic linewidth of 46±2 MHz for both

NV1 (data not shown) and NV2, presumably limited by interaction with the phonon bath at

T = 8 K
16

.
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Detection time (ns)

P 
(a

rb
. u

ni
ts

)
Fl

uo
re

sc
en

ce
 (k

co
un

ts
)

0 10 20 30 40 50

15

10

5

0

Ω = 2π·377 MHz

Ω = 2π·128 MHz

Ω = 2π·256 MHz

1000×

a b

R
ab

i f
re

qu
en

cy
 Ω

/2
π 

(M
H

z)

√Excitation power P½ (µW½)
0 2 4 6

400

300

200

100

0

Figure 4.2 | Optical Rabi oscillations - power dependence. a, Rabi oscillations for
P = 38 µW, P = 19 µW and P = 4.7 µW. The lowest dataset indicates the shape of the excit-
ation pulse. b, Rabi frequency plo�ed versus square root of excitation power.

4.4 Optical Rabi oscillations

In order to achieve coherent control, we apply resonant pulses. The sequence consists of a

10 µs green pulse to initialize the NV
−

charge and spin state, followed by 1000 repetitions of

a 30 ns resonant laser pulse and a 70 ns o�-time to allow the NV center to relax to its ground

state before the next excitation cycle starts. We use a time-resolved single-photon counter

to histogram the photon detection time relative to the start of the resonant laser pulse with

a bin-size of ∆tbin = 256 ps. To build up statistics we sum over typically 10
9

pulses. The

number of counts during a time-bin is then proportional to the probability to occupy the

excited state
17

.

During a resonant laser pulse, we observe coherent oscillations between the NV orbital

states (Fig. 4.2a). On resonance, the oscillation frequency is given by Ω0 = ~µ · ~E/~, with

~µ denoting the NV zero-phonon-line dipole moment and ~E the electric �eld vector. The

resulting square root dependence of oscillation frequency on excitation power is clearly

observed (Fig. 4.2b). For the largest applied driving power, we can resolve > 10 oscillations.

The obtained Rabi frequency of Ω = 2π ·410 MHz corresponds to a π -pulse in only tπ = 1.2 ns.

The oscillations are damped due to spontaneous emission and additional dephasing, such

as phonon scattering. Experimental data �ts excellent to an exponentially damped har-

monic oscillation cos(Ω · (t − t0))· exp(−(t − t0)/τ ). On resonance, the exponential damp-

ing constant τ of the Rabi oscillations is determined by the pure dephasing time T 2

∗
via

1/τ = 3/(4T1) + 1/(2T 2

∗) 18
. After turning o� the driving �eld, the �uorescence decays
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function of detuning for Ω0 = 2π · 272 MHz. b-c, Comparison of measured Rabi oscillations
on resonance b and 300 MHz detuned c, and numerical data obtained from numerically
integrating the optical Bloch equations.

exponentially due to spontaneous emission ∝ exp(−t/T1) with a lifetime T1 of 10.9 ns.

In Fig. 4.3a we show Rabi oscillations for NV2 as function of laser detuning δL. For

detuned excitation the oscillation frequency increases to the generalized Rabi frequency Ω =√
Ω0

2
+ δL

2
, while the oscillation amplitude decreases ∝ Ω0

2/(Ω0

2
+ δL

2) 19
. To accurately

reproduce our experimental transients we numerically integrate the optical Bloch equations

(Fig. 4.3b, c)
19

, taking into account �nite rise- and fall times of the driving �eld, and applying

a spectral average over a Gaussian distribution of detuning values of FWHM b = 2π · 40 MHz.

We assume a pure dephasing time of T2

∗ = 10 ns, consistent with the observed linewidth

of ∆ = 46 MHz. The same simulation parameters are used to model the on-resonance as

well as the 300 MHz detuned transient. This simulation reproduces features for the detuned

transients beyond the exponentially damped cosine, such as (i) the o�set of the oscillations

which increases with a negative exponential, (ii) the pronounced kink arising from the state

vector adiabatically following the detuned �eld vector during the �nite fall-time of our

excitation pulses and (iii) an increased damping rate
19

.

4.5 Decoherence mechanisms

In Fig. 4.4a we show the observed damping constant of Rabi oscillations on NV1 and NV2 as

function of the Rabi frequency. Coherence of Rabi oscillations is ultimately limited by fast

dephasing processes on a nanosecond timescale, such as phonon scattering
16

. However, for

measurements that sum over several excitation cycles, such as the one in Fig. 4.2a, we expect

to be limited by slow processes such as the spectral jumps observed in Fig. 4.1c. The total

measurement represents an average over di�erent detuning values and thus di�erent Rabi

frequencies, which leads to a faster damping of the observed oscillations. Consequently, for
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Figure 4.4 | Coherence of Rabi oscillations. a, Damping constant τ of Rabi oscillations
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linewidth ∆ = 48 MHz. Coherence is limited by spectral jumps (note di�erence between NV1
and NV2). Postselection can remove deteriorating e�ects of spectral jumps and enhance τ
to the value expected from the linewidth. b, An additional laser field at λ=640 nm is applied:
This detuned laser has no influence on coherence.

NV2 we observe a better coherence than for NV1. For Rabi frequencies much larger than the

spectral width of the distribution of resonances, the deteriorating e�ect of spectral jumps

vanishes, since the Rabi frequency always largely exceeds the detuning. This is apparent in

the initial increase of τ for NV2 which quickly settles to about 9 ns for Ω > 2π · 200 MHz.

This value is close to the coherence expected from the linewidth (dashed line in Fig. 4.4a).

Previous research
7

suggested a decrease of coherence with increasing driving power. To

investigate possible in�uence of the red laser on the coherence which is not related to the

NV center resonance, we measured the damping of Rabi oscillations while also shining a

detuned (λ = 640 nm) red laser onto the same NV center (Fig. 4.4b). Even at an excitation

power one order of magnitude larger than used for driving optical Rabi oscillations, we

see no signi�cant e�ect of the o�-resonant laser. We conclude that for NV centers, optical

coherence is not intrinsically limited by o�-resonant e�ects of the driving �eld itself.

4.6 Prolonging coherence by resonance probing

Summarizing these �ndings, the contrast of two-photon interference using NV centers will

primarily be limited by frequency �uctuations of the emitted photons. We make use of

the slow timescale of these �uctuations to show that even for NV centers su�ering from

unstable lines, the spectral stability (i.e. the coherence time) set by the single-scan linewidth

can be reached. For that purpose we modify our measurement protocol: after each green
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4.7. Conclusions

initialization pulse we introduce an additional (weak) resonant laser pulse of t = 20 ms and

count the photons nprobe detected during that interval. These counts nprobe now serve as a

measure of the laser detuning during that speci�c interval. For large detuning we expect

low nprobe, while resonance is identi�ed by a large value of nprobe. We then record the

time-resolved �uorescence during the strong (Rabi) pulses as a function of nprobe (Fig. 4.5a).

The measured data is divided into three regions of nprobe and each of them is summed

(Fig. 4.5b). For low nprobe we identify the characteristic features of detuned excitation, as

already observed in Fig. 4.3c: increased Rabi frequency, increased damping, and a kink

at the falling edge of the driving pulse. Post-selecting on-resonance events in turn leads

to improved coherence: Already the damping time of the intermediate region of nprobe

outperforms the value for the overall data. Strikingly, selecting only the events with highest

nprobe, the damping time is nearly doubled, and reaches the value expected from single-sweep

linewidth measurements (Fig. 4.4a). This scheme therefore allows for heralded two-photon

interference for emitters with unstable resonances, provided that spectral jumps happen

on a timescale which is slow compared to the photon detection rate. Compared to an

interference experiment based on spectral �ltering of the emission lines of both emitters to

ensure resonance, this scheme yields higher interference contrast as detector dark counts

only need to be accumulated while emitters are resonant to the driving �eld.

4.7 Conclusions

In summary, we demonstrated coherent control over the NV center’s orbital state. Rabi

frequencies Ω > 2π ·400 MHz with more than 10 oscillations have been observed. Damping

of Rabi oscillations is dominated by slow spectral jumps of the NV’s resonance frequency,

which however can be overcome by a detuning sensitive stage prior to coherent control.

This result highlights the good prospects for quantum information processing based on

probabilistic entanglement of distant NV centers using two-photon interference.

45



4. Control and coherence of the optical transition of single defect centers in diamond

4.8 Bibliography

[1] S. Olmschenk et al. Quantum Teleportation Between Distant Matter Qubits. Science
323, 486 (2009).

[2] D. L. Moehring et al. Entanglement of single-atom quantum bits at a distance. Nature
449, 68 (2007).

[3] C. K. Hong, Z. Y. Ou and L. Mandel. Measurement of subpicosecond time intervals

between two photons by interference. Physical Review Letters 59, 2044 (1987).

[4] K. Sanaka, A. Pawlis, T. Ladd, K. Lischka and Y. Yamamoto. Indistinguishable Photons

from Independent Semiconductor Nanostructures. Physical Review Letters 103, 053601

(2009).

[5] R. B. Patel et al. Postselective Two-Photon Interference from a Continuous Nonclassical

Stream of Photons Emitted by a Quantum Dot. Physical Review Letters 100, 207405

(2008).

[6] T. H. Stievater et al. Rabi Oscillations of Excitons in Single Quantum Dots. Physical
Review Letters 87, 133603 (2001).

[7] A. Batalov et al. Temporal Coherence of Photons Emitted by Single Nitrogen-Vacancy

Defect Centers in Diamond Using Optical Rabi-Oscillations. Physical Review Letters
100, 77401 (2008).

[8] C. Santori, D. Fattal, J. Vučković, G. S. Solomon and Y. Yamamoto. Indistinguishable

photons from a single-photon device. Nature 419, 594 (2002).

[9] A. Högele et al. Voltage-controlled optics of a quantum dot. Physical Review Letters 93,

217401 (2004).

[10] F. Jelezko et al. Single spin states in a defect center resolved by optical spectroscopy.

Applied Physics Letters 81, 2160 (2002).

[11] S. Kummer, S. Mais and T. Basché. Measurement of Optical Dephasing of a Single Terry-

lene Molecule with Nanosecond Time Resolution. The Journal of Physical Chemistry
99, 17078 (1995).

[12] N. B. Manson, J. P. Harrison and M. Sellars. Nitrogen-vacancy center in diamond: Model

of the electronic structure and associated dynamics. Physical Review B 74, 104303 (2006).

[13] P. Tamarat et al. Spin-�ip and spin-conserving optical transitions of the nitrogen-

vacancy centre in diamond. New Journal of Physics 10, 045004 (2008).

[14] P. Neumann et al. Single-Shot Readout of a Single Nuclear Spin. Science 329, 542 (2010).

46



4.8. Bibliography

[15] F. J. Heremans, G. D. Fuchs, C. F. Wang, R. Hanson and D. D. Awschalom. Generation

and transport of photoexcited electrons in single-crystal diamond. Applied Physics
Letters 94, 152102 (2009).

[16] K.-M. C. Fu et al. Observation of the Dynamic Jahn-Teller E�ect in the Excited States

of Nitrogen-Vacancy Centers in Diamond. Physical Review Letters 103, 256404 (2009).

[17] I. Gerhardt et al. Coherent state preparation and observation of Rabi oscillations in a

single molecule. Physical Review A 79, 011402 (2009).

[18] T. Basché, W. E. Moerner, M. Orrit and U. P. Wild (editors). Single-Molecule Optical
Detection, Imaging and Spectroscopy. Wiley-VCH, Weinheim (1996).

[19] L. Allen and J. H. Eberly. Optical resonance and 2-level atoms. Dover, New York (1987).

47



4. Control and coherence of the optical transition of single defect centers in diamond

48



Chapter 5

Spin dynamics in the optical cycle of

single nitrogen-vacancy centres in

diamond

L. Robledo, H. Bernien, T. van der Sar, and R. Hanson

We investigate spin-dependent decay and intersystem crossing in the optical cycle of

single negatively-charged nitrogen-vacancy (NV) centres in diamond. We use spin control

and pulsed optical excitation to extract both the spin-resolved lifetimes of the excited states

and the degree of optically-induced spin polarization. By optically exciting the centre with a

series of picosecond pulses, we determine the spin-�ip probabilities per optical cycle, as well

as the spin-dependent probability for intersystem crossing. This information, together with

the independently measured decay rate of singlet population provides a full description of

spin dynamics in the optical cycle of NV centres. The temperature dependence of the singlet

population decay rate provides information on the number of singlet states involved in the

optical cycle.

This chapter has been published in New Journal of Physics 13, 025013 (2011).
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5.1 Introduction

Nitrogen-vacancy (NV) centres in diamond are well-de�ned quantum systems in the solid

state, with excellent spin coherence properties
1
. Even at ambient conditions, NV centres

have successfully been used in the �eld of quantum information processing
2–8

, magnetic

sensing
9–13

and photonic devices
14–19

. However, despite the rapid experimental progress the

understanding of the optically-induced spin-dynamics of the NV centre is still incomplete.

In particular, the spin-dependent intersystem crossing (ISC) rates as well as the number of

singlet states involved in the optical cycle are still debated. These parameters are responsible

for optical spin initialization and readout, and are important for a correct estimation of

photon emission rates. We extract these values by a series of room-temperature experiments,

where we perform spin-resolved �uorescence lifetime measurements using picosecond

optical excitation pulses. The lifetime of the singlet manifold is measured by analyzing the

initial �uorescence rate for consecutive microsecond optical pulses with variable delay. The

temperature dependence of this lifetime yields insight into the number of involved singlet

states.

5.2 Experimental methods

We investigate individual NV centres contained in a high-temperature high-pressure (HTHP)

grown type IIa diamond sample from Element Six (〈111〉 oriented). The sample is studied in

a scanning confocal microscope setup operated at T = 10 . . . 300 K. Spin control is achieved

via microwave (MW) �elds applied to an Au-waveguide that is lithographically de�ned

on the diamond surface
6,8

. For optical excitation we use a continuous-wave (CW) laser at

λ = 532 nm, equipped with an acousto-optic modulator (AOM) with 20 ns rise-time, as well

as a frequency-doubled diode laser at λ = 532 nm with a pulse length of 62 ps (max. pulse

energy: 25 nJ) and variable repetition rate. For photon detection we use an avalanche photo

diode in the single-photon counting regime with a timing jitter of 450 ps. Time-resolved

data are acquired using a time-correlated single photon counting module with a jitter of

10 ps, using a bin size of 512 ps. An arbitrary waveform generator (channel-to-channel jitter

< 100 ps) is used as timing source of the experiment.

5.3 Model

The photo-dynamics of the NV centre (�gure 5.1a) are determined by six electrons, which

in the ground state form a triplet occupying an orbital of
3A2 symmetry. The centre can

be excited via a dipole-allowed transition to a
3E triplet state. This level also has a spin-

dependent probability to undergo ISC to a series of singlet states
20

. We use a �ve-level model

to describe the spin dynamics of the NV centre (�gure 5.1b). Spin-spin interaction splits the

3A2 ground state by DGS = 2.87 GHz into a state with spin projection ms = 0 (|1〉) and a

doublet withms = ±1 (summarized in |2〉). Correspondingly, the excited
3E state is labelled

50



5.4. Spin-dependent lifetime

3E

3A2

1E’, 1A1, 1E

|1

|2

|3
|4

|5

a b

C C
C

C
C

C

N

V

Figure 5.1 | La�ice structure and energy structure of the NV centre. a, A substitu-
tional nitrogen atom N next to a vacancy V in the diamond la�ice C. b, We consider
spin-conserving (k31, k42) and spin-flip (k32, k41) transitions between triplets (states with
spin projection ms = ±1 are merged into states |2〉, |4〉). Spin-dependent ISC rates connect
triplets to the singlet states (summarized as |5〉, and described by rates k35,k45,k51,k52). As
discussed in section 6, we assume k32,k41 � k31,k42 and find that k35 � k45, but k51 ≈ k52.

|3〉 (ms = 0, associated with a lifetime T1, |3〉, where T1, |n〉 denotes the relaxation time of state

|n〉) and |4〉 (ms = ±1, lifetime T1, |4〉), and split by DES = 1.43 GHz
21,22

.

Two singlet states with a splitting of ∆E = 1.189 eV have been identi�ed experiment-

ally
23,24

, but recent theoretical studies
25

and also data obtained in this work suggest the

presence of a third singlet state between
3A2 and

3E. For the analysis of spin dynamics,

however, we summarize the singlet states in |5〉, and the corresponding lifetimes are summed

and denoted as T1, |5〉. Rates from state |m〉 to state |n〉 are denoted by kmn , and we only

consider relaxation rates indicated in �gure 5.1b. Population in state |n〉 is denoted by Pn ,

and the spin polarization in ground and excited state are denoted by PGS = P1/(P1 + P2) and

PES = P3/(P3 + P4).

5.4 Spin-dependent lifetime

Pulsed optical excitation and time-resolved detection of �uorescence provides a simple and

direct way to determine the lifetime of the excited state in an optical transition. If the

excitation pulse is short compared to the lifetimeT1, the detected time-resolved �uorescence

(averaged over many excitation cycles) decays exponentially I ∝ exp(−t/T1). However, if

the system under consideration is excited into a mixture of n excited states with di�erent
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lifetimes, the detected �uorescence decays according to a multi-exponential function:

I ∝
∑
n

an exp(−t/T1, |n〉). (5.1)

This situation is present in the case of NV centres in diamond, where the excited state

is composed of a spin triplet. Population in this state decays radiatively to the triplet

ground state, where we assume the di�erent spin projections to have identical oscillator

strength, based on the observation that the initial �uorescence rate is independent of the

spin state as observed by
26

and as shown at a later point in this section. However, because

of spin-dependent ISC
20

, the e�ective lifetime of the excited state is signi�cantly di�erent

for states |3〉 and |4〉. In literature
22,26,27

the NV centre’s lifetime generally is obtained by

�tting the time-resolved �uorescence to a single-exponential decay, leading to values of

T1, |3〉 ≈ 12− 13 ns andT1, |4〉 ≈ 8 ns in bulk diamond. Since optically induced spin polarization

in NV centres is limited
28,29

, in fact we expect such a lifetime measurement to yield a bi-

exponential decay curve with time constants set by the sums of rates out of states |3〉 and |4〉

[T1, |3〉 = 1/(k31 + k32 + k35) andT1, |4〉 = 1/(k41 + k42 + k45)], and amplitudes an determined by

the initial spin polarization. Such a bi-exponential decay has been observed in
29

, where a

polarization of PES = 0.84 ± 0.08 % has been obtained. These data are based on �uorescence

lifetime measurements with MW spin manipulation in the excited state, where the duration

of the MW pulse was neglected, and the pulse was assumed to be perfect.

Here we present a simple and reliable way to obtain the spin-dependent lifetimes, without

any assumptions on the MW pulse and spin polarization. For that purpose we drive Rabi

oscillations in a conventional fashion, i.e. we apply a 1.3 µ s long o�-resonant laser pulse

to polarize the electron spin, followed by a MW pulse of variable duration, resonant with

the zero-�eld splitting of D = 2.87 GHz. After the MW, we apply a ps laser pulse. The

�uorescence as function of MW pulse duration is shown in �gure 5.2b. For comparison

we also plot the result of a conventional spin readout (�gure 5.2c), i.e. the �uorescence

integrated over the �rst 300 ns of the subsequent polarization laser pulse
30

. The data in

�gure 5.2b clearly reveal the oscillations in decay time which are in phase with oscillations

of the electron spin. We note that the maximum amplitude changes by less than 1% as

function of the spin state, consistent with our initial assumption on the oscillator strength.

To accurately �t these data to a bi-exponential decay we sum over all MW pulse durations,

which gives similar contribution from each spin state. From the �t we obtain the two time

constantsT1, |3〉 = 13.7 ± 0.1 ns andT1, |4〉 = 7.3 ± 0.1 ns (�gure 5.2d). By using these values as

constants for a �t to the individual decay curves, we can determine the relative contributions

of states |3〉 and |4〉 to the minima and maxima of the Rabi oscillation data from the relative

amplitudes of the two exponentials. For this particular centre, we �nd PES,max = 72.1± 0.9%

and PES,min = 12.2 ± 0.5% (�gure 5.2e). The value of PGS,max may be larger due to a

non-perfect spin conservation in optical excitation (see section 5.6). For other centres, we

�nd values for PES,max of 72.4 ± 0.9%, 79.4 ± 0.2% and 81.7 ± 0.9%. The optically induced

spin polarization may also depend on the probability of the NV centre to occupy the neutral

charge state NV
0
. When switching from neutral to the negative charge state under optical
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Figure 5.2 | Spin-dependent lifetime. a, We first polarize the spin by applying a 1.3 µs
laser pulse at λ = 532 nm. A�er 800 ns we turn on a MW field at 2.87 GHz for a variable
duration. 200 ns a�er begin of the MW we excite the NV centre by a 62 ps laser pulse at
λ = 532 nm and measure the time-resolved emission. The first 300 ns of the subsequent
polarization pulse is used for spin readout. The experiment was performed at T = 300 K. b,
Fluorescence decay as function of MW burst duration (fluorescence counts are encoded
in a logarithmic colour scale). The decay time oscillates with the ms = 0 amplitude, as
confirmed by c, conventional spin readout. d, Fluorescence decay curve, integrated over
all applied MW burst durations (a constant background has been subtracted). A fit using
a bi-exponential function, yields the lifetime of states |3〉 and |4〉. A single-exponential
function (shown for comparison) cannot accurately fit the experimental data. e, Degree
of spin polarization PES = P3/(P3 + P4) with no MW applied and a�er a 20 ns MW pulse,
obtained from the relative amplitudes of a bi-exponential fit.

excitation, the spin state will likely be random, thus lowering the observed spin polarization

of NV
−

. Here, we took care to work with centres with an NV
0

contribution of less than 5%

of the overall emission.

The discrepancy between PES,max and 1 − PES,min is a consequence of the S = 1 nature

of the NV ground state: For a spin S = 1 system with degenerate levels ms = ±1 (i.e. for

NV centres in absence of magnetic �eld), the e�ect of resonant MW driving starting from a

pure |ms = 0〉 state is to cause coherent oscillations between |ms = 0〉 and the symmetric

superposition |ms = +1〉 + |ms = −1〉. In a more realistic scenario we need to consider an

only partially polarized state, where the density matrix subspace spanned by |ms = +1〉 and

|ms = −1〉 has equal population of the symmetric and antisymmetric superposition state.

Only the symmetric state will be transferred back to |ms = 0〉, so the e�ect of a half-oscillation

is to transfer the full ms = 0 population into ms = ±1, while only half of the incoherent
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5. Spin dynamics in the optical cycle of single nitrogen-vacancy centres in diamond

population in ms = −1 and ms = +1 is transferred back into ms = 0. As a consequence,

when driving Rabi oscillations, the maximum population in ms = 0 will only reach half the

value of the maximum population inms = ±1 (�gure 5.2e: PES,min ≈ (1 − PES,max )/2).

In summary, the presented method allows for accurate determination of the lifetime of the

pure states |3〉 and |4〉, without the need of assumptions on the quality of spin manipulation.

The knowledge of these lifetimes can then be used to quantify the spin polarization.

5.5 Temperature dependence of singlet decay

An important parameter for the spin dynamics of the NV centre under optical excitation

is the time population spends in the singlet manifold before it decays back to the triplet

ground state. This time scale is long compared to the excited state lifetime, and since ISC

into the singlet states occurs more likely out of the ms = ±1 than out of the ms = 0 excited

state, this leads to a reduced �uorescence rate forms = ±1. This fact is routinely used for

non-resonant spin readout
30

.

The temperature dependence of this decay rate yields information on the energy splitting

involved in this relaxation process, and adds further evidence for the number of singlet states

contributing to the optical cycle of NV centres. Recently an infrared (IR) emission channel

was observed, and attributed to a dipole-allowed transition between two singlet levels with

an energy splitting of ∆E = 1.189 eV
23,24

. In the same publications it was shown that the

IR emission follows the same time dependence as the visible transition, implying a short

lifetime of the upper singlet state. Therefore the previously observed long-lived singlet state

was attributed to the ground state of this IR transition.

The temperature dependence of this singlet state lifetime has been reported for an ensemble

of NV centres based on IR absorption measurements
24

. Here, we present data obtained on

single NV centres. Since the oscillator strength of the IR transition is very weak, we use

an indirect way to obtain this timescale, following the method used in
20

: We �rst apply a

green pulse (500 ns) to reach a signi�cant population of the singlet states. This population

manifests itself in reduced steady-state �uorescence with respect to the beginning of the

pulse. After a variable delay we apply a second 500 ns pulse (�gure 5.3a, b). During the delay

between the pulses, population stored in the singlet states decays back to the triplet ground

state. The �uorescence at the beginning of the second pulse is proportional to the population

in the triplet ground state and thus we can attribute its dependence on inter-pulse delay to

the population decay out of the singlet state. In �gure 5.3c we integrate the photons emitted

during the �rst 30 ns of the second pulse for each inter-pulse delay and �t these data to an

exponential function. Figure 5.3d summarizes the timescales we obtained in this way, for

temperatures ranging from T = 13 K to T = 300 K for three di�erent NV centres.

We model the lifetime τ of the singlet state as a combination of temperature-independent

spontaneous decay rate τ −1

0
and a rate accounting for stimulated emission of phonons of

energy ∆E with an occupation given by Bose-Einstein statistics: τ = τ0[1 − exp(−∆E/kBT )].
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5. Spin dynamics in the optical cycle of single nitrogen-vacancy centres in diamond

The �t yields a spontaneous emission lifetime of τ0 = 371 ± 6 ns and a phonon energy of

∆E = 16.6 ± 0.9 meV, in reasonable agreement with ensemble data obtained in
24

.

This result suggests that, apart from the 1.189 eV splitting, a third level ∆E below the IR

transition’s ground state is involved in the optical cycle of the NV centre. We can exclude

that this third level is the triplet ground state, just 16.6 meV below the lowest singlet, as

this would imply phonon-assisted spin relaxation on a sub-microsecond time scale at room

temperature. This scenario clearly contradicts experimentally observed spin lifetimes on a

millisecond timescale
5,8

. Consequently the third level is likely to be another singlet state.

The presence of three singlet states in between the triplet
3A2 and

3E states was recently

predicted by an ab-initio calculation of the excited states in the NV centre
25

, however, there

a larger energy splitting between the lowest singlet states was obtained.

5.6 Polarization probability

Polarizing the electron spin by o�-resonant optical excitation is a key technique for room-

temperature spin manipulation of NV centres. Although this e�ect already has been identi�ed

to be caused by a spin-dependent ISC rate
20,31–33

, little is known about the relative contribu-

tions of spin-�ip transitions between triplet states (k32, k41), and ISC rates (k35, k45,k51, k52).

We address this question by determining the polarization change due to a single excitation

cycle.

For that purpose we �rst initialize the NV spin by a 2 µs polarization pulse. After a waiting

time of 1 µs we excite the NV centre by a reference ps-pulse and measure the spin polarization

by analyzing the relative contributions of the amplitudes in a bi-exponential �t to the

�uorescence decay curve, as outlined in the previous section. This polarization corresponds

to the steady-state value after CW excitation. To determine the change in polarization

per excitation cycle we now apply a MW pulse to transfer thems = 0 population into the

ms = ±1 states and then drive individual excitation cycles by applying 10 consecutive ps-

pulses separated by 2 µs. For each excitation cycle, we again determine the spin polarization

(�gure 5.4c). All these bi-exponential �ts use the same two time constants, obtained from

a �t to the sum of all decay curves. From a power dependence measurement of the NV

�uorescence rate we determine an excitation probability per ps-pulse of α = 0.95 ± 0.05.

The e�ect of a single excitation cycle on the spin polarization can be described by two

counter-acting probabilities: a spin-�ip from |1〉 to |2〉 (p12) and the opposite process (p21).

Here, we consider only optically induced e�ects, i.e. the time between excitation pulses

∆t is assumed to be much shorter than the spin-lattice relaxation time (this assumption is

substantiated by the constant polarization PES for the 10 consecutive reference pulses in case

of NV C [�gure 5.4c]). For state |m〉, population just before pulse n is denoted by Pm,n , and

just after the excitation pulse by P ′m,n . The steady state value Pm,n=∞ is abbreviated by Pm .

The pulse separation ∆t is much larger than the singlet decay time, such that P1,n + P2,n = 1

and therefore PGS,n = P1,n/(P1,n + P2,n ) = P1,n .
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Figure 5.4 | Spinflips in the optical excitation cycle. a, We first polarize the spin by
means of a 2 µs laser pulse at λ = 532 nm. A�er a delay of 1 µs we apply a sequence of 11
pulses of 62 ps duration at λ = 532 nm. For NV J, we apply a MW pulse 1 µs a�er the first
ps-pulse to invert the spin state (for NV C we alternately run sequences with and without
MW pulse). For each ps-pulse we measure the time-resolved emission. The experiment
was performed at T = 300 K. b, Fluorescence decay for consecutive ps-excitation pulses.
The decay follows a bi-exponential function. A reference ps-pulse a�er a green 2 µs spin
polarization pulse yields the initial optically induced spin polarization. A subsequent MW
pulse transfers polarization to |2〉. c, Change in polarization between consecutive pulses
yields spin-flip probabilities p12 ( |1〉 → |2〉) and p21 ( |2〉 → |1〉) per optical excitation cycle.
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5. Spin dynamics in the optical cycle of single nitrogen-vacancy centres in diamond

Experimentally, we obtain spin polarization in the excited state. This di�ers from the

ground state polarization due to a fraction ϵ = k23/k13 = k14/k24 of spin non-conserving

transitions. The populations for the (n + 1)th excitation pulse are then given by:

P1,n+1 = αp21P2,n + (1 − αp12)P1,n (5.2)

P2,n+1 = αp12P1,n + (1 − αp21)P2,n (5.3)

P ′
3,n+1

= α
(
ϵ

1+ϵ P2,n+1 +
1

1+ϵ P1,n+1

)
(5.4)

P ′
4,n+1

= α
(
ϵ

1+ϵ P1,n+1 +
1

1+ϵ P2,n+1

)
. (5.5)

The asymptotic value of the polarization is PGS = p21/(p12 + p21), and the excited state

PES,n = P ′
3,n/(P

′
3,n+P ′

4,n ) =
[
P1,n (1 − ϵ ) + ϵ

]
/ (1 + ϵ ) ≈ P1,n closely follows the ground state

spin polarization for small ϵ . In
20

an upper bound of ϵ ≤ 0.02 is used, based on the maximum

spin polarization of 80%. By comparison with a numerical solution of the rate equations of the

�ve-level-model outlined in section 2, we also �nd that the experimentally observed contrast

in spin readout (�gure 5.5) is best reproduced by ϵ ≤ 0.02. The change in polarization per

pulse (�gure 5.4c) can be �tted by an exponential function PES (n) = PES + a exp(−n/c ).
From the steady-state polarization PES and the polarization rate c we can extract the spin-�ip

probabilities p21 and p12 per optical cycle. The values we obtain for p21 and p12 only weakly

depend on ϵ in the range ϵ ≤ 0.02. Results are summarized in table 5.1.

Table 5.1 | Summary of parameters at T=300 K. We take α = 0.95± 0.05, ϵ = 0.01± 0.01

and use T1, |5〉 = 178 ± 6ns from section 5.5. p12 and p21 are the total spin-flip probabilities
per optical cycle. p35, p45, p51 and p52 are the spin-dependent ISC probabilities for population
in state |3〉, |4〉 and |5〉.

NV J NV C

p12 0.078 ± 0.002 0.079 ± 0.004

p21 0.315 ± 0.011 0.372 ± 0.017

T1, |3〉 (ns ) 13.26 ± 0.03 13.1 ± 0.1

T1, |4〉 (ns ) 6.89 ± 0.06 7.0 ± 0.2

p35 0.14 ± 0.02 0.17 ± 0.03

p45 0.55 ± 0.01 0.56 ± 0.02

p51/p52 1.15 ± 0.05 1.6 ± 0.4

Based on the relations T1, |3〉 = 1/(k31 + k32 + k35), T1, |4〉 = 1/(k41 + k42 + k45) and T1, |5〉 =

1/(k51 + k52) [rates as indicated in �gure 5.1b], we numerically solve the system of equations

de�ning the �ve unknown rates k31, k35, k45, k51, k52 using the measured parameters p12,

p21, T1, |3〉, T1, |4〉, T1, |5〉 and assuming a �xed ϵ = 0.01 ± 0.01. This way we obtain the spin-

dependent ISC probabilities p45 = k45/(k41 + k42 + k45) and p35 = k35/(k31 + k32 + k35), and

for the reverse process p51/p52 = k51/k52. The results are summarized in Table 5.1. The
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Figure 5.5 | Time-resolved excitation-power dependence. We measure and model the
NV fluorescence excited by o�-resonant 1 µs pulses. The first pulse displays the fluorescence
of NV centres that are optically polarized into ms = 0. The second pulse is obtained
a�er applying a MW π -pulse, representing the fluorescence of a NV centre polarized in
ms = ±1. The model shows the population in states |3〉 and |4〉. The calculations are based
on parameters from NV J, assuming ϵ = 0.01 and α = 1 (no fit is applied). Excitation rates
are taken as integer multiples of 4 MHz.

low values of p51/p52 are in contrast to the current picture of the singlet relaxation process,

where p52 = 0 was used
20

. This gives another hint that an additional
1E state needs to be

considered for the relaxation process. The temperature dependence of p51/p52 could give

further insight into this topic.

We note that this set of parameters can be used to calculate the spin- and power dependence

of time-resolved NV centre emission using µs excitation pulses at λ = 532 nm within

the framework of this �ve-level model. The numerical result qualitatively agrees with

experimental data (�gure 5.5), however for higher excitation rates the model overestimates

the initial �uorescence rate. This could be caused by a higher spin polarization of the centre

from which we obtained the experimental data in �gure 5.5 compared to parameters of NV J

as used in the simulation.

5.7 Summary

We have experimentally determined the spin-dependent lifetime of the NV centre’s excited

state, whose di�erence is dominated by a spin-dependent ISC rate. Knowledge of these

lifetimes allows us to determine the degree of spin polarization. In a second experiment, we

identi�ed the total lifetime of the singlet states, and, by analyzing its temperature dependence,

the energy splitting of the long lived singlet transition. The measured energy of ≈ 16 meV

indicates that at least three singlet states are involved in the optical cycle of the NV centre.
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5. Spin dynamics in the optical cycle of single nitrogen-vacancy centres in diamond

Finally, we determined the spin-dependent ISC probabilities by analyzing the change of spin

polarization induced by a single excitation cycle, without making assumptions on number

and nature of the singlet states. The results indicate that spin polarization is dominated by

a preferential ISC out of the excitedms = ±1 states instead of a selective decay out of the

singlets into thems = 0 ground state. The obtained rates are consistent with spin-dependent

NV �uorescence dynamics based on a �ve-level model.
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Chapter 6

High-fidelity projective readout of a

solid-state spin qantum register

L. Robledo
∗
, L. Childress

∗
, H. Bernien

∗
, B. Hensen, M. Markham, D.J. Twitchen,

P.F.A. Alkemade, and R. Hanson

Initialization and readout of coupled quantum systems are essential ingredients for the

implementation of quantum algorithms
1,2

. If the state of a multi-qubit register can be read

out in a single shot, this enables further key resources such as quantum error correction and

deterministic quantum teleportation
1

, as well as direct investigation of quantum correla-

tions (entanglement). While spins in solids are attractive candidates for scalable quantum

information processing, thus far single-shot detection has only been achieved for isolated

qubits
3–6

. Here, we demonstrate preparation and measurement of a multi-spin quantum

register by implementing resonant optical excitation techniques originally developed in

atomic physics. We achieve high-�delity readout of the electronic spin associated with a

single nitrogen-vacancy (NV) centre in diamond at low temperature, and exploit this readout

to project up to three nearby nuclear spin qubits onto a well-de�ned state
7
. Conversely,

we can distinguish the state of the nuclear spins in a single shot by mapping it onto and

subsequently measuring the electronic spin
5,8

. Finally, we show compatibility with qubit

control by demonstrating initialization, coherent manipulation, and single-shot readout in a

single experiment on a two-qubit register, using techniques suitable for extension to larger

registers. These results pave the way for the �rst test of Bell’s inequalities on solid-state

spins and the implementation of measurement-based quantum information protocols.

This chapter has been published in Nature 477, 574 (2011).
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6. High-�delity projective readout of a solid-state spin quantum register

6.1 Introduction

The electronic spin of the NV centre in diamond constitutes an exceptional solid state system

for investigating quantum phenomena, combining excellent spin coherence
9–12

with a robust

optical interface
13–16

. Furthermore, the host nitrogen nuclear spin (typically
14

N, I = 1) and

proximal isotopic impurity
13

C nuclei (I = 1

2
) exhibit hyper�ne interactions with the NV

electronic spin (S = 1), enabling development of few-spin quantum registers that have been

envisioned as building blocks for quantum repeaters
17

, cluster state computation
18

, and

distributed quantum computing
19

. All of these applications require high-�delity prepara-

tion, manipulation, and measurement of multiple spins. While there have been signi�cant

advances in coherent control over few-spin systems in diamond
20,21

, no method exists for

simultaneous preparation
22,23

and single-shot readout
5

of multi-spin registers, impeding

progress towards multi-qubit protocols. Here, we remove this roadblock by exploiting reson-

ant excitation techniques, as pioneered in atomic physics
24,25

, in micro-structured diamond

devices that enable high photon collection e�ciency (Fig. 6.1a). These new methods enable

us to initialize multiple nuclear spin qubits, and to perform single-shot readout of a few-qubit

register, clearing the way towards implementation of quantum algorithms with solid-state

spins.

6.2 Resonant excitation of spin-selective optical transitions

Our preparation and readout techniques rely on resonant excitation of spin-selective optical

transitions of the NV centre, which can be spectrally resolved at low temperatures
26

. We

use the Ex and A1 transitions in our experiments (see Fig. 6.1b): A1 connects the ground

states with ms = ±1 spin projection to an excited state with primarily ms = ±1 character,

whereas Ex connects states withms = 0. A typical spectrum from NV A, one of the two NVs

we study, is shown in Fig. 6.1c (see also Supporting Material). Under resonant excitation of a

single transition, the �uorescence decays with time owing to a slight spin mixing within

the excited states that induces shelving into the other spin state (Fig. 6.1d). This optical

pumping mechanism enables high-�delity spin state initialization
24,27

: from the data in

Fig. 6.1d we estimate a preparation error into thems = 0 ground state of 0.3± 0.1 %, which is

a drastic reduction of the 11± 3 % preparation error observed with conventional o�-resonant

initialization (see Supporting Material).
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Figure 6.1 |Resonant excitation and electronic spin preparation of an NV centre.
a, Scanning electron microscope image of a solid immersion lens (SIL) representative of
those used in the experiments.The overlayed sketch shows the substitutional nitrogen and
adjacent vacancy that form the NV centre. Inset: Scanning confocal microscope image of NV
A (log. colour scale). b, Energy levels used to prepare and read out the NV centre’s electronic
spin (S = 1 in the ground and optically excited states); transitions are labelled according
to the symmetry of their excited state. Dashed lines indicate spin-non-conserving decay
paths. c, Photoluminescence excitation spectrum of NV A, frequency is given relative to
470.443 THz. d, Fluorescence time trace of NV A, initially prepared inms = 0 (Ex excitation,
P = 4.8 nW) andms = ±1 (A1 excitation, P = 7.4 nW, inset), saturation power Psat. ≈ 6 nW.
Spin flips in the excitation cycle lead to nearly exponential decay of fluorescence, with a
fi�ed spin-flip time of 1/γ0 = 8.1 ± 0.1 µs (0.39 ± 0.01 µs) for Ex (A1), and an initial intensity
of 740 ± 5 (95 ± 2) kcounts per second, giving a lower limit to the ms = 0 and ms = ±1

preparation fidelity of 99.7± 0.1 % and 99.2± 0.1 %, respectively. The low initial counts on
A1 are associated with a fast intersystem crossing to metastable singlet states.
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6. High-�delity projective readout of a solid-state spin quantum register

6.3 Single-shot readout of the electronic spin

Spin-dependent resonant excitation also allows single-shot electronic spin readout: the

presence or absence of �uorescence under Ex excitation reveals the spin state. By working

with low-strain NVs at low temperature (T = 8.6 K), we suppress spin-mixing
26,28

and

phonon-induced transitions
29

within the excited states, extending the spin relaxation time

under Ex excitation to several microseconds. Together with a high collection e�ciency due

to the use of solid immersion lenses
30

fabricated around pre-selected, low-strain NVs, and

e�cient rejection of resonant excitation from the measured phonon-sideband emission, this

highly spin-preserving transition allows the detection of several photons before the spin

�ips.
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Figure 6.2 |Single-shot readout of the NV electronic spin. a, Pulse sequence used
for electronic spin readout: a�er charge initialization (532 nm, not shown) the electron is
pumped into ms = 0 (A1, dark red) or ms = ±1 (Ex , bright red), followed by optional mi-
crowave (MW) spin manipulation and the spin readout pulse resonant with Ex . Conditioning
on simultaneous resonance during the final charge and detuning sensing stage eliminates
e�ects of local electric field fluctuations or ionization. b, Statistics of photon counts detected
during a tro = 100 µs electronic spin readout a�er initialization into ms = ±1 (red) and
ms = 0 (superimposed light gray and c), obtained from 10000 measurement repetitions.

We demonstrate single-shot readout by initializing the electronic spin into ms = ±1

or ms = 0, followed by resonant excitation on the Ex readout transition for tro = 100 µs

(Fig. 6.2a). The resulting histograms of the number of detected photons are given in Fig. 6.2b

and c. As expected, forms = ±1 we observe negligible excitation, with a 98.3 % probability

to not measure any photon during the probe interval. In stark contrast, after initialization
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6.3. Single-shot readout of the electronic spin

intoms = 0 we detect on average 〈n0〉 = 6.4 photons per shot. We assign the statems = 0 to

detection of one or more photons, and ms = ±1 otherwise. After truncating our integration

window to the optimal duration of 40 µs, we �nd an average �delity Favg =
1

2
(Fms=0 +

Fms=±1) = 93.2 ± 0.5%; here Fms is the probability to obtain the measurement outcomems
after optical pumping intoms .
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Figure 6.3 |Projective readout and quantum jumps. a, Electronic spin Rabi oscillations
betweenms = 0 andms = −1 at Bz ≈ 15 G (purple): each data point is obtained from 1000
single-shot readout repetitions. The fit, which includes the detailed hyperfine level structure,
yields a visibility of 78 ± 8% , where a maximum of 84% can be expected. Blue data points
show the measurement outcome a�er projection into ms = 0 by selecting only readout
events with photons detected within the first 400 ns (see Supporting Material). All errors and
error bars are 2 SE. b, When the 100 µs readout pulse is divided into two readout segments
R1 and R2 with variable division point, the fidelity of two consecutive segments reaches
83.4 ± 0.5% for an optimal division time of 5.5 µs; the probability of identical sequential
outcomes is 82.0±0.7%. 2 SE error bars (n = 10000) are smaller than the symbols. c, �antum
jumps in the fluorescence time-trace during continuous spin readout. Durations of dark
periods depend on the MW Rabi frequency (see Supporting Material). Blue data indicates
the counts per readout bin of 5 µs , and the deduced spin state is shown in orange.

To verify that these measurement outcomes indeed correspond to the electronic spin

states, we use single-shot readout to observe spin Rabi oscillations and microwave-induced

quantum jumps
25

(see Fig. 6.3a,c).

While the full readout optically pumps the spin, shorter readout durations can be non-
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6. High-�delity projective readout of a solid-state spin quantum register

destructive, albeit at lower �delity. By optimizing integration windows, we obtain a �delity

of 83.4 ± 0.5% for each of two successive readout segments (Fig. 6.3b). Correlations between

measurement outcomes indicate that the readout is projective. Following preparation of a su-

perposition of spin states, we condition on detection of at least one photon (i.e., measurement

outcomems = 0) during a �rst short readout pulse, and probe the resulting spin state with a

second readout (Fig. 6.3a, blue data points). Regardless of the initial spin state, we observe

a constant high probability to obtain ms = 0 in the second readout. This shows that the

readout method is strongly projective and well suited for application in measurement-based

quantum protocols.

6.4 Nuclear spin initialization by measurement

We exploit projective readout of the electron spin in combination with quantum gate opera-

tions for initialization and readout of a nuclear spin few-qubit register. We �rst demonstrate

the concept of measurement-based preparation on a single nuclear qubit. The electronic spin

resonance (ESR) spectrum for NV B (Fig. 6.4a, green trace) reveals the coupling to the host

I = 1
14

N nuclear spin: two partially overlapping sets of three hyper�ne lines correspond to

the ms = 0↔ −1 and ms = 0↔ +1 electronic spin transitions, Zeeman-split by ∼ 2 MHz in

the earth’s magnetic �eld. The outermost transitions are associated with a speci�c nuclear

spin statem I , e.g. (ms ,m I ) = (0,−1) ↔ (−1,−1) at 2.874 GHz. Our initialization procedure

works as follows (Fig. 6.4a, circuit diagram): �rst, we prepare the electronic spin in ms = ±1.

We then perform a nuclear-spin-controlled NOT gate on the electronic spin by applying

a π -pulse at 2.874 GHz; this operation rotates the electronic spin into ms = 0 only when

m I = −1. 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 ,m I ) = (0,−1). Al-

ternatively, if we run the same protocol with initial electronic spin state ms = 0, we prepare

the nuclear spin intom I = {0,+1}.

The e�ciency of the nuclear spin initialization is evidenced by its dramatic e�ect on the

ESR spectrum (Fig. 6.4a). Whereas before preparation the depths of the di�erent hyper�ne

lines indicate an equal mixture of the nuclear spin states (green trace), after preparation only

the hyper�ne lines corresponding to the prepared states are visible (m I = −1 for cyan trace

andm I = {0,+1} for the orange trace).

The same nuclear spin initialization scheme can be applied to multi-qubit registers. Fig-

ure 6.4b displays the ESR spectrum of NV A (green trace), whose electronic spin is coupled

to both the host
14

N nuclear spin and two nearby
13

C nuclei (see Supporting Material). The

lowest-frequency line corresponds to a single state of the three nuclear spins. A π -pulse

on this transition therefore implements a triple-controlled-NOT gate on the electronic spin

(circuit diagram in Fig. 6.4b), enabling the initialization of all three nuclear spins (Fig. 6.4b,

orange trace). The initialization can be further improved by repeating the preparation step

(Fig. 6.4b, red data points).
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Figure 6.4 |Nuclear spin preparation. a, Measurement-based preparation of a single
14N nuclear spin. In the ambient Earth 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 m I = −1 and the central two are
combinations of m I = {0,+1}. Circuit diagram: To initialize the nuclear spin we entangle
it with the electronic spin and then read out the la�er. Data for m I = −1 preparation is
shown in orange, preparation inm I = {0,+1} in cyan (below). Fits to Gaussian spectra show
an amplitude ratio of 96 ± 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 un-initialized
hyperfine spectrum (green) contains 12 partially superposed lines, of which we prepare the
single line corresponding to m I = (−1, 1

2
, 1

2
) (orange, below). Gaussian fits constrained to

known hyperfine spli�ings yield an amplitude ratio of 88 ± 10%. The observed visibility can
be improved by performing two preparation steps and electronic spin repumping (p = 2,
five red data points), increasing the contrast to 82% of the expected visibility from known
readout fidelity. Uncertainties and error bars are 2 SE (n = 1000 for a, b, p = 1; selected from
10000 measurement runs for b, p = 2).
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6. High-�delity projective readout of a solid-state spin quantum register

6.5 Single-shot nuclear spin readout

The nuclear qubits can be read out in a single shot by applying a nuclear-controlled-NOT on

the electronic spin and subsequently reading out the electronic spin (see Fig. 6.5a,b insets).

Because the electronic spin measurement only has weak back-action on the nuclear spin,

we can repeat the process to obtain higher readout �delity
5,8

. Figure 6.5a compares the

resulting photon statistics for NV B after initialization into the single nuclear spin state

m I = −1 to those obtained form I = {0,+1}, indicating an average readout �delity of 92± 2 %.

This number is a lower bound to the true readout �delity, as it includes errors in the state

preparation.

A straightforward extension of this scheme can be used to read out the complete state of a

multi-nuclear-spin register. Using a multiply-controlled-NOT gate in the readout sequence,

we can measure in a single shot whether the register is in a particular con�guration. We

demonstrate this procedure on NV A, where we identify the 3-nuclear-spin state m I =

(−1, 1
2
, 1

2
) (see Fig. 6.5b). The other possible con�gurations can be probed by sequential

application of this readout scheme on di�erent spectrally-resolved hyper�ne transitions, or,

alternatively, by systematically �ipping the nuclear spin qubits and repeating the readout on

the same hyper�ne transition.

|0〉

N

0 5 10 15
0.0

0.2

0.4

0.6

0.8

Counts in N=6 repetitions

Fr
ac

ti
on

 o
f o

cc
ur

re
nc

es

mI = -1,+½,+½ NV A

0 5 10 15
0.0

0.2

0.4

0.6

0.8

Counts in N=3 repetitions

Fr
ac

ti
on

 o
f o

cc
ur

re
nc

es

|0〉

N

NV B
mI = -1

p=2

a b

Figure 6.5 |Nuclear spin readout. a, Single-shot measurement of the 14N nuclear spin,
preceded by two preparation steps (p = 2). Readout (3 repetitions) conditioned on successful
preparation distinguishesm I = −1 (orange, threshold < 1 count) fromm I = {0,+1} (cyan)
with an average fidelity of 92 ± 2 %. b, Multiple nuclear spin readout. Using a similar
sequence (inset) we distinguish one of the 12 hyperfine states associated with NV A. To
prepare nuclear spin states, we perform the readout procedure 7 times and keep only data
with zero total counts (identified as (−1, 1

2
, 1

2
)) or ≥ 2 counts per initialization step (other

states). Subsequent readout with 6 repetitions ((−1, 1
2
, 1

2
) threshold < 3 total counts) achieves

a 96.7± 0.8% average fidelity for preparation and detection of the nuclear spin configuration.
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Electron-nuclear �ip-�op processes in the optically excited state, which reduce the nuclear

spin readout �delity, pose a major hurdle for scaling the readout to more qubits. Critically,

resonant readout allows selection of which states undergo optical excitation. By starting

with the electronic spin in ms = ±1, optical excitation will only occur when the register

is in the state being probed; therefore, no optically-induced nuclear spin �ips will occur

during measurement of any of the other states. Thus, in contrast to schemes depending on

o�-resonant excitation where each additional readout step degrades the �delity, resonant

excitation enables scaling of high-�delity readout to larger registers.

6.6 Initialization, control and single-shot readout of a quantum
register

Finally, we demonstrate the compatibility of all the di�erent techniques by implementing

them in a single experiment: we initialize, coherently manipulate, and then read out a

two-qubit register consisting of the electronic spin and
14

N nuclear spin of NV B. After

initialization in (ms ,m I ) = (0,−1), we rotate the nuclear spin using a radiofrequency (RF)

pulse and subsequently rotate the electronic spin with a microwave (MW) pulse. We then

read out the electronic spin, followed by readout of the
14

N nuclear spin state (Fig. 6.6a,

circuit diagram). The left panel in Fig. 6.6a displays the readout results for the electronic

spin qubit, showing the Rabi oscillations as a function of MW pulse length (vertical axis). In

contrast, the readout results for the nuclear spin qubit (right panel of Fig. 6.6a) exhibit Rabi

oscillations as a function of the RF pulse length (horizontal axis).

To quantify crosstalk, we closely examine correlations between the two measurement

outcomes. We observe that the contrast in the electronic spin Rabi oscillations depends on

the outcome of the nuclear readout (Fig. 6.6b), but this discrepancy can be fully accounted

for by the �nite MW power used in this experiment. The observed correlations thus arise

from imperfect manipulation rather than measurement crosstalk. In the other direction,

however, true measurement crosstalk appears: nuclear Rabi oscillation amplitudes decrease

when the electronic spin is measured to be inms = 0 (Fig. 6.6c) because optical excitation

during electronic spin readout (which only succeeds for ms = 0) induces nuclear spin

relaxation. This e�ect can be mitigated by improving the collection e�ciency (thus reducing

the readout duration), e.g. by integrating the NV centre in an optical cavity. Also, application

of moderate magnetic �elds can cut the optically-induced nuclear spin relaxation rate by

orders of magnitude
5
.
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Figure 6.6 |Initialization, manipulation and readout of a two-qubit register. a, A�er
initialization of NV B into (ms ,m I ) = (0,−1), we use radio-frequency excitation (RF,
4.9464 MHz) to drive the nuclear spin and then microwaves (MW, 2.8774 GHz) to drive
the electronic spin. The electronic spin state is subsequently measured for 15 µs, followed by
5 readout steps (each 10 µs) of the 14N nuclear spin state. b, Probabilities to observems = 0

conditional on the measured nuclear spin state and averaged over all RF pulse durations, as
a function of MW pulse duration. c, Probabilities for observing m I = −1 conditional on the
observed electronic spin state and averaged over all MW pulse durations, as a function of RF
pulse duration. All error bars and uncertainties are 2 SE; data based on 1000 measurements
per pixel.
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6.7 Outlook

Our results have implications for a broad range of spin-based applications. Single-shot

electron spin readout can drastically improve NV-based sensors by enabling fast, quantum

projection limited detection, creating opportunities in low-temperature magnetometry
31,32

.

Extension of nuclear spin preparation techniques to remote nuclei in the spin bath may

permit line-narrowing for enhanced sensitivity to d.c. magnetic �elds. Furthermore, pre-

paration, manipulation, and single-shot readout of two spins open the door to exploration

of two-particle quantum correlations, such as Bell’s inequalities, and elementary quantum

information processing protocols. Importantly, the techniques we describe are extendable to

larger spin registers, and can be combined with precise spin qubit control and dynamical

decoupling for coherence protection
10–12

. The preparation and readout �delities reported

here are su�cient for demonstrating measurement-based entanglement generation and

quantum teleportation of spin qubits, and exploring elementary quantum error correction

schemes
1
. Ultimately, integration of multi-spin registers with quantum optical channels

via spin-photon entanglement
13

may enable their application as few-qubit nodes in long-

distance quantum communication protocols or distributed quantum information processing

networks.
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6.8 Supporting Material

6.8.1 Electron readout and initialization

Excited state structure

Single-shot readout via resonant excitation and �uorescence detection requires both high

collection e�ciency and a long-lived cycling transition. While we can enhance collection

e�ciency by nanofabrication of the diamond crystal, the degree of cycling of the optical

transitions is set by the spin projections of the excited states, which in turn strongly depend

on strain
26,33,34

. For strain in the range of δ ≈ 0 − 10 GHz, Ex has su�ciently lowms = ±1

contribution to allow for single-shot readout (Fig. 6.7a). However, at δ ≈ 3 GHz, the spin

splitting in the ground state equals the Ex − A1 splitting, causing a spectral overlap of

transitions coupling to ms = 0 and ms = ±1 and thus rendering optical pumping and

resonant spin readout impossible. These restrictions limit the range of strain for which

single-shot spin readout can be achieved.

Furthermore, at temperatures above around 10 K, phonon scattering in the excited state

leads to a signi�cant redistribution of population between Ex and Ey
29

. Because the Ey state

exhibits a level anticrossing with the other (ms = ±1) E states around 7 GHz strain, phonon

mixing into Ey can dramatically shorten the spin �ip time under optical excitation of Ex .

Except for extremely low-strain NVs, low temperatures are thus critical to achieve high

single-shot readout �delity.
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Figure 6.7 | Spin-mixing and energy-spli�ing dependent of strain. a, ms = 0 projec-
tion of Ex and Ey excited states as function of transverse strain (following analysis in33).
Values for the discussed NV centres are indicated. b, Photoluminescence excitation spec-
trum for NV B. Transitions to Ex and A1 used in pulsed experiments are shown, along with
the strain-split Ey transition 12.3 GHz below the Ex transition. Laser frequency is given as
a detuning from 470.435 THz.
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Figure 6.8 | Saturation under resonant excitation. a, Pulse sequence. Data shown in b
and c is extracted from phonon sideband fluorescence during the spin readout pulse on the
Ex transition. Data is conditioned on high count rates during the charge readout section to
ensure that the NV centre transitions are close to resonance (i.e. using the first technique
described in the text). b, Saturation curves for NV A. Each data point shows the maximum
count rate obtained at the start of the fluorescence time trace (red) or spin relaxation rate
obtained by fi�ing the fluorescence time trace to a single exponential (blue). Peak count rate
and spin flip rate saturate as the laser power is increased, with similar saturation powers of
7 ± 4 nW and 5.9 ± 0.8 nW respectively. c, Saturation curves for NV B. Saturation powers
from fit are 2.5±1.2 nW and 1.9 ± 0.4 nW for peak count rate and spin flip rate respectively.

Comparison of NV A and NV B

The main text presents single-shot readout data for two NV centres, NV A and NV B. The

approximate transverse strain for NV A and NV B is indicated in Fig. 6.7, and is found

from half the splitting between the Ex and Ey transitions (see Fig. 6.1c in the main text and

Fig. 6.7b) in the PLE spectra. While the Ex state itself exhibits a similar degree of spin-mixing

at both strain values, phonon-induced transitions into Ey lead to increased spin-�ip rates for

NV B, for which Ey is signi�cantly mixed with other spin states.

We can directly observe the di�erent behavior of NV A and NV B under resonant excitation

by examining the spin �ip rate as a function of laser power. While higher peak count rates

and lower saturation powers indicate a better SIL placement for NV B, strain leads to faster

spin �ip rates (see Fig. 6.8). Under resonant Ex excitation we thus do not detect very many

photons from NV B (2.6 on average) before a spin �ip occurs, leading to a less accurate

single-shot readout than observed for NV A (see Fig. 6.9).

For both NV A and NV B, the average readout �delity is primarily limited by the error in
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reading outms = 0. Figure 6.9 shows the �delity forms = 0 andms = ±1 readout individually

as a function of the readout duration. The ms = 0 �delity grows with readout duration

as we are more likely to detect a photon the longer we integrate; conversely, thems = ±1

�delity decreases with readout duration owing to increased likelihood of background counts

or o�-resonantly induced spin �ips (see discussion below of photon statistics). The optimal

readout duration (maximizing average �delity) represents the tradeo� between the two; its

precise value depends sensitively on the power used to excite the readout transition, with

shorter durations better at higher powers. Owing to increased background at higher powers,

the best readout �delities are achieved for readout laser intensity well below a saturation

power.

Electronic spin preparation

To estimate the optical pumping e�ciency for NV A, we examine the time dependence

of the �uorescence during optical pumping. In particular, following nominal preparation

into ms = 0 (ms = ±1), we �t the �uorescence time trace under Ex (A1) excitation to a

single exponential with an o�set, Ae−t/t1
+ B (see Fig. 6.1e of the main text); this yields

information about the preparation �delity into ms = ±1 (ms = 0). Owing to possibly

imperfect preparation, the amplitude A of the exponential is less than or equal to the

�uorescence rate that would result from a perfectly-prepared ms = 0 (ms = ±1) state.

Because of background counts from ambient light and detector dark counts, the o�set B is

greater than or equal to the �uorescence rate from remaining undesired population inms = 0

(ms = ±1) following optical pumping. The ratio B/(A+B) is thus greater than or equal to the

fraction of optically active population remaining in thems = 0 (ms = ±1) state – in other

words, an overestimate of error in optical pumping. The precise value of the preparation

error depends on the laser intensity, but typical values (from e.g. data presented in Fig. 6.1e

in the main text) are in the range of 0.35 ± 0.06% forms = 0 preparation and 0.8 ± 0.1% for

ms = ±1 preparation after subtraction of detector dark counts at 50 counts/second.

The above analysis neglects population of the singlet levels, which contributes a small

bi-exponential character to the �uorescence decay
13

. Speci�cally, there is an initial fast

decay as the singlet state is populated (leading to a steady state fraction of optically active

population in the singlet states) followed by a slow decay as the spin relaxation occurs. Under

the assumption that the fraction of optically active population in the singlet states remains

constant after the initial fast decay, the relevant amplitude for estimating optical pumping

e�ciency is the amplitude of the slower decay. In the case ofms = ±1 preparation the two

exponentials can be �t, and yield an optical pumping error estimate of 0.7 ± 0.1% – equal,

within uncertainty, to the simpler estimate above. The intersystem crossing to the singlets

also explains the low count rates observed from excitation of the A1 transition. Current

understanding suggests that the A1 excited state relaxes into the singlet states at a rate

comparable to the radiative decay rate.
14,28

This decay rate is too fast to observe in our data,

but it has an impact on the maximum count rates. Since decay out of the singlets is more

than an order of magnitude slower than the radiative decay rate
28,35,36

, the (non-�uorescing)
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Figure 6.9 | Single-shot electron readout. a, Fidelity as a function of readout duration
for NV A, analysis of data shown in Fig. 6.2a and b of the main text. Thems = ±1 (ms = 0)
fidelity is calculated as the probability to identify the system asms = ±1 (ms = 0) following
optical pumping on transitions to the Ex (A1) state. b, Photon count histograms (recorded
during a 50 µs readout with 0.5 nW Ex excitation power) for NV B following optical pumping
into thems = 0 (le�) andms = ±1 (right) states. Inset shows fidelity as a function of readout
duration. Shaded areas indicate the error margins.
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equilibrium population in the singlets is signi�cant, leading to the observed low �uorescence

from A1 excitation.

We use these estimates of optical pumping e�ciency to quantify spin polarization with

green (532 nm) excitation. By comparing �uorescence statistics during readout after green

initialization with those after A1 initialization, we extract the fraction of ms = 0 after green

initialization to be 89 ± 3%. Resonant optical pumping thus decreases the error in spin

preparation by more than a factor of 30.

Photon statistics during readout

The probability distribution of photon counts from electronic spin readout of the bright

(ms = 0) state is essentially set by three contributions: a) the spin �ip rate γ0, limiting the

total number of scattered photons, which in the limit of long integration time (tint � γ −1

0
)

yields a geometric distribution of emitted photons, b) the photon detection e�ciency, which

selects emitted photons according to a binomial distribution, and c) low background counts

following a Poissonian distribution. Given the few-percent collection e�ciencies present in

our setup, the expected distribution is very close to a geometric distribution, in agreement

with our data.

While we can calibrate background counts (approximately 100 counts/second) from ambi-

ent light and detector dark counts, we observe a signi�cantly higher �uorescence rate during

readout after preparation intoms = ±1 than would be expected solely from background. This

�uorescence depends on the readout power and exhibits a geometric photon distribution;

the autocorrelation of the background decays at the characteristic spin-�ip rate. Since the

averaged time trace of the background is �at, we attribute this �uorescence to laser-induced

spin �ips fromms = ±1 to the bright ms = 0 state during the readout. Such a process could

occur, for example, through o�-resonant excitation of thems = ±1↔ A1 transition followed

by spin mixing in the excited states or coupling to the singlets. This e�ect represents the

dominant readout error ofms = ±1, resulting in a decrease in average readout �delity for

increasing integration times (Fig. 6.9). Moreover, the same process limits the spin preparation

�delity for both spin states. As a consequence, we observe the highest optical pumping

e�ciencies and readout �delities for excitation intensity well below saturation power.

Quantum jumps

Continuous resonant excitation of thems = 0→ Ex transition pumps the system into the

darkms = ±1 state. To excite the spin out of this state, in Fig. 6.3c of the main text we apply

weak MW repumping at 2.8715 GHz, resonant with the hyper�ne transitions corresponding

to four out of twelve nuclear spin con�gurations in NV A (see next section). Provided the

nuclear spins are in one of those four con�gurations, the MW excitation drives the system

back into the brightms = 0 state, enabling the observation of quantum jumps. We verify the

e�ect of the MW by dividing a �uorescence time trace of 8 s duration into bins of 3.3 µs, and

plotting average durations of bright and dark periods as function of MW power (Fig. 6.10).

80



6.8. Supporting Material

To reduce the bias towards long dark periods due to non-driven nuclear spin states, we

only include dark periods shorter than 100 µs in this analysis (without this �lter, we observe

dark periods of up to 12 ms). We �nd that the duration of dark periods scales with the MW

power, as expected for the rate of MW induced spin-�ips ms = ±1→ms = 0. The optical

pumping rate from ms = 0 → ms = ±1 however is larger than the MW induced spin-�ip

rate, explaining the bright periods of 4.9 µs average duration, independent of MW power.

Although we do not provide a full quantitative model to this data, the dependence of dark

period duration on MW power con�rms that the observed intensity �uctuations can be

attributed to a discrete evolution of the spin state.
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Figure 6.10 | Analysis of quantum jumps. Average duration of bright (ms = 0) and dark
(ms = ±1) periods in an 8 s fluorescence time trace of Ex excitation as function of power of
MW excitation driving the spin transition (bin size 3.3 µs).

Projective readout and measurement based state preparation

An ideal quantum measurement would project an initial superposition state onto a spin

eigenstate, reveal which projection occurs, and leave the system in the same eigenstate. In

our system, projection of the spin happens either when the NV centre emits the �rst photon

or, in the case of ms = ±1, as failure to emit a photon exponentially reduces the probability

amplitude for occupation of the �uorescent state. While projection occurs on the timescale

of a few optical cycles, the time required to detect a signal is considerably longer. As a

result, there is a tradeo� between the �delity with which we measure the projected spin

state and the probability to leave it undisturbed, so that our readout only partially ful�lls

the requirements of ideal quantum measurement.

Nevertheless, a probabilistic preparation protocol that detects onlyms = 0 spin projections

can be used to obtain both a high correlation between the projected and detected states

and a low probability to �ip the spin during measurement. Detection of a photon during a

short readout pulse is very strongly correlated with an initial ms = 0 spin projection (the

error is given by 1-F±1 in Fig. 6.9), and this correlation improves as the readout duration
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Figure 6.11 | Projective readout. Combining data for all microwave pulse durations
shown in Fig. 6.3a of the main text, we show the probability to measure ms = 0 during
readout segment (2) a�er conditioning on detection of ms = 0 during readout segment (1).
The duration of the projective readout (1) is varied, while the duration of readout (2) is kept
constant at 8.3 µs. The dashed line indicates the readout duration used in the projective state
preparation for Fig. 6.3a of the main text (blue data points) and nuclear spin preparation.

decreases. Similarly, the probability to �ip the spin during measurement vanishes in the

limit of decreasing readout time.

To demonstrate high �delity projective state preparation, we prepare a set of spin super-

positions using microwaves (including all data from Fig. 6.3b of the main text), and perform

two successive readouts. The �rst readout ((1), variable duration) projects the spin state,

which we then detect during a second readout ((2), �xed duration 8.3µs). In Fig. 6.11 we show

the conditional probability P (0(2) |0(1) ) to measurems = 0 during the readout (2) conditioned

on obtaining the outcome ms = 0 in readout (1). As the �rst readout duration decreases, the

conditional probability to measurems = 0 increases, approaching the barems = 0 readout

�delity following optical pumping (87% for our best data sets, 82% for data taken under the

same conditions as Fig. 6.3a main text). For short readout durations our measurement-based

preparation is, within statistical uncertainties, indistinguishable from optical pumping into

ms = 0. Ultimately, in the limit of short readout duration the �delity for preparation by

measurement is constrained only by spin-mixing in the excited Ex state, which for low strain

is less than 0.5%.

6.8.2 Hyper�ne structure

The electronic spin associated with the nitrogen-vacancy centre in diamond couples to a

variety of spins in its environment. While interactions with the bulk electronic
37

or nuclear
38

spin bath lead to dephasing and decoherence, the NV centre can interact coherently with

su�ciently proximal nuclear spins
39

. In particular, the I = 1
14

N (or I = 1

2

15
N) nuclear spin

of the host nitrogen atom always couples to the NV centre spin, leading to a characteristic

three- (or two-) line electron spin resonance (ESR) spectra with 2.166 MHz (3.03 MHz)
40,41
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splittings. Additionally, NV centres in natural isotopic concentration diamond can also

interact strongly with I = 1

2

13
C nuclear spins located on nearby lattice sites; the resulting

hyper�ne structure depends critically on the locations of the nearest
13

C isotopic impurities.

In this paper, we consider two NV centres with very di�erent isotopic environments.

NV B does not couple strongly to any
13

C nuclei, though detailed electron spin resonance

(ESR) scans do reveal weak (0.46 MHz) interactions with an isolated two-level system, likely

also a
13

C nuclear spin. Because changes in the state of this weakly-coupled
13

C spin only

slightly perturb NV B, we can address the electronic and
14

N nuclear spin states regardless of

the other spin state. Indeed, the ESR spectra presented in the main text show no evidence of

this spin because we use su�cient microwave power to drive ESR transitions unconditional

on the
13

C spin state. Nevertheless, the presence of this extra spin limits the �delity with

which selective π pulses can drive a single
14

N hyper�ne line.

In contrast, NV A exhibits signi�cant hyper�ne interactions with two
13

C isotopic impur-

ities. Combined with hyper�ne structure from the host
14

N nuclear spin, these interactions

lead to a complex ESR spectrum where each line corresponds to one or more of the twelve

nuclear spin states. We identify the spins as
13

C nuclear spins by comparison of measured

hyper�ne splittings to known
13

C interaction strengths
42

and veri�cation of expected coher-

ent dynamics in electron spin echo envelope modulation measurements
39

. Because of the

small electronic Zeeman splitting in Earth’s magnetic �eld, there is some redundancy in the

ESR spectrum, and all of the nuclear spin states are contained in half of the spectrum. We

indicate in detail which nuclear spin con�gurations contribute to the observed lines in the

lower half of the spectrum (shown in Fig. 6.4b of the main text), using positive values for the

hyper�ne interaction for the
13

C nuclear spins
42

and a negative value for the
14

N nuclear

spin
41

. To demonstrate nuclear spin preparation it thus su�ces to examine half of the lines,

and show that a line corresponding to a single 3-nuclear-spin con�guration (here labelled

transition 1) is enhanced at the expense of the others.
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Figure 6.12 | Hyperfine spectra. a, ESR for NV B in ambient magnetic field. ESR data
are recorded without nuclear preparation and using standard green excitation for the
spin detection, for which the fluorescence intensity is a proxy for the polarization of the
electronic spin intoms = 0. Microwaves are applied in a 5 µs pulse with a Rabi frequency of
approximately 100 kHz prior to fluorescence detection of the electronic spin. Upper traces
illustrate the contributions from transitions to the ms = +1 and ms = −1 branches as
determined by a fit to 12 Gaussian components constrained to have the same amplitude,
with positions determined by two two-fold (Zeeman and 13C) spli�ings and one three-fold
(14N) spli�ing. Hyperfine parameters extracted from the fit are: 2.169(7) MHz for 14N and
0.46(1) MHz for 13C. b, ESR for NV A in ambient magnetic field. Separate contributions
fromms = ±1 transitions are illustrated above using components of the fit to 24 Gaussian
lines constrained to have the same amplitude, with three two-fold (Zeeman and two 13C)
spli�ings and one three-fold (14N) spli�ing. Hyperfine parameters extracted from the fit
are: 2.18(3) MHz for 14N, 2.53(4) MHz for the first 13C and 12.78(1) MHz for the second 13C.
Transitions 1-5 marked on the plot correspond to nuclear spin configurations tabulated in
columns below. Numbers −1,0,1 indicate the projection of the 14N nuclear spin on the NV
axis, while ± 1

2
indicates the projections of the 13C nuclear spins on their respective principal

hyperfine axes.
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Chapter 7

Two-photon qantum interference

from separate nitrogen vacancy

centers in diamond

H. Bernien, L. Childress, L. Robledo, M. Markham, D. Twitchen, and R. Hanson

We report on the observation of quantum interference of the emission from two separate

nitrogen vacancy (NV) centers in diamond. Taking advantage of optically induced spin

polarization in combination with polarization �ltering, we isolate a single transition within

the zero-phonon line of the non-resonantly excited NV centers. The time-resolved two-

photon interference contrast of this �ltered emission reaches 66%. Furthermore, we observe

quantum interference from dissimilar NV centers tuned into resonance through the dc Stark

e�ect. These results pave the way towards measurement-based entanglement between

remote NV centers and the realization of quantum networks with solid-state spins.

This chapter has been published in Physical Review Letters 108, 043604 (2012).
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7.1 Introduction

The nitrogen vacancy (NV) center in diamond is an attractive candidate for construction

of quantum networks
1–3

. It is a highly stable single photon emitter
4
, whose optical trans-

itions are linked
5

to a long-lived electronic spin with excellent coherence properties
6
. The

electronic spin can be coherently manipulated with high �delity with pulsed microwave

�elds
7,8

. By extending these techniques to proximal nuclear spins, a controllable multi-qubit

quantum register can be realized
9–11

.

Optical schemes based on photon interference provide a way to establish quantum in-

teractions over a distance. When two photons that are indistinguishable simultaneously

impinge on a beamsplitter they coalesce into the same output port
12

. If these two photons are

each entangled with the spin of the emitter, their interference can be exploited to generate

entanglement between two distant emitters
13–15

. This type of measurement-based entan-

glement has recently been achieved between two remote single ions
16

. While spin-photon

entanglement has been realized using NV centers
5
, two-photon quantum interference (TPQI)

with NV centers has so far not been observed.

Here we capitalize on recent advances in the understanding of the NV center’s excited

states
17–22

and a drastic improvement of the photon collection e�ciency
11,23

, and demon-

strate TPQI from two separate NV centers. Furthermore, we show that even dissimilar NV

centers can exhibit TPQI when their emission lines are brought into resonance using dc

Stark tuning
22,24

. This latter technique greatly facilitates a scaling to larger networks.

7.2 Experimental methods

We perform our experiments on naturally occurring NV centers in high purity type IIa

chemical-vapor deposition grown diamond
25

with a 〈111〉 crystal orientation obtained by

cleaving a 〈100〉 substrate. Because a TPQI measurement involves coincidence detection

of photons emitted from two centers, high collection e�ciency is essential. To this end,

we deterministically fabricate solid immersion lenses (SILs)
23,26

around preselected centers

by focused ion beam milling. Figure 7.1a shows an optical microscope image of the device

being used; the inset is an SEM picture of a similar device. In the confocal scans (Fig. 7.1b)

the NV centers appear as bright spots inside the lenses. To enable spin manipulation and

Stark tuning of the optical transition energies, we lithographically de�ne a gold microwave

stripline and gates around the SILs. A dual path confocal setup allows us to individually

address two NV centers within the same diamond (Fig. 7.1c). The sample is mounted inside

a �ow cryostat and experiments are performed at a temperature of 9 K.
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Figure 7.1 | Device and experimental setup. a, Optical microscope image of the sample.
The microwave stripline (MW) is used for spin manipulation and the gates (G1 and G2)
are used for Stark tuning of the optical transition energies. Inset: SEM picture of a similar
device. b, Confocal microscope image showing NV A and NV B (logarithmic color scale).
c, Experimental setup. The two NV centers inside the same diamond are simultaneously
excited with either a resonant (637 nm) or an non-resonant (532 nm) laser. Two separate
paths allow detection of photons emi�ed into the zero phonon line (ZPL) or the phonon
side band (PSB). A variable retardance waveplate (WP) aligns the polarization of the desired
transition to the polarizing beamspli�er (PBS) while compensating for ellipticity introduced
by other optical components.
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7.3 Spectral properties of single NV centers

The optical emission spectrum of the NV center (Fig. 7.2a) consists of both direct transitions

between the ground and the excited state (the so-called zero phonon line, ZPL, that con-

tributes 4% to the total emission) and transitions that additionally involve the emission of

phonons (phonon side band, PSB). At low temperatures, the ZPL emission spectrum exhibits

several narrow lines which, for low-strain centers, correspond to spin selective transitions

between the ground and excited state
17,18

. Observation of TPQI requires indistinguishable

photons which we produce by isolating a single transition within the ZPL. Appropriate band-

pass �lters remove the incoherent fraction of the emission (PSB). Non-resonant excitation,

as used in this experiment, polarizes the NV electronic spin into thems = 0 state, hence only

transitions between the Ex and Ey excited states (ms = 0) and the ms = 0 ground state level

occur. The dipoles associated with these two transitions are orthogonal to each other and to

the N-V axis; by working with NV centers oriented along the 〈111〉 direction we ensure that

collected ZPL photons remain linearly polarized, with orthogonal polarizations for Ex and

Ey
20,21

. Consequently, for a center that is spin-polarized intoms = 0, we can isolate the Ex
or Ey emission line by placing a polarizer in the detection path. Furthermore, we maximize

the signal by using the polarization selectivity to excite predominantly one dipole.

To characterize the ZPL �ne structure, we use photoluminescence excitation (PLE) to

probe the ZPL absorption spectrum and a scanning Fabry-Perot (FP) cavity to analyze the

ZPL emission spectrum. PLE spectra are obtained by sweeping the frequency of the resonant

excitation laser (637 nm, Fig. 7.1c) across the ZPL transitions while recording the red-shifted

emission into the PSB. During PLE scans, we ensure the correct charge state and visibility

of thems = 0 transitions by simultaneous weak green excitation
27

. Figure 7.2b shows the

PLE spectra of the two selected emitters. While the lower-energy Ey transitions are 2.9 GHz

apart from each other, the higher-energy Ex transitions partly overlap. This near-overlap is

also observed by using a scanning Fabry-Perot cavity to monitor the ZPL emission under

non-resonant (532 nm) excitation (Fig. 7.2c). By setting the �lters to transmit only the linearly

polarized light associated with the Ex transitions, we observe a single emission line from

each NV center with nearly equal frequencies.

Inhomogeneous broadening of the emission linewidths will limit the observability of

quantum interference
28

. For individual PLE scans, obtained in the absence of green light, we

�nd narrow 38±7 MHz (36± 5 MHz) linewidths for NV A (NV B); however, a 532 nm repump

pulse between scans leads to an overall distribution of frequencies with an inhomogeneous

linewidth of 263 ± 6 MHz for NV A and 483 ± 5 MHz for NV B
21,29

. The same spectral

di�usion is observed in PLE spectra recorded with simultaneous green excitation (Fig. 7.2b)

and in the ZPL emission spectrum under 532 nm excitation (Fig. 7.2c). Although the observed

inhomogeneous broadening exceeds the radiative linewidth by an order of magnitude, two-

photon interference e�ects can still be detected. Provided that the emission linewidth does

not exceed the inverse time resolution of the photon detectors, simultaneous detection

of a photon from each NV center erases the which-path frequency information, allowing

quantum interference to be observed
30,31

.
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Figure 7.2 | Spectral characterization of NV A and NV B. a, Level structure. Thems = 0

ground state is connected via spin selective transitions to the Ex and Ey (ms = 0) excited
state, ms = ±1 states are omi�ed for clarity. Photons that are emi�ed into the phonon
side band (PSB) can be spectrally separated from resonant emission. Also shown are the
resonant (637 nm) and the non-resonant laser (532 nm). b, Resonant excitation of the ZPL
and detection of the PSB. The frequency of the red laser is swept across the resonances
while weak green excitation prevents photoionization and optical pumping (see text). The
spectra are averaged over 70 scans. c, Scanning Fabry-Perot spectrum under non-resonant
excitation. Only the Ex transition is visible confirming su�icient suppression of the Ey
transition by polarization filtering. The linewidths (450 MHz for NV A and 570 MHz for
NV B) include dri�s of the cavity during the measurement. The o�set is due to detector
dark counts.

7.4 Two-photon quantum interference

For the interference measurement, we employ a green (532 nm) pulsed laser (62 ps) with

a repetition frequency of 10 MHz both to excite the two NV centers and to initialize the

spin state into ms = 0. A combination of spectral �ltering (ZPL �lter) and polarization

rejection (as discussed above) isolates the Ex lines of NV A and B. This emission is then

coupled into the two input ports of a polarization-maintaining �ber beamsplitter, ensuring

excellent spatial mode overlap. We establish temporal mode overlap by using equidistant

excitation and collection paths for the two centers. The output ports of the beam splitter

are connected to two avalanche photo diodes (APDs) with sub-ns time resolution; the APD

signals trigger the start and the stop of a fast counting module whose jitter is less than

12 ps. By recording the coincidence counts as a function of start-stop delay, we perform a

time-resolved measurement.
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Figure 7.3 | Two-photon quantum interference. a, Orthogonal polarization. Periodic
peaks of the coincidence counts correspond to the 10 MHz repetition frequency of the
excitation. The coincidence distribution shows typical bunching and anti-bunching features
of the two independent NV centers under pulsed excitation32. b, Parallel polarization.
Interference of indistinguishable photons leads to a significant decrease in coincidence events
at zero time delay. Simulations (red line) using only independently measured parameters
are done according to Legero et al.28. The dashed lines show 1 standard error uncertainty in
the simulation. The dark and light grey areas illustrate 1 and 2 standard deviations expected
sca�er. Parameters used for the simulations are: excited state lifetime = 12.0±0.4 ns, detuning
between the two centers = 130±150 MHz, frequency ji�er between them = 550±80 MHz,
APD ji�er = 410±10 ps, dark count rate = 60±10 s−1, NV B count rate = 1470±50 s−1, NV A
count rate = 2700±50 s−1, background = 15±5 %.
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As a calibration experiment, we insert a λ/2 wave plate into one detection path (Fig. 7.1c) so

that the two photons entering the beamsplitter have orthogonal polarization. This makes the

two photons distinguishable and no interference can be observed. Therefore the coincidence

distribution only reveals the temporal overlap of two independent photon wave packets (see

Fig. 7.3a). The situation changes dramatically when the photons enter the beamsplitter with

parallel polarization (Fig. 7.3b). For this case two-photon quantum interference is observed:

around zero detection time di�erence (τ = 0) the two photons mainly leave the beamsplitter

into the same output port, leading to a signi�cant reduction in coincidence detections. For

larger time di�erences interference is concealed because of averaging over many photons

with di�erent frequencies
28

. We thereby observe TPQI as a reduction in coincidence detection

events within a time window given by the inverse of the inhomogeneous emission linewidth.

In principle, full visibility interference can be observed even for inhomogeneously broadened

and detuned photon sources at the cost of a reduced width of the interference dip
30

. The

observed contrast at τ = 0 is limited primarily by NV emission into undesired spectral lines

owing to imperfect control over the charge and spin state of the center. Speci�cally, when

the center is in the neutral charge state (NV
0
), a portion of its broadband �uorescence lies

within the 3 nm bandwidth of our ZPL �lters; from independently measured optical spectra,

these NV
0

photons contribute approximately 10% to the collected emission. Furthermore,

under 532 nm excitation a residual ∼10% ms = ±1 spin occupation
11

produces circularly

polarized emission on several other transitions, contributing ∼5% of our polarization-�ltered

signal. From such a 15% background level we expect at most 72% visibility. Furthermore,

�nite time resolution in our detection system will average over sharp temporal features,

raising the depth of the zero-time-di�erence minimum.

We observe a quantitative agreement between our data and no-free-parameter simulations

of the experiment. Following Legero et al.
28

, we model TPQI of exponentially decaying

photon wavepackets with gaussian frequency noise and calculate the expected coincidence

detections using independently measured parameters. At τ = 0 we observe a contrast of

66±10% which is to our knowledge the highest value reported for two separate solid-state

emitters
31,33–35

. This value can be improved by more stringent �ltering of the ZPL emission

or by increased control over the spin and charge states. We note that for measurement-based

entanglement, the visibility determines the �delity while the width of the interference dip

sets the success probability of the entanglement operation.

7.5 Interference of dissimilar sources

To observe TPQI, we selected NV centers with nearly identical Ex frequencies; in general,

however, because of their di�erent strain environments, two NV centers are unlikely to

exhibit the same emission frequencies
19,36

. Even in high purity type IIa samples, we typically

observe a spread of tens of GHz between di�erent centers. Nevertheless, NVs can be

tuned into resonance by applying electrical �elds to induce dc Stark shifts of the transition

energies
24

. The tuning range of our devices reaches several GHz and is enhanced to tens of
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Figure 7.4 | Interference of two dissimilar sources. a, Ey transition energy as a function
of applied gate voltage. The two centers show opposite tuning behavior and are brought
into resonance at -13.6V. Data is taken under simultaneous green excitation with the same
power that is used for the interference measurement. b, Two-photon quantum interference.
The overall coincidence distribution is the sum of 255 one-minute histograms. Before each
interference measurement we perform a PLE scan. We select only histograms for which
the relative detuning of the two centers is between 350 and 1200 MHz. The simulation (red
line) is based on the measured frequency distribution and shows oscillations that reflect
the discrete set of detuning values. The dark and light grey areas illustrate the expected
signal for two non-interfering sources with 1 and 2 standard deviations respectively.

GHz in the presence of 532 nm excitation
22

. This enables us to observe TPQI in the general

case of dissimilar sources.

In the absence of an external voltage bias, the Ey transitions of NV A and NV B lie far apart

in energy so that their TPQI cannot be measured within the time resolution of our detectors.

By applying a voltage to gate 1 (Fig. 7.1a) while keeping the microwave stripline and gate 2

on ground, we can tune the Ey transitions into resonance. Because the degree of tuning is

strongly a�ected by the presence of non-resonant excitation
22

, we calibrate the Stark tuning

under the same pulsed 532 nm excitation conditions as used for the interference measurement:

the PLE spectra in Fig.7.4a show the additional �uorescence induced by resonant excitation,

revealing the spectral location of the Ey line. Near -13.6 V, we observe overlapping transition

energies for the two NV centers, establishing the appropriate setting for observation of TPQI.

In addition to shifting the energy of the NV center transitions, applied electric �elds can

also rotate the axes of the Ex and Ey dipoles; we �nd that signi�cantly di�erent polarization

settings are required to �lter the Ey emission at this gate voltage.

Using the calibrated voltage and polarization settings, we measure the time-resolved
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interference of photons emitted on the Ey transitions from each NV center. Figure 7.4b shows

a signi�cant decrease in coincidence detection events at zero time di�erence. The width of the

interference signal is smaller than what would be expected from earlier measurements of the

inhomogeneous linewidth of the emitters. Because the laser intensity changes the e�ective

Stark shift, a drift in sample position directly translates into a spectral shift. To account

for the spectral variations, we perform the measurement by alternating PLE spectroscopy

and minute-duration coincidence detection, and post-select the data based on their relative

detunings. We �nd our data to agree with a simulation based on the measured frequency

distribution (red line in Fig. 7.4b). In contrast, a model without TPQI (shaded area in Fig. 7.4b)

fails to reproduce the observed drop in coincidences around τ = 0. Increased control over

spatial and laser power �uctuations is expected to greatly enhance the interference contrast

in the presence of gate voltage tuning.

7.6 Conclusions

We have demonstrated two-photon quantum interference with separate NV centers in

diamond. The observed contrast can be further improved through resonant excitation,

which eliminates photon emission from the incorrect charge and spin states. Moreover, the

coincidence rates may be enhanced by embedding NV centers into optical cavities
37,38

. When

combined with recently-demonstrated spin-photon entanglement
5
, our results enable remote

entanglement of NV centers, and open the door to applications in quantum information

processing and long distance quantum communication.
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Chapter 8

Heralded entanglement between

solid-state qbits separated by three

metres

H. Bernien, B. Hensen, W. Pfa�, G. Koolstra, M.S. Blok, L. Robledo, T.H. Taminiau,

M. Markham, D.J. Twitchen, L. Childress, and R. Hanson

Quantum entanglement between spatially separated objects is one of the most intriguing

phenomena in physics. The outcomes of independent measurements on entangled objects

show correlations that cannot be explained by classical physics. Besides being of funda-

mental interest, entanglement is a unique resource for quantum information processing and

communication. Entangled qubits can be used to establish private information or implement

quantum logical gates
1,2

. Such capabilities are particularly useful when the entangled qubits

are spatially separated
3–5

, opening the opportunity to create highly connected quantum

networks
6

or extend quantum cryptography to long distances
7,8

. Here we present a key

experiment towards the realisation of long-distance quantum networks with solid-state

quantum registers. We have entangled two electron spin qubits in diamond that are separ-

ated by a three-metre distance. We establish this entanglement using a robust protocol based

on local creation of spin-photon entanglement and a subsequent joint measurement of the

photons. Detection of the photons heralds the projection of the spin qubits onto an entangled

state. We verify the resulting non-local quantum correlations by performing single-shot

readout
9

on the qubits in di�erent bases. The long-distance entanglement reported here can

be combined with recently achieved initialisation, readout and entanglement operations
9–13

on local long-lived nuclear spin registers, enabling deterministic long-distance teleportation,

quantum repeaters and extended quantum networks.

This chapter has been published in Nature 497, 86 (2013).
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8. Heralded entanglement between solid-state qubits separated by three metres

8.1 Introduction

A quantum network can be constructed by using entanglement to connect local processing

nodes, each containing a register of well-controlled and long-lived qubits
6
. Solids are an

attractive platform for such registers, as the use of nano-fabrication and material design

may enable well-controlled and scalable qubit systems
14

. The potential impact of quantum

networks on science and technology has recently spurred research e�orts towards generating

entangled states of distant solid-state qubits
15–21

.

A prime candidate for a solid-state quantum register is the nitrogen-vacancy (NV) defect

centre in diamond. The NV centre combines a long-lived electronic spin (S=1) with a robust

optical interface, enabling measurement and high-�delity control of the spin qubit
15,22–24

.

Furthermore, the NV electron spin can be used to access and manipulate nearby nuclear

spins
9–13

, thereby forming a multi-qubit register. To use such registers in a quantum network

requires a mechanism to coherently connect remote NV centres.

Here we demonstrate the generation of entanglement between NV centre spin qubits in

distant setups. We achieve this by combining recently established spin initialisation and

single-shot readout techniques
9

with e�cient resonant optical detection and feedback-based

control over the optical transitions, all in a single experiment and executed with high �delity.

These results put solid-state qubits on par with trapped atomic qubits
3–5

as highly promising

candidates for implementing quantum networks.

Our experiment makes use of two NV spin qubits located in independent low-temperature

setups separated by 3 metres (Fig. 8.1a). We encode the qubit basis states |↑〉 and |↓〉 in the

NV spin sub-levels ms = 0 and ms = −1, respectively. Each qubit can be independently read

out by detecting spin-dependent �uorescence in the NV phonon side band (non-resonant

detection)
9
. The qubits are individually controlled with microwave pulses applied to on-

chip strip-lines
23

. Quantum states encoded in the qubits are extremely long-lived: using

dynamical decoupling techniques
23

we obtain a coherence time exceeding 10 ms (Fig. 8.6),

the longest coherence time measured to date for a single electron spin in a solid.

8.2 Protocol

We generate and herald entanglement between these distant qubits by detecting the resonance

�uorescence of the NV centres. The speci�c entanglement protocol we employ is based

on the proposal of S. Barrett and P. Kok
25

, and is schematically drawn in �gure 8.2b. Both

centres NV A and NV B are initially prepared in a superposition 1/
√

2( |↑〉 + |↓〉). Next, each

NV centre is excited by a short laser pulse that is resonant with the |↑〉 to |e〉 transition,

where |e〉 is an optically excited state with the same spin projection as |↑〉. Spontaneous

emission locally entangles the qubit and photon number, leaving each setup in the state

1/
√

2( |↑ 1〉+ |↓ 0〉), where 1 (0) denotes the presence (absence) of an emitted photon; the joint

qubit-photon state of both setups is then described by 1/2( |↑A↑B〉 |1A1B〉 + |↓A↓B〉 |0A0B〉 +

|↑A↓B〉 |1A0B〉 + |↓A↑B〉 |0A1B〉). The two photon modes, A and B, are directed to the input
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Figure 8.1 | Experimental setup. a, Each nitrogen vacancy (NV) centre resides in a
synthetic ultra-pure diamond oriented in the 〈111〉 direction. The two diamonds are located
in two independent low-temperature confocal microscope setups separated by 3 metres.
The NV centres can be individually excited resonantly by a red laser and o�-resonantly by a
green laser. The emission (dashed arrows) is spectrally separated into an o�-resonant part
(phonon side band, PSB) and a resonant part (zero-phonon line, ZPL). The PSB emission
is used for independent single-shot readout of the spin qubits9. The ZPL photons from
the two NV centres are overlapped on a fiber-coupled beamspli�er. Microwave pulses for
spin control are applied via on-chip microwave strip-lines. An applied magnetic field of
17.5 G splits thems = ±1 levels in energy. The optical frequencies of NV B are tuned by a
d.c. electric field applied to the gate electrodes (b, scanning electron microscope image of
a similar device). To enhance the collection e�iciency, solid immersion lenses have been
milled around the two NV centres9.
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Figure 8.2 | Entanglement protocol. Both NV centres are initially prepared in a super-
position 1/

√
2( |↑〉 + |↓〉). A short 2 ns spin-selective resonant laser pulse creates spin-photon

entanglement 1/
√

2( |↑ 1〉 + |↓ 0〉). The photons are overlapped on the beamspli�er and
detected in the two output ports. Both spins are then flipped, and the NV centres are
excited a second time. The detection of one photon in each excitation round heralds the
entanglement and triggers individual spin readout.

ports of a beamsplitter (see Fig. 8.1a), so that �uorescence observed in an output port could

have originated from either NV centre. If the photons emitted by the two NV centres are

indistinguishable, detection of precisely one photon on an output port would correspond

to measuring the photon state |1A0B〉 ± e−iφ |0A1B〉 (where φ is a phase that depends on

the optical path length). Such a detection event would thereby project the qubits onto the

maximally entangled state
��ψ 〉
= 1/
√

2( |↑A↓B〉 ± e
−iφ |↓A↑B〉).

Any realistic experiment, however, su�ers from photon loss and imperfect detector ef-

�ciency; detection of a single photon is thus also consistent with creation of the state

|↑↑〉. To eliminate this possibility, both qubits are �ipped and optically excited for a second

time. Since |↑↑〉 is �ipped to |↓↓〉, no photons are emitted in the second round for this

state. In contrast, the states
��ψ 〉

will again yield a single photon. Detection of a photon

in both rounds thus heralds the generation of an entangled state. The second round not

only renders the protocol robust against photon loss, but it also changes φ into a global

phase, making the protocol insensitive to the optical path length di�erence
25

(see Supporting

Material). Furthermore, �ipping the qubits provides a refocusing mechanism that counteracts

spin dephasing during entanglement generation. The �nal state is one of two Bell states��ψ±〉 = 1/
√

2( |↑A↓B〉 ± |↓A↑B〉), with the sign depending on whether the same detector (+),

or di�erent detectors (−) clicked in the two rounds.
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8.3 Implementation

A key challenge for generating remote entanglement with solid-state qubits is obtaining

a large �ux of indistinguishable photons, in part because local strain in the host lattice

can induce large variations in photon frequency. The optical excitation spectra of the NV

centres (Fig. 8.3a) display sharp spin-selective transitions. Here we use the Ey transition

(spin projection ms = 0) in the entangling protocol and for qubit readout; we use the A1

transition for fast optical pumping into |↑〉9. Due to di�erent strain in the two diamonds, the

frequencies of the Ey transitions di�er by 3.5 GHz, more than 100 line-widths. By applying a

voltage to an on-chip electrode (Fig. 8.1b) we tune the optical transition frequencies of one

centre (NV B) through the d.c. Stark e�ect
18,26

and bring the Ey transitions of the two NV

centres into resonance (Fig. 8.3a bottom).

Charge �uctuations near the NV centre also a�ect the optical frequencies. To counteract

photo-ionisation we need to regularly apply a green laser pulse to re-pump the NV centre

into the desired charge state. This re-pump pulse changes the local electrostatic environment,

leading to jumps of several line-widths in the optical transition frequencies
27

. To overcome

these e�ects, we only initiate an experiment if the number of photons collected during a two-

laser probe stage (Fig. 8.3b) exceeds a threshold, thereby ensuring that the NV centre optical

transitions are on resonance with the lasers (see chapter 3.3). The preparation procedure

markedly improves the observed optical coherence: as the probe threshold is increased,

optical Rabi oscillations persist for longer times (see Fig. 8.3b). For high thresholds, the

optical damping time saturates around the value expected for a lifetime-limited line-width
27

,

indicating that the e�ect of spectral jumps induced by the re-pump laser is strongly mitigated.

Besides photon indistinguishability, successful execution of the protocol also requires

that the detection probability of resonantly emitted photons exceeds that of scattered laser

photons and of detector dark counts. This is particularly demanding for NV centres since

only about 3% of their emission is in the zero-phonon line and useful for the protocol. To

minimise detection of laser photons, we use both a cross-polarised excitation-detection

scheme (Fig. 8.3c inset) and a detection time �lter that exploits the di�erence between the

length of the laser pulse (2 ns) and the NV centre’s excited state lifetime (12 ns) (Fig. 8.3c). For

a typical detection window used, this reduces the contribution of scattered laser photons to

about 1%. Combined with micro-fabricated solid-immersion lenses for enhanced collection

e�ciency (Fig. 8.1b) and spectral �ltering for suppressing non-resonant NV emission, we

obtain a detection probability of a resonant NV photon of about 4 × 10
−4

per pulse — about

70 times higher than the sum of background contributions.

The degree of photon indistinguishability and background suppression can be obtained

directly from the second-order autocorrelation function д(2) , which we extract from our

entanglement experiment (see Supporting Material). For fully distinguishable photons,

the value of д(2) would reach 0.5 at zero arrival time di�erence. A strong deviation from

this behaviour is observed (Fig. 8.3d) due to two-photon quantum interference
28

that, for

perfectly indistinguishable photons, would make the central peak fully vanish. The remaining
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Figure 8.3 | Generating and detecting indistinguishable photons. a, Excitation spec-
tra; frequency relative to 470.4515 THz. By applying a voltage to the gates of NV B the
Ey transitions are tuned into resonance. b, Dynamical preparation of charge and optical
resonance. Top: Preparation protocol. A 10 µs green laser pulse pumps the NV into its
negative charge state9. The transition frequencies are probed by exciting the Ey and A1
transitions for 60 µs. Conditional on surpassing a certain number of photons detected
the experiment is started (pass) or preparation is repeated (fail). APD, avalanche photodi-
ode. Bo�om: Line-narrowing e�ect of the preparation shown by the dependence of the
decay time of optical Rabi oscillations on preparation threshold. Dashed line indicates
lifetime-limited damping27. c, Resonant optical excitation and detection. The polarisation
axis of the detection path is aligned perpendicular to the excitation axis. The dipole axis
of the Ey transition is oriented in between these two axes (inset). Remaining laser light
reflection is time-filtered by defining a photon detection window that starts a�er the laser
pulse. d, Two-photon quantum interference using resonant excitation and detection. The
д(2) correlation function is obtained from all coincidence detection events of APD 1 and
APD 2 during the entanglement experiment (see Supporting Material). The side-peaks
are fit to an exponential decay; from the fit values, we obtain the expected central peak
shape д(2)⊥ (red line) for non-interfering photons. The visibility of the interference is given
by (д(2)⊥ − д

(2) )/д(2)⊥ .
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coincidences are likely caused by (temperature-dependent) phonon-induced transitions

between optically excited states
29

in NV A. The visibility of the two-photon interference

observed here — (80 ± 5)% for |dt | < 2.56 ns — is a signi�cant improvement over previously

measured values
18,19

and key to the success of the entangling scheme.

To experimentally generate and detect remote entanglement, we run the following se-

quence: First, both NV centres are independently prepared into the correct charge state and

brought into optical resonance according to the scheme in �gure 8.3b. Then we apply the

entangling protocol shown in �gure 8.2 using a 600 ns delay between the two optical excita-

tion rounds. We repeat the protocol 300 times before we return to the resonance preparation

step; this number is a compromise between maximising the attempt rate and minimising

the probability of NV centre ionisation. A fast logic circuit monitors the photon counts

in real time and triggers single-shot qubit readout on each setup whenever entanglement

is heralded, i.e. whenever a single photon is detected in each round of the protocol. The

readout projects each qubit onto the {|↑〉, |↓〉} states (Z-basis), or on the {|↑〉 ± |↓〉, |↑〉 ∓ |↓〉}

states (X or −X basis). The latter two are achieved by �rst rotating the qubit by π/2 using a

microwave pulse before readout. By correlating the resulting single-qubit readout outcomes

we can verify the generation of the desired entangled states. To obtain reliable estimates

of the two-qubit state probabilities, we correct the raw data with a maximum-likelihood

method for local readout in�delities. These readout errors are known accurately from regular

calibrations performed during the experiment (see Supporting Material).

8.4 Results

Figure 8.4 shows the obtained correlations. When both qubits are measured along Z (readout

basis {Z,Z}), the statesψ +
andψ − (as identi�ed by their di�erent photon signatures) display

strongly anti-correlated readout results (odd parity). The coherence of the joint qubit state is

revealed by measurements performed in rotated bases ({X,X}, {−X,X}), which also exhibit

signi�cant correlations. Furthermore, these measurements allow us to distinguish between

statesψ +
andψ −. Forψ +

the {X,X} ({−X,X}), outcomes exhibit even (odd) parity, whereas the

ψ − state displays the opposite behaviour, as expected. The observed parities demonstrate

that the experiment yields the two desired entangled states.

We calculate a strict lower bound on the state �delity by combining the measurement

results from di�erent bases (see Supporting Material):

F = 〈ψ± |ρ |ψ±〉 ≥ 1/2(P↑↓ + P↓↑ +C ) −
√
P↑↑P↓↓, (8.1)

where Pi j is the probability for the measurement outcome ij in the {Z,Z} basis (i.e. the

diagonal elements of the density matrix ρ) and C is the contrast between odd and even

outcomes in the rotated bases. We �nd a lower bound of (69 ± 5)% forψ − and (58 ± 6)% for

ψ +
, and probabilities of 99.98% and 91.8%, respectively, that the state �delity is above the

classical limit of 0.5. These values �rmly establish that we have created remote entanglement,

and are the main result of this paper.
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Figure 8.4 | Verification of entanglement by spin-spin correlations. Each time that
entanglement is heralded the spin qubits are individually read out and their results correlated.
The readout bases for NV A and NV B can be rotated by individual microwave control (see
text). The state probabilities are obtained by a maximum-likelihood estimation on the raw
readout results (see Supporting Material). Error bars depict 68% confidence intervals; dashed
lines indicate expected results for perfect state fidelity. Data is obtained from 739 heralding
events. For ψ −, the detection window in each round is set to 38.4 ns, and the maximum
absolute detection time di�erence |δτ | between the two photons relative to their laser pulses
is restricted to 25.6 ns. δτ = τ2 − τ1, where τ1 is the arrival time of the first photon relative to
the first laser pulse and τ2 the arrival time of the second photon relative to the second laser
pulse. Forψ + the second detection window is set to 19.2 ns with |δτ | < 12.8 ns, in order to
reduce the e�ect of photo-detector a�er-pulsing.
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di�erence (|δτ | < δτmax). Detection time windows are chosen as in figure 8.4. Shaded
regions indicate 68% confidence intervals. b, Number of entanglement events obtained
during 158 hours as a function of the maximum allowed photon detection time di�erence
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The lower bound on the state �delity given above takes into account the possible presence

of coherence within the even-parity subspace {|↑↑〉, |↓↓〉}. However, the protocol selects out

states with odd parity and therefore this coherence is expected to be absent. To compare

the results to the expected value and to account for sources of error, we set the related

(square-root) term in Eq. 1 to zero and obtain for the data in �gure 8.4 as best estimate

F = (73 ± 4)% forψ − and F = (64 ± 5)% forψ +
.

Several known error sources contribute to the observed �delity. Most importantly, imper-

fect photon indistinguishability reduces the coherence of the state. In �gure 8.5a we plot the

maximum state �delity expected from photon interference data (Fig. 8.3d) together with the

measured state �delities, as a function of the maximum allowed di�erence in detection time

of the two photons relative to their respective laser pulses. We �nd that the �delity can be

slightly increased by restricting the data to smaller time di�erences, albeit at the cost of a

lower success rate (Fig. 8.5b).

The �delity is further decreased by errors in the microwave pulses (estimated at 3.5%), spin
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8. Heralded entanglement between solid-state qubits separated by three metres

initialisation (2%), spin decoherence (< 1%) and spin �ips during the optical excitation (1%)

(see Supporting Material). Moreover,ψ +
is a�ected by after-pulsing, whereby detection of a

photon in the �rst round triggers a fake detector click in the second round. Such after-pulsing

leads to a distortion of the correlations (see for example the increased probability for |↓↓〉 in

�gure 8.4) and thereby a reduction in �delity forψ +
(see Supporting Material). Besides these

errors that reduce the actual state �delity, the measured value is also slightly lowered by

a conservative estimation for readout in�delities and by errors in the �nal microwave π/2
pulse used for reading out in a rotated basis.

The �delity of the remote entanglement can be signi�cantly increased in future exper-

iments by further improving photon indistinguishability. This may be achieved by more

stringent frequency selection in the resonance initialisation step and by working at lower

temperatures, which will reduce phonon-mediated excited-state mixing
29

. Also, the mi-

crowave errors can be much reduced; for instance by using isotopically puri�ed diamonds
12

and polarising the host nitrogen nuclear spin
9
.

The success probability of the protocol is given by Pψ = 1/2ηAηB. ηi is the overall detection

e�ciency of resonant photons from NV i and the factor 1/2 takes into account cases where

the two spins are projected into |↓↓〉 or |↑↑〉, which are �ltered out by their di�erent photon

signature. In the current experiment we estimate Pψ ≈ 10
−7

from the data in �gure 8.5c.

The entanglement attempt rate is about 20 kHz, yielding one entanglement event per 10

minutes. This is in good agreement with the 739 entanglement events obtained over a time

of 158 hours. The use of optical cavities will greatly enhance both the collection e�ciency

and emission in the zero-phonon line
30

and increase the success rate by several orders of

magnitude.

8.5 Conclusion

Creation of entanglement between distant spin qubits in diamond, as reported here, opens

the door to extending the remarkable properties of NV-based quantum registers towards

applications in quantum information science. By transferring entanglement to nuclear spins

near each NV centre, a nonlocal state might be preserved for seconds or longer
12

, facilitating

the construction of cluster states
2

or quantum repeaters
8
. At the same time, the auxiliary

nuclear spin qubits also provide an excellent resource for processing and error correction.

When combined with future advances in nanofabricated integrated optics and electronics,

the use of electrons and photons as quantum links and nuclear spins for quantum processing

and memory o�ers a compelling route towards realization of solid-state quantum networks.
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8.6 Supporting Material

8.6.1 Setup and sample

Spin coherence

To demonstrate the potential for storing quantum states in the NV electronic spin at low

temperatures we perform dynamical decoupling
23

. We �nd a coherence time that exceeds

10 ms (Fig. 8.6).
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Figure 8.6 | Electron spin coherence at low temperatures. The coherence of the NV B
spin qubit as a function of total free evolution time tFE during an N-pulse dynamical
decoupling sequence23. Curves are fit to A exp[−(t/Tcoh)

3
] + 0.5. For N = 64 we find

Tcoh = 14.3 ± 0.4 ms.

Experiment Control

For the experiment to be feasible, a high repetition rate of the entanglement generation

sequence is crucial, because the success probability per shot is small, Ps = 1/2 × ηAηB ≈ 10
−7

.

We achieve a reasonable repetition rate by employing a conditional protocol as follows

(Fig. 8.7): We �rst ensure that both NV centres are in the negative charge state and on

resonance. To this end we independently re-set the charge and resonance state of the two

NVs with green laser pulses until the resonant excitation lasers are on resonance
9,13

. After

this preparation we run the spin-preparation and entanglement generation sequence. In

case of successful generation of entanglement we read out both spins in a single shot and

return to the charge and resonance (CR) check. Otherwise, we repeat spin-preparation

and entanglement generation. After 300 unsuccessful entanglement attempts we start over

with the CR check. The success probabilities for passing the CR check, PCR ≈ 2%, and for

successfully generating entanglement let us predict an entanglement generation rate of

∼ 1/10 minutes. For comparison, an unconditional protocol in which charge/resonance and

entanglement generation are only veri�ed in post-processing would yield an entanglement

rate of only ∼ 1/50 hours.
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For su�ciently fast decisions we employ a programmable logic device (CPLD; Altera Max

V development kit) that time-�lters the signal and recognises a successful entanglement

event. If a success occurs, a stop trigger is sent to the AWG within 50 ns to prevent it from

running the next entanglement cycle. Furthermore, the logic device triggers both ADwin

controllers to start their readout sequence. Further (more selective) time �ltering is done

in post-processing for the successful events, by combining the time-tagged data and spin

readout data.

charge initialisation 
and resonance check

(ADWIN 2x)

entanglement 
protocol
(AWG)

70 µs 11 µs 60 µs

spin readout
(ADWIN 2x)

fail

success success

failfailed 300 x

monitor
photons
(CPLD)

+

P ≈ 2% P ≈ 1E-7

Figure 8.7 | Conditional sequence for implementation of the entanglement pro-
tocol. Two ADwins independently initialise each NV centre and perform the charge-
resonance check verification. If both checks pass, a trigger is sent to the AWG that executes
the entanglement protocol. The protocol is run up to 300 times until it is successful. A
successful a�empt is recognised by a logic device (CPLD) that looks for a success-signature
in the stream of photon clicks produced, and sends a halt trigger to the AWG when it does.
The readout is then performed by the ADwins, a�er which the sequence starts over.

8.6.2 Methods

Spin readout

We perform single-shot readout (SSRO) of the NV spin states by spin-resolved optical

excitation as described in chapter 6
9
. The �delity for reading out |↑〉 correctly is given by

the probability with which at least one photon is detected when |↑〉 is prepared:

F↑ = 1 − P (0| ↑). (8.2)

Conversely,

F↓ = P (0| ↓), (8.3)

after preparation of |↓〉. The mean �delity for readout of an unknown spin-state is therefore

FSSRO = (F↑ + F↓)/2. In�delities are due to photon losses and ‘incorrectly’ obtained photons

(e.g., due to o�-resonant excitation or detector dark counts), leading to wrong assignment of

the spin-state. The readout result of the two-spin-state

��ψ 〉
= c↑↑ |↑↑〉 + c↑↓ |↑↓〉 + c↓↑ |↓↑〉 + c↓↓ |↓↓〉 (8.4)

112



8.6. Supporting Material

is therefore

R =




p↑↑
p↑↓
p↓↑
p↓↓



= E




|c↑↑ |
2

|c↑↓ |
2

|c↓↑ |
2

|c↓↓ |
2



, (8.5)

where pi j is the probability for measurement outcome i, j ∈ {↑,↓}, and the induced error is

described by the matrix E = EA ⊗ EB
, where EA,B

describe the independent readout errors

on both NVs.

Single-shot readout calibration

To obtain a characterisation of the electron SSRO we perform a calibration
9

every three hours

during the entanglement measurements (Fig. 8.8). We use the statistical mean and standard

deviation of the �delities from all calibration measurements as values and uncertainties for

F A

↑
, F A

↓
, F B

↓
and F B

↑
as required for state estimation.

For the calibration measurements we take into account imperfect spin-initialisation due to

incomplete optical spin pumping
9
. Measuring the probabilitypinit

↑
(pinit

↓
) that the initialisation

into |↑〉 (|↓〉) is successful, the readout �delities then become

F↑ =
1 − pinit

↑
− p (0| ↑init) + pinit

↑
p (0| ↑init) − p

init

↓
p (≥ 1| ↓init)

p (0| ↑init) + p (≥ 1| ↓init) − 1

, (8.6)

F↓ =
1 − pinit

↓
− p (≥ 1| ↓init) − p

init

↑
p (0| ↑init) + pinit

↓
p (≥ 1| ↓init)

p (0| ↑init) + p (≥ 1| ↓init) − 1

. (8.7)

p (0| ↑init) (p (≥ 1| ↓init)) are the probabilities to measure 0 (≥ 1) photons during the calibration

after imperfect initialisation into |↑〉 (|↓〉). From independent initialisation measurements

we estimate pinit,A
↑

= (99.5 ± 0.1)%, pinit,B
↑

= (98.3 ± 0.6)%, pinit,A
↓

= (99.7 ± 0.2)%, and

pinit,B
↓
= (99.6 ± 0.3)%. The results of the calibration measurements shown in Fig. 8.8 include

this analysis.

Analysis of the TPQI signature

As a measure of the indistinguishability of the photons from NV A and B we evaluate the

di�erence between the measured д(2) (dt ) function and the expected function д(2)⊥ (dt ) that

would be obtained in the case of perfectly distinguishable photons. We de�ne the visibility

as

V (dt ) =
д(2)⊥ (dt ) − д(2) (dt )

д(2)⊥ (dt )
. (8.8)

д(2) (dt ) is proportional to the histogram of all coincidences obtained between photons

detected on the two APDs after the beam splitter, where dt = t1 − t2, and t1 (t2) is the arrival
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Figure 8.8 | Readout characterisation for both NVs. Histograms and means (red) of the
SSRO fidelities, for both NVs, A and B, and both spin states,ms = 0 andms = ±1, measured
during all entanglement measurements. Imperfect spin-preparation before calibration
measurements are taken into account.

time of the photon detected by APD 1 (2). We only take into account photons obtained

during the same entanglement attempt. Because our pulse scheme consists of two optical π
pulses, coincidence peaks only occur around dt = 0 ns (two photons detected after the same

excitation pulse) and dt = ±600 ns (one photon detected after each excitation pulse).

To determine д(2)⊥ (dt ) from our measurement we can use the coincidence count-rates of

the side peaks around dt = ±600 ns. The shape of д(2)⊥ (dt ) for two single emitters in our

pulse scheme is given by

д(2)⊥ (dt ) =
∑

i=−1,0,1

Ai exp(−Γ |dt − i × 600 ns|), (8.9)

where the relative amplitudes Ai are determined by the spin-dependent excitation probab-

ilities: The full state of the system after the �rst excitation round has the form (see main

text)

��ψ 〉
=

1

2

( |↑↑〉 |11〉 + |↓↓〉 |00〉 + |↑↓〉 |10〉 + |↓↑〉 |01〉) . (8.10)
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Neglecting initialisation and microwave errors, the |00〉, |11〉 states both contribute to the

A0 peak only, and the |01〉, |10〉 states contribute to the A±1 peaks only. Because all states

occur with equal probability (1/4) and collection e�ciency factor (ηAηB ), we have

A0 = A−1 + A+1, and A−1 = A+1. (8.11)

The amplitudes A±1 can be extracted from the measurement of д(2) (dt ), because for the side

peaks, д(2) (dt ) = д(2)⊥ (dt ).

We note that in Fig. 3 of the main text we have renormalised the central peak such that

д(2)⊥ (0 ns) = 1/2, the expected result for a conventional pulsed TPQI experiment, with an

in�nite pulse sequence and two single emitters, for clarity. As the same normalisation factor

is applied to the measured central peak of д(2) (dt ), this does not change the visibility.

Maximum likelihood estimation of the spin-spin correlations

To estimate the eigenstate measurement populations |ci j |
2

from a number of raw events

ni j in which outcome i has been obtained for NV A and outcome j for NV B, we perform a

maximum likelihood estimation.

The raw events are distributed according to a multinomial distribution f (ni j ) with para-

meters p↑↑, p↑↓, p↓↑, and p↓↓ = 1−p↑↑ −p↑↓ −p↓↑, the probabilities for each possible outcome,

that are in turn a function of the state probabilities |ci j |
2
, as de�ned from Eq. (8.5) above.

The Likelihood function for the probabilities, parametrized by the measurement outcomes

n↑↑, n↑↓, n↓↑,n↓↓, and n = n↑↑ + n↑↓ + n↓↑ + n↓↓, is therefore

L
[
pi j (E, |ci j |

2)
]
=

n!

n↑↑!n↑↓!n↓↑!n↓↓!
p
n↑↑
↑↑

p
n↑↓
↑↓

p
n↓↑
↓↑

p
n↓↓
↓↓
. (8.12)

The values |ci j |
2

that maximise the likelihood are the desired populations. We �nd the global

maxima by sampling through the parameter space numerically.

From the Likelihood function we also obtain Bayesian con�dence intervals
31

(or credible

intervals) by integration. We assume a uniform prior on the intervals pi j ∈ (0,1). The error

bars in Fig. 8.9 and Fig. 8.4 in the main text correspond to 68% con�dence intervals of the

marginal probability distributions obtained from integrating over the two other probabilities.

We note that the uncertainty originating form the uncertainty in the SSRO �delities F
A,B
↑,↓

is

negligible compared to the statistical uncertainty.

Maximum likelihood estimation of the Bell state �delity

From the likelihood for a set of probabilities pZ,Z
i j (for both spins measured in the Z-basis),

pX,X
i j (both spins measured in the X-basis) and p−X,X

i j (spins measured in the X and −X-basis,
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Figure 8.9 | State estimation. Raw events and maximum-likelihood estimation of the
state populations |ci j |2, for both prepared states Ψ−,Ψ+, and all three measurement bases
Z,Z; X,X; and -X,X as described above. Each of the six subplots represents an independent
MLE. We note that the MLE for the ZZ-basis measurement of Ψ− lies on the boundary of
the physical space.
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respectively), the likelihood for any value of F can be obtained,

L (F ) =

∫
F



∏
i, j

dpZ,Z
i j dpX,X

i j dp−X,X
i j


 L (p

Z,Z
i j )L (pX,X

i j )L (p−X,X
i j ), (8.13)

where the integration is taken over a constant value of FLB or F . The expression for FLB is

given in Eq. (8.1); for our best estimate for the �delity, F , we set the square-root term in this

expression to zero.

We perform this integration numerically (Fig. 8.10) for a set of values for FLB and F .

Because of the �nite resolution of the numerical calculations, we �t the resulting distribution

with a normalised Gaussian (free parameters are only the mean and the standard deviation)

to obtain the best value and the 68% con�dence interval, from the standard deviation of the

Gaussian �t. Fig. 8.10 shows that this procedure is justi�ed for our results.

0.0 0.2 0.4 0.6 0.8 1.0
Fidelity

0

5

10

(
)

= 0.73 ± 0.04

LB = 0.69 ± 0.05

Figure 8.10 | Maximum likelihood estimation for the state fidelity. We plot the like-
lihood density for resulting fidelities F and FLB for values spaced by 0.02. Thick lines are
gaussian fits from which the means and standard deviations are obtained. Here we show
the resulting distribution for Ψ−, with a length of both detection windows of 38.4 ns, and a
maximal window for |δτ | of 25.6 ns.

8.6.3 Error analysis

Spin state initialization

We initialise the electron spin of each NV in thems = 0 ground state by optical spin pumping

on the |ms = ±1〉 ↔ |A1〉 transition. The residual population in the ms = ±1 states can be

estimated from the �uorescence time-trace obtained during the pumping as described in

chapter 6.8.1. We estimate an initialisation error of (0.61±0.05)% for NV A and (1.46±0.05)%
for NV B.
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Spin-�ips in the excited state manifold

During the two optical excitations in the entanglement protocol, a spin �ip can occur

due to spin-spin interactions in the excited state manifold. We can obtain an estimate

of the probability of a spin-�ip in the excited state from a �uorescence time-trace of the

Ey transition used (see Fig. 6.1 for illustration). The time-trace is acquired while driving

near saturation. Therefore we can extract both the average number of photons detected

〈ndetected〉 = A1t1 + A2t2, and the detection e�ciency η = 2
A1+A2

Γ . Here, A1,t1,A1,t2 are the

maximum amplitudes and decay times obtained from an exponential �t of the data and Γ is

the NV optical decay rate. This allows us to calculate the average number of optical cycles

〈n〉 before a spin-�ip occurs:

〈n〉 =
〈ndetected〉

η
, (8.14)

and �nally, an estimate for the spin-�ip probability per cycle p�ip =
1

〈n〉 of 0.46% ± 0.01%

(0.53% ± 0.01%) for NV A (NV B). We note that p�ip corresponds to a crude estimate for

the combined probability of a direct spin-�ip due to spin mixing and a transition into the

meta-stable single state.

Microwave Pulse Errors

The �delity of the microwave (MW) π and π/2 pulses is limited by the static magnetic �eld

applied and the hyper�ne interaction with the NV host nitrogen nuclear spin. Because the

nitrogen spin is not initialized, the MW pulses are randomly either on resonance or detuned

by the hyper�ne splitting of the
14

N(2.2 MHz), depending on the state of the nitrogen spin.

The error due to this detuning decreases with higher Rabi frequency. In the applied static

magnetic �eld of 17.5 G, the ms = +1 transition is 98 MHz detuned from the ms = −1

transition. Therefore pulses with too high Rabi frequency will populate thems = +1 level.

We drive Rabi oscillations for NV A of 10 MHz, and 8.6 MHz for NV B. For NV B we apply

CORPSE pulses
32

to reduce the e�ects of the detuning and to limit the population of the

ms = +1 level. For NV A we apply conventional pulses to avoid heating of the sample. We

simulate the e�ect of the two errors on the combined state of the two NVs by numerically

solving a three level driven system for the pulses used for each NV and calculating the 9 × 9

density matrix of the joint state. From this simulation we expect to reduce the �delity of

our �nal Bell State to 96.5% due to pulse errors. From the same simulation we �nd that

the population of the ms = +1 state is less than 0.4% at the end of the protocol. The pulse

simulations agree with independently measured π pulse contrasts for both NVs.

Spin Coherence and Dynamical Decoupling

The main source of decoherence of the NV electron spins is the interaction with a spin bath of

13
C nuclear spins (S = 1/2). We measure a free induction decay timeT ∗

2
of (3.07± 0.06) µs for

NV A and (0.96± 0.03) µs for NV B. The spin echo of the electron spins periodically collapses

and revives due to entanglement and disentanglement with the surrounding
13

C spins
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precessing in the external �eld
33

. The revival amplitudes decay with a coherence time

T2 = 687 µs (NV B).

For the dynamical decoupling we use a XY16 sequence
34

and choose the inter pulse delay

to be twice the Larmor period of the
13

C spins, thus measuring always the amplitude of the

revivals. When applying more than 16 pulses, the pulse errors due to o�-resonant driving

of thems = +1 level become signi�cant. To circumvent this limitation we initialize the
14

N

nuclear spin by a projective measurement
9
. This allows for a lower Rabi frequency (1.6 MHz)

and therefore suppresses o�-resonant driving of thems = +1 level.

Residual laser photons

After polarisation rejection and time-�ltering of the re�ected laser photons there is still

a �nite probability of detecting a laser photon. Figure 8.11 shows the combined count

histogram during the �rst detection window on one APD, as well as the histogram counting

only laser re�ections, measured under similar conditions. With the chosen detection window

settings there remains a ∼ 1% probability that a detected photon comes from the laser instead

of from either NV. Counting the possible two click events (NV+NV, NV+laser, laser+NV,

laser+laser), this yields a 2% probability for a fake heralding event. Assuming that fake

heralding events actually correspond to totally mixed states in thems = 0,ms = −1 subspace

with F = 1/4, this yields a state in�delity of 1.5%.
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Figure 8.11 |Photon events arising from laser pulses. To estimate the remaining laser
photons in the time filtered signal we compare a time trace of the combined laser reflections
and NV emission (light), and a time-trace showing only the laser pulse and reflections
(dark). The NV data shown corresponds to the summed histogram of a single detector of
the first excitation pulse of the whole entanglement dataset. The laser-only data was taken
overnight under identical conditions, but with the excitation laser far detuned from the NV
resonances. For both traces background is subtracted. The dashed line marks the start of
the detection window chosen.
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Detector dark counts

Our detectors have been selected for low dark counts, with an average dark count rate of less

than 25 Hz. Taking into account the two detection windows and the probability of detecting

an NV photon, we estimate a relative probability of 1.3% for detecting a dark count. This

yields a state in�delity of 2%.

O�-resonant excitation

The 2 ns optical π pulses applied have a small probability for exciting an o�-resonant excited

state transition. From Fig. 2a in the main text it can be seen that the nearest transition corres-

ponding to ams = −1 spin is detuned by ∼ 5 GHz. We estimate the o�-resonant excitation

by simulating a 4-level driven system master equation in the Born-Markov approximation.

Starting with an initial superposition of two ground states corresponding to the ms = 0,

ms = −1 levels, and two excited states corresponding to the resonantly drivenms = 0 excited

state level and the nearest o� resonantms = ±1 level, we �nd a ∼ 1% probability to excite

thems = −1 state.

APD after-pulsing

With the APDs used in the experiment we observe after-pulsing, fake events that are triggered

some time after the actual registration of a photon. In our entanglement scheme this can

lead to fake heralding events: if a photon is detected in the detection window following the

�rst laser pulse, there is a �nite chance of obtaining a click on the same detector during the

second detection not coming from a photon. Such events lower the �delity of the produced

entanglement.

We perform a control experiment to estimate the chance to detect such fake heralding

events (Fig. 8.12). With the excitation laser strongly detuned from resonance we run the

entanglement sequence, ideally (i.e., for no after-pulsing occurring) only expecting clicks from

the laser re�ection and background/dark counts. Identi�ed after-pulsing events triggered by

laser pulses are shown in Fig. 8.12a. To identify these events we assume that a click preceded

by a click during a laser pulse is due to after-pulsing, neglecting the possibility of accidental

double-events due to background/dark counts. This analysis implicitly includes erroneous

entanglement heralding due to background/dark counts.

We obtain an estimate for the ratio of probabilities for real and fake heralding of Ψ+

generation as follows. We compare the probability for detecting an NV photon after excitation

by the second laser pulse in the entanglement measurement and the probability for registering

during the same window an after-pulsing event triggered by the �rst laser pulse (Fig. 8.12b).

For fake heralding events the after-pulsing event is triggered by an NV photon. Therefore,

after-pulsing events are expected later than those triggered by the laser. We neglect this time-

di�erence because the probability for an after-pulsing event during the detection window is

almost constant.
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Figure 8.12 | A�er-pulsing. a, A�er-pulsing events following laser pulses, measured on
one APD a�er the beam spli�er. We identify detection events (black/grey histogram curves)
that are registered a�er a laser photon from the first and second laser pulse, respectively. The
shaded curve shows events that are not preceded by another detection event (laser photons
and dark/background counts). Dashed lines mark the range used to identify entanglement
events. The high probability for a click obtained during the second laser pulse a�er obtaining
a click during the second (data point encircled) is not due to a�er-pulsing but due to the
comparatively high probability of detecting a photon from both pulses in the same run.
b, Detection probabilities for NV photons and a�er-pulsing events. The green curve shows
the probability to detect in the second detection window an a�er-pulsing event triggered
by the first laser pulse. The grey curve shows for comparison the typical probability for
detection of an NV photon.

For the chosen detection window of 19.2 ns after the second excitation we �nd an 8.8%

relative probability to measure an afterpulsing event instead of an NV photon. Assuming

that fake heralding events actually correspond to totally mixed states in thems = 0,ms = −1

subspace with F = 1/4, this leads to an in�delity of 6.5%. Note that this error only applies

for the Ψ+
state.

Dephasing

The largest contribution to the state in�delity is dephasing of the produced Bell state due

to distinguishability of the photons emitted by the NV centres. An estimate for the distin-

guishability of the photons can be gained from the two-photon interference presented in

�gure 2d of the main text. The interference shows a reduced visibility due to distinguishabil-

ity of the photons. As explained in more detail in the section on phase evolution below, the
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visibility V gives an upper bound for the Bell state �delity: F ≤ 1/2 + 1/2V .

The photon distinguishability is likely caused by phonon-induced transitions between

optically excited states, mainly in NV A, which is operated at a higher temperature. Another

contribution is the resonance check performed before the entanglement protocol to ensure

both NVs are on resonance: to minimise the time necessary for the resonance check, the NVs

are excited with a laser power near saturation. This can however decrease the frequency-

selectivity of the resonance check as the lines will be power broadened.

8.6.4 Phase evolution during the protocol

Considering all relevant phases, the quantum state of the system after the �rst excitation

before the beam splitter is

1

2

[
(e−iω

A
↓
t
|↓〉A |0〉A + e−iω

A
↑
t
|↑〉A e

ikAxA−iωAτ |1〉A) (8.15)

⊗(e−iω
B
↓
t
|↓〉B |0〉B − e

−iωB
↑
t
|↑〉B e

ikBxB−iωBτ |1〉B )
]
,

where ω↓i and ω↑i correspond to the energy levels for the two ground states {|↓〉 , |↑〉}. ω is

the transition frequency from the excited state |e〉 to the corresponding ground state and k
the corresponding wavenumbers k = ω/c . x is the photon path length from the NV-centre

to the beam splitter, the time t corresponds to the time after the �rst MW π/2 pulse and

time τ to the time after the excitation pulse. The labels {A,B} denote the two NV centres.

See also Fig. 8.13.

E
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( )jω↑

( )jω↓

0sm = 1sm = −




( )jω

e

Figure 8.13 | Energy levels. Schematic showing the energy levels involved in the protocol,
and the definitions for the various frequencies ω involved, where j labels the NV centre
j ∈ {A,B}.

After a single click in one of the output ports of the beam-splitter at a time τ1 > kAxA,kBxB
after the excitation (caused by one or two photons in that port), the two NV spins are projected
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onto the mixed state

|α |2 ��ψ±〉AB 〈ψ± |AB + |β |2 |↑〉A |↑〉B 〈↑ |A〈↑ |B , (8.16)

with the (−)-sign if we detect a click on the detector on output port 1 and a (+) for a click on

2, and amplitudes α ,β depending on the collection e�ciencies for NV A and B, respectively.��ψ±〉AB is an entangled state, with, at time tMW after the �rst MW π/2-pulse, the following

phase relations:

��ψ±〉AB = 1

√
2

[
e−iω

A
↓
tMW |↓〉A e

−iωB
↑
tMW |↑〉B · e

ikBxB−iωBτ1

± e−iω
A
↑
tMW |↑〉A e

−iωB
↓
tMW |↓〉B · e

ikAxA−iωAτ1

]
. (8.17)

Here we have assumed identical NV-optical lifetimes Γ−1
and identical path-lengths from

the beam splitter to the two di�erent detectors, for simplicity.

At this time, the MW π -pulse is applied, �ipping all |↓〉 ←→ |↑〉 in Eqns. (8.16), (8.17).

Then the second excitation round proceeds, and after again detecting a single click in one

of the output ports of the beam-splitter at a time τ2 > k ′Ax
′
A,k

′
Bx
′
B , the two NV spins are

projected onto the pure state:

1

√
2

[
e−iω

A
↓
tMW e−iω

′A
↑
tMW |↑〉A e

−iωB
↑
tMW e−iω

′B
↓
tMW |↓〉B

× e ikBxB−iωBτ1e ik
′
Ax
′
A−iω

′
Aτ2

± e−iω
A
↑
tMW e−iω

′A
↓
tMW |↓〉A e

−iωB
↓
tMW e−iω

′B
↑
tMW |↑〉B

× e ikAxA−iωAτ1e ik
′
Bx
′
B−iω

′
Bτ2

]
, (8.18)

at the spin-echo time t = 2 × tMW after the �rst MW π/2-pulse. Here we have denoted

variables corresponding to physical quantities during the second round with a prime (’). The

(+)-sign corresponds to a click in the same detectors, the (−)-sign to di�erent detectors.

The phase of the �nal entangled in Eq. (8.18) contains terms that oscillate with the photon

frequency. To produce useful entanglement, a stable phase is required, suggesting that spatial

interferometric stability of the setup and prohibitively small detector time jitter are needed.

However, the time T between the two excitation rounds is short (T = 600 ns) compared

to many environmental drifts of e.g. the optical path lengths and electric and magnetic

�elds. This suggests we should consider certain assumptions about the relation between

the physical quantities in the �rst and second excitation rounds. In particular, possible

assumptions are:

1. ω↑ = ω
′
↑

and ω↓ = ω
′
↓
, requiring stability of the magnetic �eld as felt by the NV centre

on the time-scale T . From independent spin-echo measurements in e.g. �gure 1b in

the main text we know that this assumption satis�ed.
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2. x = x ′ requiring stability of the setup on the order of a wavelength (637 nm) on the

time-scale T . With T being only 600ns, the setup is expected to be stable.

3. ω = ω ′ (and therefore also k = k ′). This assumption is harder to justify by independent

measurement, and in fact would not be satis�ed if phonon-induced transitions occur

in the excited state.

If all three assumptions are satis�ed, the phase relation in Eq. (8.18) simpli�es:

1

√
2

(
|↓↑〉AB ± e

iφ |↑↓〉AB

)
, (8.19)

with

φ (τ1,τ2) = (τ2 − τ1) (ωA − ωB ), (8.20)

so that the overlap with the wanted Bell states is:

F (φ) =
1

2

+

1

2

cos(φ). (8.21)

This analysis shows that whenever the two NV centres are on resonance, perfect state

�delity could be obtained independent of the photon arrival times. Also, if the photon arrival

times are identical, no dephasing is present independent of the detuning between the NV

centres’ optical frequencies.

8.6.5 Relation to TPQI visibility

Following Legero et al.35
, we have for the two-photon correlation function д(2) (t1,t2) of two

photons with identical polarisation exiting from the beam-splitter:

д(2) (t1,t2) =
1

4

��ξA(t1)ξB (t2) − ξB (t1)ξA(t2)�� , (8.22)

where ξ (t ) describes the spatio-temporal mode of the state of a single-photon light �eld,

at time t . When these modes are written as the product of a real amplitude and a complex

phase, ξi (t ) = ϵi (t ) exp[−iϕi (t )], the correlation above function can be rewritten:

д(2) (t1,t2) = д
(2)
⊥ (t1,t2) − K (t1,t2). (8.23)

Here, д(2)⊥ (t1,t2) is the correlation function for two fully distinguishable (perpendicularly

polarised) single photons,

д(2)⊥ (t1,t2) =
1

4

(
(ϵA(t1)ϵB (t2))

2
+ (ϵA(t2)ϵB (t1))

2

)
, (8.24)

which is independent of the phases ϕ. K (t1,t2), however, does depend on the phase:

K (t1,t2) =
1

2

(ϵA(t1)ϵB (t2)ϵA(t2)ϵB (t1)) cos(ϕA(t1) − ϕA(t2) + ϕB (t2) − ϕB (t1)). (8.25)
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Finally, the visibility of the two photon interference is given by

V (t1,t2) =
д(2)⊥ − д

(2)

д(2)⊥
= K/д(2)⊥ . (8.26)

Relating the above to photons emitted by our two NV centres in the situation in our

experiment, and assuming the excitation time t0, we have

ϵi (t ) = Γ exp[Γ(t − t0 − xi/c )], (8.27)

where we have assumed as before identical optical lifetime Γ−1
for the both NV’s. Further-

more:

ϕi (t ) = (t − t0)ωi − kixi . (8.28)

In this case, V (t1,t2) above reduces to

V (t1,t2) = cos[(t2 − t1) (ωA − ωB )]. (8.29)

Comparing this result with Eqns. (8.20),(8.21) above, we have
1

2
+

1

2
V (dt ) = F (φ (δτ )), with

- as before - dt = t2 − t1 and δτ = τ2 − τ1. Since rejecting any of the assumptions (1-3) made

in the previous section to arrive at the simpli�ed expression for F will in general decrease

the �delity, V sets an upper limit for the �delity overlap with the Bell states.
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Chapter 9

Deterministic qantum teleportation

between remote solid-state qbits

W. Pfa�, B. Hensen, H. Bernien, S. van Dam, M.S. Blok, T.H. Taminiau, M.J. Tiggelman,

R.S. Schouten, M. Markham, D.J. Twitchen, and R. Hanson

Quantum teleportation allows for transfering arbitrary quantum states between remote

parties that share an entangled state as resource. Such teleportation is an essential ingredient

for the operation of a quantum network. Here we demonstrate deterministic teleportation of

the quantum state of a nuclear spin onto an electronic spin over three metres. We combine

the previously attained remote entanglement between two NV electronic spins with a local

Bell-state measurement that acts on one of the entangled electronic spins and a source qubit

encoded in a nuclear spin. This scheme allows us to teleport a source state prepared on the

nuclear spin onto the remote electronic spin with a �delity that clearly exceeds the classically

allowed value. Our result shows that the NV is a prime canditate for the realisation of a

macroscopic quantum network.

This chapter is currently in preparation for submission.
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9. Deterministic teleportation between remote qubits

9.1 Introduction

Quantum teleportation allows the transfer of arbitrary, unknown quantum states between

two parties that share an entangled pair and can communicate classically
1
. Teleportation

has been suggested for remote quantum communication
2

as well as for the realisation of

gates in measurement-bases quantum computing schemes
3
, and thus is a promising tool for

the creation and operation of quantum networks.

Qubit teleportation can be achieved using entanglement as a resource in the following

way
1
: An entangled Einstein-Podolsky-Rosen (EPR) pair is shared between a sender (Alice)

and a receiver (Bob). Alice, who is in possession of the source qubit in state
��ψ 〉

to be

transmitted to Bob, performs a joint measurement on the source qubit and her half of the

EPR pair. The measurement transforms the state of Bob’s half of the EPR pair such that it is

related to the source state by a unitary transformation that depends on the measurement

outcome. Alice sends this information classically to Bob, who is then in possession of a pure

state that is — up to a basis rotation — equal to the original source state.

Early demonstrations showed that teleportation over macroscopic distances can be achieved

in practice for photonic
4

as well as for stationary matter qubits
5
. However, these proof-of-

principle experiments were not deterministic, i.e., the entanglement was consumed most of

the times without resulting in a successfully teleported state on Bob’s side, and the source

state was lost.

The teleportation is deterministic if it succeeds with unit probablity, regardless of the

outcome of Alice’s joint measurement — this has the great advantage that each successful

generation of an EPR pair results with certainty in transmission of the source state. De-

terministic qubit teleportation has been demonstrated previously between ions within one

trap
6,7

, superconducting qubits on the same chip
8
, and photonic qubits

9
. Here we aim to

demonstrate deterministic teleportation between remote scalable quantum registers that are

separated by a distance of several metres.

For our implementation we choose spins in diamond that are associated to single NV

color defects as qubits. The NV centre has a long-lived electronic spin (S = 1) that can be

used as a spin qubit
10–12

. Nuclear spins surrounding the defect can be used in quantum

registers
13,14

. Furthermore, the NV centre provides an optical interface that can be used to

perform quantum measurements on the electron spin as well as on a quantum register of

nuclear spin qubits
15,16

, and is suited for the generation of entanglement between remote

electron spins
17,18

. The combination of these features makes the NV centre an attractive

system of choice for the implementation of deterministic remote teleportation.

9.2 Protocol

Alice and Bob are two NV centres in diamond samples cooled to liquid helium temperatures,

located in two di�erent cryogenic confocal microscope setups at a distance of about 3 metres
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9.2. Protocol

(Fig. 9.1a). The source qubit is the NV
14

N nuclear spin on Alice’s side. The EPR pair is

created with the two NV electronic spins on Alice’s and Bob’s sides. Both setups can be

operated independently: the spins can be read out in a single shot by spin-resolved optical

excitation
15

, and manipulated individually by microwave (MW) and radio-frequency (RF)

pulses applied via on-chip strip lines.

Remote entanglement between the two NV electron spins can be created using quantum

interference of indistinguishable photons from the zero phonon lines (ZPLs) on a beam

splitter. For the creation of such photons we tune Alice’s Ey transition on resonance with

Bob’s Ey transition using the d.c. Stark e�ect by applying a voltage on an on-chip gate-

electrode
18

. Heralded entanglement is then generated by interference and measurement of

ZPL photons from the Ey transistions that are correlated with the electron spin states
18

.

We implement deterministic teleportation as follows (Fig. 9.1b). We bring Alice’s nuclear

spin into |1〉 by a projective measurement
15,16

, and both electron spins into |0〉 by optical

spin pumping
15

. Following this intialisation we create remote entanglement between the

electron spins probabilistically
18,19

, and prepare the source state
��ψ 〉
= α |0〉+ β |1〉 on Alice’s

nuclear spin. The prepared state has the form

(α |0〉 + β |1〉) ( |01〉 ± |10〉)/
√

2, (9.1)

where the �rst qubit is the nuclear source qubit, and the second and third qubits are Alice’s

and Bob’s electronic spins, respectively.

The key operation for teleportation is a joint measurement in the Bell-basis on the source

qubit and one of the two entangled qubits. A two-qubit Bell-state measurement can be

implemented by performing a controlled-NOT (CNOT) gate, followed by a Hadamard gate

on the control qubit and subsequent readout of both qubits
20

. In the following we will

assume that the entangled state between the two electron spins is
��Ψ−〉 = ( |01〉 − |10〉)/

√
2;

for |Ψ+〉 = ( |01〉 + |10〉)/
√

2, the treatment is similar. After an inversion of Alice’s electron

spin conditional on the nuclear spin state |1〉, followed by a Hadamard gate on the nuclear

spin, the total state of the system can be written as

1

2

(
|00〉 (−β |0〉 + α |1〉)

+ |01〉 (−α |0〉 + β |1〉)

+ |10〉 (β |0〉 + α |0〉)

− |11〉 (α |0〉 + β |1〉)
)
. (9.2)

From equation (9.2) it becomes clear that depending on the measurement outcome |ij〉
obtained on Alice’s nuclear and electron spin, respectively, the state of Bob’s electronic spin,
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Figure 9.1 | Deterministic teleportation between remote spins in diamond. a, Alice
and Bob are NV centres in two remote diamond samples. The electronic spins of the two
NVs can be prepared into |0〉 ≡ ms = 0 by optical spin-pumping on the E1,2 transitions.
Single shot readout of the electron spin is performed by spin-resolved optical excitation
on Ey detecting fluorescence from the NV centre’s phonon side band (PSB). The spectrally
separated zero phonon line (ZPL) emission is used to create remote entanglement by two-
photon quantum interference on a beam spli�er. High-fidelity manipulation between |0〉 and
|1〉 ≡ms = −1 is achieved by microwave (MW) pulses. The source qubit is Alice’s 14N nuclear
spin, with basis states |0〉 ≡ mI = 0, and |1〉 ≡ mI = −1, defined in the ms = −1 manifold.
It can be initialised by projective measurement and manipulated by radio-frequency (RF)
pulses. b, Outline of the teleportation protocol. (1) Using electron spin rotations and optical
π -pulses the two electronic spins are prepared in an entangled state using the Barre�-Kok
protocol by detection of indistinguishable ZPL photons from both NVs that are interfered on
a beam spli�er; the nitrogen spin is prepared in the source state ��ψ 〉

. (2) We perform a two-
qubit Bell-state measurement on Alice’s qubits. The result of the Bell-state measurement is
fed forward in real time to Bob, (3) where a basis rotation is performed conditional on the
measurement result. Optical readout allows to determine the fidelity with the source state.
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9.3. Implementation

��ψ 〉
i j , is

��ψ 〉
00
= Y † ��ψ 〉

,

��ψ 〉
01
= Z † ��ψ 〉

,

��ψ 〉
10
= Z †Y † ��ψ 〉

,

��ψ 〉
11
= 1 ��ψ 〉

. (9.3)

Y and Z denote π -rotations around the y and z axes, respectively. This state of the target

qubit is thus equal to the source state up to a basis rotation that depends on the BSM outcome.

We achieve teleportation by performing a unitary operation on the target qubit conditional

on the result of the BSM (feed-forward) before readout. Crucially, each run of the BSM results

in an outcome and a feed-forward operation, making the teleportation deterministic. We

determine the success of the protocol by using the six source states
��ψ 〉
= {|±X 〉 , |±Y 〉 , |±Z 〉}

as inputs
21

, where |+Z 〉 = |0〉, |−Z 〉 = |1〉, |±X 〉 = ( |0〉 ± |1〉)/
√

2, and |±Y 〉 = ( |0〉 ± i |1〉)/
√

2.

An average �delity of the target state with respect to the source state of F > 2/3 proves

successful teleportation
22

.

9.3 Implementation

The crucial technical challenge for implementing this protocol is the preservation of qubit

states during the operations required. In particular, we need to (1) preserve the
14

N source

qubit while generating entanglement between the two electronic spins; (2) perform the BSM

on Alice’s nuclear and electron spin qubits that di�er in manipulation and coherence times

by about four orders of magnitude; (3) at the same time preserve the state of Bob’s electron

spin qubit before the result of the BSM is available for feed-forward.

9.3.1 System initialisation

We prepare the system as shown in Fig. 9.2: Our protocol �rst ensures that both NVs are in

their negatively charged state and that our lasers are on resonance with the optical transitions

used (Fig. 9.2a). The next step is to create entanglement between the electronic spins and to

prepare Alice’s nuclear spin in the source state.

Each attempt to generate entanglement between the electronic spins consists of prepara-

tion into |0〉 by optical spin-pumping followed by two rounds of spin-rotation by microwaves

and spin-selective optical excitation (Fig. 9.2c), conducted simultaneously on Alice’s and

Bob’s sides
18,19

. Each attempt takes on the order of 10 µs and results in heralded entangle-

ment with a success probability of ∼ 10
−7

. To avoid disturbance of Alice’s nuclear spin we

keep it in an eigenstate, created by measurement-based initalisation, during entanglement

generation (Fig. 9.2b). By doing so we are able to prevent dephasing caused by optical spin-

pumping of the electronic spin. We further preserve the purity of the state by re-initialising

after every 250 failed entanglement generation attempts (Supporting Material).
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Figure 9.2 | System initialisation. a, We verify charge and resonance condition of Alice
and Bob (asynchronously) by applying laser pulses on Ey and E1,2 simultaneously and
pu�ing a lower threshold on the number of PSB photons detected during those pulses.
If the threshold is not met we reset the charge state: On Alice, we repump NV0 → NV−

using a laser at 575 nm, on resonance with the ZPL of NV0 23. On Bob, we use o�-resonant
excitation at 532 nm. We repeat verification and repump until success. b, Following spin-
pumping into ms = ±1 by excitation of Ey we apply a CNOT on the electronic spin, such
that only mI = −1 is rotated to ms = 0. A PSB photon detected during a short readout
pulse on Ey signals a high-fidelity measurement of ms = 0 and projection of the nuclear
spin into mI = −1. If no photon is detected, we re-try for a maximum of N times (here,
N = 100), before charge and resonance are re-evalutated. c, As soon as both Alice and Bob
are initialised, we a�empt to generate entanglement between them. Each a�empt starts
with an electron spin reset toms = 0. Two rounds of optical excitation with optical π -pulses
on Ey follow, separated by MW π -pulse. Detection of exactly one ZPL photon a�er each
pulse heralds creation of entanglement. We perform a maximum of M a�empts before
re-initialisation (here, M = 250). d, When entanglement is created, we prepare the 14N
spin of Alice unconditional on the electron spin state, while preserving the electron spin
phase. The RF pulse that generates the rotation is only resonant forms = −1; we perform
the rotation twice, separated by a π -pulse on the electron.
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9.3. Implementation

As soon as the entanglement generation succeeds, we prepare the source state
��ψ 〉

(Fig. 9.2d). We perform this operation unconditionally on the electron state being either

ms = 0 orms = −1. To this end we apply the corresponding RF pulse that is resonant with

the qubit transition in ms = −1 twice, separated by an electron π -pulse. This procedure

additionally protects the electronic spin from dephasing by a spin-echo
12

.

9.3.2 Bell-state measurement

The basic principle for the two-qubit BSM on Alice’s side is shown in Fig. 9.3a: We perform

a rotation of π on the electronic spin qubit, conditional on the nuclear spin qubit being

in |1〉. After that a Hadamard gate acts on the nuclear spin, before �nally both qubits are

measured. The main characteristic of this procedure is that it maps each input Bell state,��Φ±〉 = ( |00〉± |11〉)/
√

2 and
��Ψ±〉 = ( |01〉± |10〉)/

√
2, onto a di�erent two-qubit measurement

outcome |ij〉 (i, j ∈ {0,1}). The BSM outcome is fed forward to Bob’s electronic spin, where

an operation of the form Y jZ i
recovers the source state

��ψ 〉
(see Supporting Material).

Our actual implementation of this scheme is shown in Figs. 9.3b,c. Following the CNOT

gate we perform an unconditional π/2 rotation on the nuclear spin, replacing the Hadamard

gate (Supporting Material). We then read out the electron spin in a single shot by spin-

resolved optical excitation on Ey
15

. The readout of the nuclear spin is performed after that, by

�rst mapping the nuclear spin states |0〉 , |1〉 onto the electronic spin statesms = 0,ms = −1,

respectively, by a conditional electron spin rotation and then reading out the electron again.

The number of phonon side band photons detected during the readout pulses determine the

result of the BSM.

We characterise the BSM using Bell states created by electron spin rotations conditional on

the nuclear spin state (Fig. 9.3d). Each Bell state results in a di�erent two-qubit measurement

outcome for the nitrogen and electron spins, respectively. We estimate a �delity of the Bell

state measurement, given by the probability to obtain the ideal measurement outcome, of

FBSM = (89 ± 2)% (not corrected for nuclear spin initialisation or preparation of the states

used to characterise the BSM). The �delity is limited mainly by the single-shot readout

�delity of the electronic spin, with a mean �delity of FRO ≈ 96 %.

9.3.3 Feed-forward and readout of Bob’s state

During the source state preparation and BSM (lasting ≥ 200 µs) we protect the phase of

Bob’s electronic spin against dephasing by an XY4 dynamical decoupling sequence
11

. This

sequence is su�ciently long for us to obtain the BSM result and initiate the correct feed-

forward operation on Bob’s side. At the time at which the feed-forward operation is to be

performed we �nd that an intial superposition state of Bob’s electronic spin is preserved

with a �delity of 0.96 ± 0.01. As soon as the result of the BSM is available, we trigger a

unitary operation performed on Bob’s electron spin that is conditional on the BSM outcome,

transforming Bob’s state into the readout basis (Z -basis), which is universal to all BSM

outcomes. This step is a genuine feed-forward operation required for the demonstration of
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Figure 9.3 | Bell-state measurement and feed-forward. a, Circuit-diagram for the basic
scheme. The shaded region marks the Bell-state measurement. b, Actual implementation.
The nuclear spin is rotated unconditionally by performing the corresponding pulse twice,
with a π -pulse applied on the electron in between. Read out of the nitrogen spin is performed
via the electron a�er measuring and rese�ing the electron spin first. c, Corresponding pulse
scheme. Note that we perform repetitive readout (2 repetitions) of the nuclear spin to
obtain a higher readout fidelity15. d, Characterisation of the Bell-state measurement. We
create each of the four Bell-states, ��Φ±〉 = ( |00〉 ± |11〉)/

√
2 and ��Ψ±〉 = ( |01〉 ± |10〉)/

√
2 with

conditional electron spin rotations and perform the BSM, mapping each Bell-state onto a
di�erent two-qubit measurement result. Error bars are one statistical standard deviation.
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deterministic teleportation. We �nally read out Bob’s state in a single shot by spin-resolved

optical excitation on Ey .

9.4 Preliminary result and conclusion

Preliminary analysis of the state-�delities of the six mutually unbiased basis states with

respect to the ideal states is shown in Fig. 9.4a. We �nd an average state �delity of F =

0.77±0.03, violating the classical of limit of 2/3 by more than three standard deviations. This

result clearly shows the quantum nature of the teleportation scheme. We note that the data

has not been corrected for initialisation errors, which we estimate to be on the order of ∼ 10%

(Supporting Material). This value is therefore a lower bound on the actual teleportation

�delity. Furthermore, we perform quantum state tomography on the teleportated state |Y 〉
(Fig. 9.4b).

In conclusion, we have demonstrated deterministic teleportation between remote solid-

state qubits. Our protocol uni�es our recent results of long-distance entanglement
18

,

quantum measurements on electron and nuclear spins
15,16

, and decoherence protection
11,12

in a single experiment.

The NV’s hybrid nature, consisting of a electronic interface qubit and nuclear storage

qubits, allows us to perform remote entanglement generation while keeping a nuclear spin

in a well-de�ned state. Vice versa, we are able to keep the entanglement while performing a

joint measurement on electronic and nuclear spin locally. This result demonstrates the great

potential of the NV centre as a platform for large-scale quantum networks.
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Figure 9.4 | Characterisation of the teleported state. a, Teleportation fidelity. The
fidelity for each input state is determined unconditionally on the BSM outcomes. The mean
fidelity is F = (0.77 ± 0.03). The dashed line marks the classical limit of 2/3. The data has
been corrected only for Bob’s single-shot readout infidelity18. Error bars are one standard
deviation, sample sizes for the individual input states |+Z 〉 , |−Z 〉 , |+X 〉 , |−X 〉 , |+Y 〉 , |−Y 〉
are 54, 89, 73, 49, 52, and 47, respectively. b, State estimation for input state |+Y 〉. We
estimate the density matrix ρY on Bob’s side (real part on the le�, imaginary part on the
right) from measurements of the expectation values 〈X 〉, 〈Y 〉, and 〈Z 〉. The elements of the
density matrix of the ideal state are ρ00 = 0.5, ρ01 = 0.5i, ρ10 = −0.5i, and ρ11 = 0.5.
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9.5. Supporting Material

9.5 Supporting Material

Conventions

Basis states

The basis states used for the electrons are |0〉 = |ms = 0〉 and |1〉 = |ms = −1〉. For the

nitrogen, |0〉 = |mI = 0〉 and |1〉 = |mI = −1〉. When specifying joint quantum states, the �rst

qubit is the nitrogen on site A, the second the electron on site A, and the third the electron

on site B. Teleportation is therefore to be performed from qubit 1 onto qubit 3.

Gates

By x ,y,z we denote π/2 rotations around the +X ,+Y ,+Z axes respectively. Bars over gate

symbols indicate negative rotation sense. In the measurement sequences, rotations around

+X ,+Y correspond to phases of the applied driving pulses of +90
◦

and 0
◦
, respectively. We

prepare |x〉 ≡ |0〉 + |1〉 by y |0〉 and
��y〉 ≡ |0〉 + i |1〉 = x̄ |0〉. Capital letters X ,Y ,Z indicate π

rotations.

Hamiltonian of Alice

The relevant energy levels of the electron and nuclear spins of Alice are depicted in Fig. 9.5.

In the rotating frame, the relevant Hamiltonian without driving can be written as

HA

0
=




−A 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0



, (9.4)

whereA = 2π × 2.19 MHz is the parallel hyper�ne coupling constant of electron and nitrogen

at low temperatures. The spin eigenstates are |00〉 , |01〉 , |10〉 , |01〉.

State evolution

After generating entanglement, we start with the state

|1〉 ( |01〉 − |10〉) /
√

2. (9.5)

Source state preparation

We perform the desired rotation on the nitrogen spin for the ms = −1 manifold, then apply

a π -pulse to the electron and repeat the operation. In this way the operation on the nitrogen

spin is unconditional on the electron state and the electron phase is protected by a spin-echo.

With an RF operation |1〉 7→ α |0〉 + β |1〉 this procedure yields

1

√
2

((
e
−iA(t−t0 )α |0〉 + β |1〉

)
|00〉 + (α |0〉 + β |1〉) |11〉

)
. (9.6)
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a b
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ms = 0 ms = -1 ms = 0

A

Figure 9.5 | Relevant spin states on Alice’s side. a, Lab frame. b, Rotating frame chosen.
D = 2π × 2.878 GHz is the NV electron zero-field spli�ing, ωB ≈ 2π × 50 MHz is the Zeeman
spli�ing of the electron, A = 2π × 2.19 MHz is the electron-nitrogen hyperfine coupling
constant.

Note that the states associated with |00〉 on Alice’s accumulate a time-dependent phase

due to the choice of rotating frame. t0 is the time at which the π -pulse on the electron is

performed during preparation. By chosing the evolution time such that A(t − t0) is a multiple

of 2π the initial state can be factorized.

Bell-state measurement

The BSM consists of a CNOT rotation around the y axis on Alice’s electron spin, conditional

on the nitrogen spin being in |0〉, followed by a π/2 rotation around they axis on the nitrogen

spin. We implement the CNOT by rotating mI = −1 by π and mI = 0 by 2π . During this

pulse Alice’s states |00〉 and |01〉 are not una�ected. In particular, the time-dependent phase

of the state |00〉 is reduced than compared to not performing the pulse (or compared to the

case of an ideal CNOT gate in which only a real 1 operation would be applied to this state)

because some population temporarily leaves this state. Conversely, |01〉 will acquire some

phase because some population will temporarily be in |00〉. An unconditonal rotation of the

nitrogen spin is achieved in the same was as for preparation, by performing the operation

twice, with an electron �ip in between. After these gate operations we have

1

2

[
|00〉

(
β |0〉 − e

iλα |1〉
)

+ |01〉
(
e
−iA(t1−t0 )−iκα |0〉 + β |1〉

)
+ |10〉

(
−β |0〉 − e

iλα |1〉
)

+ |11〉
(
e
−iA(t1−t0 )−iκα |0〉 − β |1〉

) ]
. (9.7)
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t1 is the time of the π -pulse on the electron, and λ,κ are the additional phases on |00〉 and

|01〉.

Phase calibration

We can eliminate the undesired phases by adapting the rotation axis of the π/2 operation on

the nitrogen in the BSM, and the evolution times. After initializing the nitrogen and electron

spin states of Alice into |1〉 ( |0〉 − |1〉)/
√

2 (equivalent to the entanglement operation on Alice,

ignoring Bob), we prepare the nitrogen in |x̄〉 = ( |0〉 − |1〉)/
√

2 (preparation operation is y)

and perform the BSM, yielding

1

2

√
2

[
|00〉

(
−1 − e

iλ
)

+ |01〉
(
−1 + e

−iA(t1−t0 )−iκ
)

+ |10〉
(
1 − e

iλ
)

+ |11〉
(
1 + e

−iA(t1−t0 )−iκ
) ]

(9.8)

before readout. Calibration is therefore achieved by maximising the probabilities for out-

comes |00〉 and |11〉 (Fig. 9.6).
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Figure 9.6 | Calibration of the Bell-state measurement. a, Calibration of the driving
phase of the Hadamard operation, and b, subsequent calibration of the evolution time
between the CNOT gate of the BSM and the electron π -pulse for the unconditional rotation
of the nuclear spin. The solid lines are sinosoidal fits to the BSM outcomes to be maximised.
Note that the calibration is performed with the full teleportation protocol including the
MW pulses during entanglement generation a�empts (but without optical π -pulses).
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Dynamical decoupling of Bob’s electron spin

To protect the target state against dephasing during the BSM, we perform an XY4 decoupling

sequence in parallel. The �rst π -pulse of this echo sequence is the π -pulse performed during

the entanglement generation attempt, and the remaining X-Y-X sequence during the BSM.

Taking these additional rotations into account, the total state before readout, including phase

calibration, is

1

2

[
|00〉 (α |0〉 + β |1〉)

+ |01〉 (−β |0〉 + α |1〉)

+ |10〉 (α |0〉 − β |1〉)

+ |11〉 (β |0〉 + α |1〉)

]
. (9.9)

Feed-forward

The required feed-forward operations to re-create
��ψ 〉

on the target spin can be taken straight-

forward from Eq. 9.9, see Tab. 9.1.

Table 9.1 | Feed-forward operations on the target qubit for re-creating the source state in
dependence of the BSM outcome.

result N result e operation

|0〉 |0〉 1

|0〉 |1〉 Y

|1〉 |0〉 Z

|1〉 |1〉 YZ

In principle we could always apply the operations as given in Table 9.1 before readout.

However, if the readout result is available in real time, the target state is Ui, j ��ψ 〉
— i.e, the

source state in a known rotated basis. We therefore do not applyU †i, j to recreate
��ψ 〉

but rotate

the state directly into the readout basis. We note that this action has the same requirements

as applying the operation U †i, j instead. Success of this protocol proves that we have indeed

teleported the state — albeit in a di�erent reference frame that is known in real time —

without any post-selection, and that the protocol is not dependent on the input state.

For the estimation of the �delity of the teleported state with the source state it is su�cient

to read out in the basis aligned with the source state vector. This readout is achieved by

rotating the target stateUi, j ��ψ 〉
into the z-basis. The required operations for feed-forward and

readout are summarized in Tables 9.2 and 9.3, for entangled states Ψ− and Ψ+
, respectively.
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The feed-forward operations required in case of Ψ+
di�er from the ones for Ψ− by a Z

rotation.

Table 9.2 | Feed-forward and readout operations applied for each BSM outcome, in case of
the entangled state Ψ−.

Input |00〉 |01〉 |10〉 |11〉 ideal result

|+z〉 = Y |1〉 1 Y 1 Y |0〉

|−z〉 = 1 |1〉 Y 1 Y 1 |0〉

|+x〉 = ȳ |1〉 ȳ y y ȳ |0〉

|−x〉 = y |1〉 y ȳ ȳ y |0〉

��+y〉 = x |1〉 x x x̄ x̄ |0〉

��−y〉 = x̄ |1〉 x̄ x̄ x x |0〉

Table 9.3 | Feed-forward and readout operations applied for each BSM outcome, in case of
the entangled state Ψ+.

Input |00〉 |01〉 |10〉 |11〉 ideal result

|+z〉 = Y |1〉 1 Y 1 Y |0〉

|−z〉 = 1 |1〉 Y 1 Y 1 |0〉

|+x〉 = ȳ |1〉 y ȳ ȳ y |0〉

|−x〉 = y |1〉 ȳ y y ȳ |0〉

��+y〉 = x |1〉 x̄ x̄ x x |0〉

��−y〉 = x̄ |1〉 x x x̄ x̄ |0〉

Source state initialization

The source qubit is formed by the mI = 0 and mI = −1 states of the
14

N nuclear spin on

Alice’s side. When preparing the source state to be teleported, the following errors can occur:

(1) Initialisation by measurement intomI = −1 succeeds with a �delity p−1. However, there

is also a (small) chance for an initalisation error and the initial state to be in eithermI = 0

ormI = +1, with probabilities p0 and p+1, respectively. (2) During the reset of the electron

spin toms = 0 by optical spin-pumping the nuclear spin can �ip — with ∆mI = ±1 — with a

probability p�ip.

For the feasibility of the experiment it is desirable to maintain a high repetition rate.

Nuclear spin initialisation is much slower than a single entanglement generation attempt
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(on the order of a few milliseconds) and can therefore not be conducted anew before each

round. Further, it needs to be performed before creating entanglement, because intialisation

by measurement projects the electron spin.

The reset of the electronic spin to |0〉 implies an electronic spin �ip with a probability of

50 % that a�ects the nuclear spin: a �ip occurs at a random time during optical pumping

at which the hyper�ne interaction between electron and
14

N changes, causing dephasing

of the nuclear spin. We therefore aim to keep the
14

N spin in a pre-initialised eigenstate

during entanglement generation attempts, and prepare the source state
��ψ 〉

after successful

entanglement creation.

Due to hyper�ne interaction in the orbital excited state, an electron spin �ip during optical

pumping can occur as part of a �ip-�op process between electronic and nuclear spin
24

.

Therefore, optical pumping of the electronic spin can cause randomisation of the nuclear

spin eigenstates.

Population outside the source qubit Hilbert space

With a certain probability the state of the
14

N nuclear spin is mI = +1, i.e., outside the qubit

Hilbert space. In this case all RF pulses performed are non-resonant and have no e�ect,

and the nuclear-spin controlled CNOT operations on Alice’s electron have no e�ect either.

As a result, the electronic spin — and thus, the entangled state shared by Alice and Bob

— dephases before the two-qubit readout that concludes the BSM, while the nuclear spin

persists in mI = +1. The phase of the electron spin in our sequence is only preserved up

to the CNOT operation at the beginning of the BSM. Therefore, the �nal readout result

obtained by Bob will be fully random in this case. It is therefore fair to modelmI = −1 as a

fully mixed state of the source qubit, ρ−1 = 1, for which exactly the same result is expected.

Initialization by measurement

We initalise intomI = +1,mI = 0, andmI = +1 with probabilities p−1, p0, and p+1, respectively.

Additional to the mixed-state contribution from mI = +1 there is a mixed-state contribution

with a probability that is equal to 2p0 (the population of mI = 0 and an equal amount of

population inmI = −1). The initialized state is thus

ρN (0) =
[
2p0 + p+1

]
1 +

[
1 − 2p0 − p+1

]
|1〉 〈1|. (9.10)

We estimate an average initialisation �delity of p−1 = 0.97 ± 0.01 for the NV centre used on

Alice’s side.

Nuclear spin �ips due to electron spin-pumping

Assuming that the conditional probabiliy for a nuclear spin �op accompanying an elec-

tron spin �ip, p�ip, is identical for all ∆mI = ±1, the equations describing the changes of
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Figure 9.7 | nuclear spin state population as function of electron spin flips by optical
spin-pumping. We measure nuclear spin flips that are conditional on electron spin flips
when optically pumping on E1,2. We prepare the nuclear spin inms = −1 and measure the
probability for its preservation dependent on the number of cycles of electron spin-pumping
|1〉 → |0〉 and re-preparation of |1〉 by a microwave π -pulse. The solid line is a fit to the
solution of (9.11), yielding a nuclear spin-flip probability of pflip = (0.17 ± 0.01) %. We note
that the data shown has not been corrected for finite initialisation or readout fidelity.

populations in dependence of the number of electron spin �ips, n, are

p−1 (n) − p−1 (n − 1) = p�ip (p0 (n − 1) − p−1 (n − 1))

p0 (n) − p0 (n − 1) = p�ip (−2p0 (n − 1) + p−1 (n − 1) + p+1 (n − 1))

p+1 (n) − p+1 (n − 1) = p�ip (p0 (n − 1) − p+1 (n − 1)) . (9.11)

The measured population ofmI = −1 in dependence of n is shown in Fig. 9.7.

Taking into account the imperfect initialization of the nuclear spin, the nuclear spin state

before the RF pulse preparing the source state is

ρN (n) = pmixed (n) 1 + (1 − pmixed (n)) |1〉 〈1|, (9.12)

with

pmixed (n) = p0 (0)
(
1 + (1 − 3p�ip)

n
)

+

1

2

(
−(p−1 (0) + p+1 (0)) (−2 + (1 − 3p�ip)

n )
)

+

1

2

(
(−p−1 (0) + p+1 (0)) (1 − p�ip)

n
)
. (9.13)

We �nd a conditional probability for a nuclear spin �op to accompany an electron spin �ip

of p�ip = (1.7±0.1) × 10
−3

for the NV centre on Alice’s side under the conditions used for the
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teleportation (Fig. 9.7). We therefore limit the number of entanglement generation attempts

to 250 before re-initialising the nuclear spin. This corresponds to an average probability of

∼ 89 % that the nuclear spin is inmI = −1 after successfully creating entanglement.
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Chapter 10

Conclusions and future directions

The NV centre has become a very promising platform for quantum information processing

and constructing quantum networks. The experiments presented in this thesis contribute to

this status by expanding the capabilities of quantum control, measurements and entanglement

for few-qubit registers. In this chapter we will review the current status and identify major

challenges towards building large-scale quantum networks with NV centres. We discuss

future research directions that will address these challenges.
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10.1 Summary

The work presented in this thesis can be summarised in the following way:

1. The optical transitions of the NV centre can be manipulated coherently and the main

dephasing mechanism can be overcome by a resonance preselection method.

2. We can use the NV centre with its nearby nuclear spins as a quantum register in which

we can initialize, control, and projectively measure the individual qubits as well as

perform conditional few-qubit gates.

3. We can obtain indistinguishable photons from two separate NV centres. Using elec-

tric �elds the transition frequencies can be shifted and two NV centres brought on

resonance.

4. By interfering photons from two NV centres we are able to implement a measurement-

based entanglement protocol and create entanglement between remote non-interacting

NV centres.

5. We can use remote entanglement between two NV centres as a resource to determin-

istically teleport the state of a nuclear spin onto a distant electron spin.

These results show that NV centres in diamond could serve as the building blocks of

a quantum network in which few-qubit nodes that are capable of storing and processing

quantum information are coherently linked together. Furthermore, these experiments and the

new techniques developed enable the study of fundamental aspects of quantum mechanics
1–3

.

10.2 Systems for implementing a quantum network

The realisation of a quantum network is a very active research �eld and is pursued by

di�erent scienti�c communities with di�erent approaches on how to construct nodes that

are connected via photonic channels. Each implementation has its advantages and challenges.

Atomic ensembles can be used as quantum memories that o�er an optical interface. These

ensembles can be laser-cooled atomic gases
4,5

, room-temperature atomic vapors
6–8

, or rare-

earth ion doped crystals
9,10

. Entanglement has been created between two
11–13

and even

four
14

separate memories. A strong point of these atomic systems is that their properties

are very reproducible which makes the nodes behave almost identical. A challenge of these

systems is the construction of multi-qubit registers.

Another approach is based on individually trapped ions 15 or atoms 16,17 which o�er the

advantage of reproducibility as well. A neutral atom can be placed in a high quality optical

cavity which provides very e�cient optical access
18

. The construction of two-qubit gates

between multiple trapped neutral atoms remains challenging. In the case of trapped ions

these gates can be achieved by using the coulomb interaction between the ions
19

. In order to
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combine multiple-qubit operations inside the node with entanglement generation between

the nodes it would be necessary to e�ciently isolate the register qubits from the communic-

ation qubit
19

. This could be achieved by trapping two di�erent ion species with di�erent

optical transition frequencies.

Solid state systems have the potential of scalability through the availability of a large range

of fabrication techniques. Quantum dots can be incorporated inside high-quality cavities

which provide an e�ective photonic interface
20

. Entanglement between a quantum dot and

a single photon has been demonstrated
21,22

. Regarding the memory capability of the node,

the coherence times of the quantum dot spin need to be extended
23

. A di�erent solid state

approach are superconducting qubits 24
. The challenges for this system are the coupling to a

photonic channel
25,26

and extending the coherence time.

The NV centre as an implementation of a node in the network has the potential of

combining the strong points of a solid state approach with the advantages of an atomic

realisation. Compared to individually trapped ions and atoms, the experimental e�ort is

relatively easy as no special techniques are needed to localise and trap single NV centres.

Furthermore, solid-state fabrication techniques allow us to construct optimized devices (e.g.

chapter 3.2) and show the prospect of scalability
27,28

. A remarkable feature of the NV centre

is the presence of nearby nuclear spins that coherently couple to the electronic spin. These

spins form a long-lived quantum memory and can be used for multi-qubit protocols. In

chapter 9 we show that operation of these register spins can be combined with photonic

interconnects between the nodes.

In spite of impressive progress that has been made with all of the above mentioned

approaches, setting up a practical large-scale network that can be used for quantum com-

munication and computation still remains a big challenge. In the next two sections we will

identify major challenges for the case of the NV centre by looking at two potential future

research directions.

10.3 Establishing entanglement over larger distances

In chapters 8 and 9 entanglement is created between two NV centres that are separated

by three metres. This distance is comparable to the distances achieved in state-of-the-art

experiments with trapped ions and atoms
15–17

. However, for applications in quantum com-

munication it would be desirable to enlarge this distance much further reaching kilometres

and beyond.

Furthermore, reaching these lengths could open the possibility to test fundamentals of

quantum mechanics by performing a loophole-free Bell test
29–32

. If the separation of the two

qubits divided by the speed of light is larger than the time it takes to measure the spin state

of the qubit, communication between the two measurement results is impossible. In this

way the locality loophole could be closed
33,34

. Additionally, matter qubits are well suited for

closing the fair-sampling loophole as the qubit states can be measured in a single shot with
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Figure 10.1 | Entanglement generation over larger distances. a, The separation
between the diamonds can be made larger by increasing the length of the input arms
of the fiber-beamspli�er used for entanglement generation. Choosing the two arms to
be equal in length minimizes the e�ect of APD dark counts on the entanglement fidelity.
b, Simulation of the Bell signal S and time it takes to generate entanglement in dependence
of the total fiber length. For S > 2 a CHSH Bell inequality30 can be violated. This defines
the right ‘no-go-region’. The le� ‘no-go-region’ is given by the time it takes to read out
the spins. The parameters are realistic estimates based on the experiments described in
chapters 8 and 9. (Parameters: 85% initial state fidelity, 96% readout fidelity for ms = 0 and
100% for ms = ±1, 12 dB/km fiber a�enuation, 1 dB additional a�enuation, 20 counts/s APD
dark count rate, 30 ns detection window, 14 × 10

−4 detection probability for detecting a ZPL
photon, 100 kHz repetition rate of the experiment)

high �delity
2,35–37

. For the NV centre a fast single-shot readout in a few microseconds seems

feasible. This means that the two NV centres should be separated by at least one kilometer

in order to perform a loophole-free Bell test.

The major challenge when increasing the separation is overcoming losses in the optical

paths to the beamsplitter (Fig. 10.1 a). For a wavelength of 637 nm the attenuation in an

optical �ber is on the order of 12 dB/km. This not only reduces the success rate of the

protocol but also lowers the �delity (the overlap with the desired Bell state) of the entangled

state as the e�ect of dark counts of the APDs gets larger (see also chapter 8.6.3). Figure 10.1 b

shows the expected Bell signal S (for the construction of S see for example
2,35–37

) and the

generation rate as the separation between the two NV centres is increased. For S > 2 a

CHSH-type Bell inequality is violated
30

. The parameters are based on the measurements

performed in chapters 8 and 9.

As can be seen from �gure 10.1 b performing a Bell test that simultaneously addresses the

fair-sampling and the locality loophole seems to be possible with the current techniques

albeit with a low success rate for the entanglement generation. Increasing the distance even

further within the current design would be impractical and needs technologic improvements.

152



10.4. Connecting multiple nodes

One possible route for enabling larger distances would be to enhance the collection e�ciency

of ZPL-photons. This could be achieved by incorporating the NV centre into a cavity. An

attractive architecture are �ber-based micro cavities
38,39

. Simulations for cavities with

realistic quality factors indicate that the ZPL emission could be enhanced from 3% to about

30% of the overall emission and that the detection e�ciency could be improved from 5% to

50%
40

. This would lead to a 10
4
-enhancement of the success rate, making an entanglement

generation every few milliseconds possible.

An additional strategy in order to enlarge the distance between the two NV centres would

be to make use of the nuclear spins in the surroundings. In a proposal from Campbell and

Benjamin
41

using one nuclear spin as an additional qubit allows for multiple tries in the

second round of the entanglement scheme. This would drastically increase the success rate.

Furthermore, the nuclear spins form a memory that could allow to implement quantum

repeater schemes
42,43

thereby making larger distances possible.

A further approach to boost the entanglement generation rate is to convert the wavelength

of the photons to the telecom band around 1300 nm or 1500 nm. At these wavelengths �bers

have minimal attenuation. An implementation of this process with silicon vacancy centres

in diamond reached more than 30% conversion e�ciency
44

.

10.4 Connecting multiple nodes

A second research direction is to increase the number of nodes involved in the network.

Clearly, given the current entanglement generation rate between two nodes (about once

every 12 minutes, see chapter 8) this is a long-term goal. However, following the routes

described above that could drastically increase the generation rate this long-term goal seems

reachable. This would open the possibility to form a graph state in which many nodes are

linked together by entanglement. These states are the essential resource for measurement-

based quantum computation in which one and multiple-qubit gates are realised by sequential

measurements that consume the graph state
45,46

.

A related approach that makes use of multiple qubits per node was proposed by Nickerson,

Li and Benjamin
47

. They suggest to implement a surface code on a network in which nodes

that contain four or more qubits are linked with error prone entanglement. In their scheme

they reach reasonably high error thresholds (see Fig. 10.2 a) both for the linking of separate

nodes (>10%) and for the inter node measurement, initialization and manipulation errors

(>0.75%).

The proposed network structure is very applicable to the situation of NV centres where

nearby nuclear spin can be used as the data and ancilla qubits within the node and entangle-

ment can be created between the nodes using the electronic spin (chapter 8). High-�delity

initialization, manipulation and measurement of the electronic spin and the nuclear spins

has been realised
48–51

with �delities above or close to the required thresholds. However,

combining all these operations remains a challenge.
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Within each
cell, threshold
rate of errors
is >0.75% (4-qubit cells) 
or >0.82% (5-qubit)

Each cell includes a data
qubit and three ancillas

Cell networked to
four neighbours
(tolerable error
rate is >10%)

b c

NV e-spin

weakly 
coupled 
13C spins

NV for 
entanglement 
generation
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node bus

hyperfine 
coupling
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a

Figure 10.2 | Network for quantum computation. a, Noisy-network architecture pro-
posed by Nickerson, Li and Benjamin to implement a surface code47. The nodes are linked
by channels that are susceptible to errors. Figure adapted from47. b, Implementation of
the node with an NV centre and weakly coupled 13C-spins. For details see main text. c, An
alternative implementation that uses two NV centres that are coupled by magnetic dipolar
interaction in order to protect the node spins during entanglement generation and readout.

In particular keeping the nuclear qubits coherent while manipulating the electron spin is

not trivial. Due to di�erent hyper�ne couplings for di�erent electronic spin states, random

electronic spin �ips can cause dephasing of the nuclear qubits. This mechanism is more

e�cient the stronger the hyper�ne coupling is. Initializing the electron spin by optical

spin-pumping (chapter 6) which is needed for each entanglement attempt between separate

nodes involves electron spin �ips. This implies that the nitrogen nuclear spin and strongly

coupled
13

C-spins are not suited as the data and ancilla qubits within each node.

An alternative choice are weakly coupled
13

C-spins (�gure 10.2 b). These spins are not

visible in a regular ESR-spectrum (see for example Fig. 6.4) because the hyper�ne coupling is

smaller than the linewidths observed in the spectrum. Nevertheless, using decoupling tech-

niques these weakly coupled
13

C-spins can be detected
52–54

and manipulated
55

. A quantum

error correction protocol has recently been implemented using a register consisting of two

weakly coupled
13

C and the electron spin of the NV centre
55

. Even though the e�ect of a
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single random electron �ip is weaker on these spins than on the strongly coupled nuclei,

it can still completely dephase the qubit. However, if the electron �ip rate is increased to

an extend that it is larger than the hyper�ne coupling, a regime can be reached, where the

nuclear spins are decoupled from the electron spin
56

. With this method a coherence time of

over one second has been achieved for a weakly coupled
13

C-spin
57

.

A second possible node implementation that separates the electron spin used for entan-

glement generation from the node is shown in �gure 10.2 c. This architecture uses two NV

centres that are close enough to each other to be coupled by magnetic dipolar interaction.

One NV centre is used to generate entanglement and for readout, while the other is used to

address the
13

C-spins within the node. The dipolar coupling can be switched o� by putting

one of the NV centres into thems = 0 state. NV complexes with two centres that are coupled

in this way can be produced by ion-implantation
58,59

.

10.5 Conclusion

A quantum network is the essential resource for distributed quantum computation and the

enabling technology for secure quantum communication over large distances. Setting up

such a network with NV centres is an outstanding goal that will require a long-term research

e�ort. However, none of the challenges mentioned above are fundamental and the strategies

outlined have the potential of solving these issues. On the way towards reaching this goal

there will be a number of very exciting experiments performed. A loophole-free Bell test

seems possible with the current techniques and the construction of a quantum repeater node

would become feasible if NV centres are placed in cavities.
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Summary

A quantum network is the essential resource for distributed quantum computation and the

enabling technology for secure quantum communication over large distances. Setting up

such a network would require establishing quantum connections between local nodes which

are capable of generating, processing and storing quantum information. Intensive research is

carried out in laboratories around the world investigating suitable systems for implementing

a quantum network. The experiments presented in this thesis explore the possible realisation

with nitrogen vacancy (NV) centres in diamond. We study how these centres could serve

as nodes in such a network and develop a toolbox that consists of quantum control and

measurement acting on these nodes. Furthermore, we demonstrate how to connect nodes

and create entanglement between two distant NV centres.

The NV centre in diamond is a crystal defect that consists of a vacant lattice side next

to a substitutional nitrogen atom. The diamond host lattice interacts very little with the

NV centre due to its large band gap and the fact that the crystal consists mainly out of the

spin free carbon isotope
12

C. In this sense the system behaves similar to a single trapped

ion or atom. The NV centre has an electronic spin that can be used as a qubit in the orbital

ground state, and that can be optically addressed. This spin has a remarkably long coherence

time - orders of magnitude longer than the typical time it takes to manipulate this qubit by

magnetic resonance techniques. Furthermore, individual nuclear spins close to the NV centre

can couple coherently to the electronic spin via hyper�ne interaction. These long-lived spin

states can be addressed via the electronic spin and be manipulated by magnetic resonance.

These properties make the NV centre a few-qubit register and an attractive candidate as a

node in a quantum network.

In chapter 3 we describe our measurement techniques. We use a confocal microscope

to optically address single NV centres and magnetic resonance techniques to manipulate

the spin states. We enhance the collection e�ciency of the microscope by fabricating solid

immersion lenses into the diamond around preselected centres. The lenses increase the

signal obtained from the NV centres by more than one order of magnitude, which is essential

for the experiments presented in this thesis.

In order to connect separate NV centres via photons we need a coherent optical interface.

In chapter 4 we investigate the optical transitions of the NV centre at low temperatures

and show that we can coherently manipulate them. When applying short resonant laser

pulses, we observe optical Rabi oscillations with a half period as short as 1 ns, one order of

magnitude shorter than the spontaneous emission time. By studying the decay of the Rabi

oscillations, we �nd that the decoherence is dominated by laser-induced spectral jumps and

develop a method to overcome this decoherence mechanism.

The energy structure involved in the optical cycle of the NV centre is studied further

in chapter 5. We use o�-resonant excitation and microwave spin control to determine the

spin-dependent excited state lifetime as well as the optically induced spin polarization. These
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properties are governed by the inter-system-crossing probabilities between triplet and singlet

energy states that are spin-dependent. We determine these probabilities and provide a full

description of spin dynamics in the optical cycle of NV centres under o�-resonant excitation.

In chapter 6 we develop the tools that allow us to use the NV centre together with

nearby nuclear spins as a quantum register which could serve as a few-qubit node for the

proposed network architecture. We implement high �delity initialization and projective

quantum measurement of the electronic spin by using spin-selective resonant excitation at

low temperatures. The preparation and measurement can be extended to nearby nuclear

spins by mapping their state onto the electron using microwave pulses that are conditional

on the nuclear spin state. A subsequent electron readout projects the nuclear spins into

a well-de�ned state. Finally, we show compatibility with qubit control: we demonstrate

initialization, coherent manipulation and single-shot read-out in a single experiment on a

two-qubit register, using techniques suitable for extension to larger registers.

For connecting distant nodes of the network via a photonic channel the photons emitted

by the nodes have to be indistinguishable. We show that this condition can be ful�lled with

NV centres in chapter 7. We observe two-photon quantum interference from two separate

centres. Optically induced spin polarization in combination with polarization �ltering allows

us to isolate a single transition within the zero-phonon line of the non-resonantly excited

NV centers. The time-resolved two-photon interference contrast of this �ltered emission

reaches 66%. Furthermore, we observe quantum interference from dissimilar NV centers

tuned into resonance through the dc Stark e�ect.

In chapter 8 we demonstrate how to connect the nodes of the network by creating

entanglement between two distant NV centres. We use a measurement-based protocol

to establish entanglement over a distance of three metres between the electronic spins of

two NV centres. The protocol is based on creation of spin-photon entanglement at each

location and a subsequent joint measurement of the photons: The indistinguishable photons

are overlapped on a beamsplitter that erases the which-path information. Detection of the

photons heralds the projection of the electronic spins onto an entangled state. We verify

the resulting non-local quantum correlations by performing single-shot readout on the NV

centres in di�erent bases.

Finally, we demonstrate a key capability of a quantum network in chapter 9: the transfer

of an arbitrary quantum state via quantum teleportation. We demonstrate the deterministic

teleportation of a nuclear spin state onto an electronic spin over three metres. We �rst create

entanglement between the electronic spins of two remote NV centers and prepare a nuclear

spin on the sender site in an initial state. By using magnetic resonance manipulation of the

electronic and nuclear spins on the sender site, followed by optical readout, we are able to

perform a joint measurement in the Bell basis. Feeding the result of this measurement forward

by classical communication allows to recover the source state on the remote electronic spin.

We prove teleportation by showing that the average �delity of the target state with the

source state exceeds the highest value allowed by classical physics.
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Een quantumnetwerk vormt de fundamentele bouwsteen voor gedistribueerde quantum

berekeningen en het is deze technologie die veilige quantumcommunicatie over grote af-

standen mogelijk maakt. Het opzetten van een quantumnetwerk vereist het aanmaken van

quantumverbindingen tussen lokale knooppunten die elk in staat zijn quantuminformatie

te genereren, verwerken en op te slaan. Het onderzoek naar geschikte systemen voor de

implementatie van quantumnetwerken staat momenteel zeer in de belangstelling en wordt

wereldwijd in verschillende laboratoria uitgevoerd. De experimenten beschreven in dit

proefschrift zijn gericht op het bestuderen van een mogelijke implementatie met behulp

van nitrogen vacancy (NV) centra in diamant. We bestuderen hoe deze centra kunnen

dienen als knooppunten in een quantumnetwerk en we ontwikkelen verschillende relevante

instrumenten gebaseerd op quantumcontrole en quantummetingen van de knooppunten.

Verder demonstreren we hoe de knooppunten verbonden kunnen worden en we genereren

en detecteren quantumverstrengeling tussen twee NV centra op afstand.

Het NV centrum in diamant is een kristalroosterdefect dat wordt gevormd door een

missend koolstofatoom gelegen naast een stikstofatoom dat zich op de plaats van een

koolstofatoom bevindt. Het diamantrooster vertoont vrij weinig interactie met het NV

centrum, aangezien het een grote bandgap heeft en voornamelijk bestaat uit
12

C atomen

die geen spin bezitten. In dit opzicht vertoont het systeem veel overeenkomsten met een

enkel geïsoleerd ion of atoom. Het NV centrum heeft een elektronspin die in de orbitale

grondtoestand gebruikt kan worden als quantum bit (qubit) en die optisch geadresseerd kan

worden. Deze spin heeft een uitzonderlijk lange coherentietijd, ordes van grootte langer

dan de typische tijden die nodig zijn om het qubit via magnetische resonantietechnieken

te manipuleren. Verder kunnen individuele kernspins die zich vlakbij het NV centrum

bevinden coherent gekoppeld worden aan de elektronspin via de hyper�jnwisselwerking.

Deze kernspintoestanden kunnen geadresseerd worden via de elektronspin en ze kunnen

gemanipuleerd worden met magnetische resonantie.

In hoofdstuk 3 worden de gebruikte meettechnieken beschreven. We maken gebruik

van een confocale microscoop om individuele NV centra optisch te kunnen adresseren

en magnetische resonantietechnieken om de spintoestanden te manipuleren. De collectie-

e�ciëntie van de microscoop wordt verhoogd doordat we zogenaamde solid immersion

lenzen de�niëren op het oppervlak van de diamant op de plek van geselecteerde NV centra.

De lenzen verhogen het signaal van de NV centra met meer dan een factor tien, wat essentieel

bleek te zijn voor de experimenten die worden beschreven in dit proefschrift.

Om verschillende NV centra via fotonen met elkaar te verbinden hebben we een coherente

optische interface nodig. In hoofdstuk 4 onderzoeken we de optische overgangen van het

NV centrum bij lage temperaturen en tonen aan dat we ze coherent kunnen manipuleren.

Bij het aanbieden van korte laserpulsen observeren we optische Rabi oscillaties met een

halve periode van 1 ns, wat een orde van grootte korter is dan de spontane emissietijd. Door

het verval van de Rabi oscillaties te bestuderen, zien we dat de decoherentie voornamelijk
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bepaald wordt door spectrale sprongen gedreven door het laserlicht. Bovendien hebben we

een methode ontwikkeld om dit decoherentiemechanisme uit te schakelen.

Het energiespectrum dat relevant is voor de optische cyclus van het NV centrum wordt

verder bestudeerd in hoofdstuk 5. We gebruiken niet-resonante excitatie en beheersing over

de spintoestand door middel van microgolven om de spin-afhankelijke vervaltijd van de

aangeslagen toestand, alsmede de optisch geïnduceerde spinpolarisatie te bepalen. Deze ei-

genschappen worden bepaald door de spin-afhankelijke waarschijnlijkheden van overgangen

tussen de verschillende triplet- en singlet-toestanden. We bepalen deze waarschijnlijkheden

en geven een volledige beschrijving van de spindynamica tijdens de optische cyclus van NV

centra onder niet-resonantie excitatie.

In hoofdstuk 6 ontwikkelen we de gereedschappen die het mogelijk maken om het NV

centrum samen met nabijgelegen kernspins te gebruiken als quantumregister met enkele

qubits. Dit register kan dienen als een knooppunt voor een quantumnetwerk architectuur.

We implementeren zeer betrouwbare initialisatie en projectieve quantummetingen van

de elektronspin met behulp van spin-selectieve, resonante excitatie bij lage temperaturen.

De initialisatie en metingen kunnen uitgebreid worden naar nabijgelegen kernspins door

het overbrengen van hun toestand op het elektron met behulp van microgolfpulsen, die

afhankelijk zijn van de kernspintoestand. Als hierna de toestand van het elektron wordt

uitgelezen, dan worden de kernspins in een welbepaalde toestand geprojecteerd. Als laatste

laten we ook zien dat deze technieken compatibel zijn met qubitcontrole en manipulatie:

in een enkel experiment met een twee-qubitregister tonen we aan de qubits te kunnen

initialiseren, coherent te manipuleren en op een ’single-shot’-wijze uit te lezen. De hiervoor

gebruikte technieken kunnen verder uitgebreid worden voor gebruik met grotere registers.

Om verschillende verafgelegen knooppunten van het netwerk met elkaar te verbinden

via een fotonisch kanaal is het noodzakelijk dat de fotonen afkomstig van de knooppunten

onderling niet van elkaar te onderscheiden zijn. We tonen in hoofdstuk 7 aan dat met

NV centra aan deze voorwaarde voldaan kan worden. In dit experiment observeren we

quantuminterferentie tussen twee fotonen afkomstig van twee verschillende NV centra. Met

behulp van optisch geïnduceerde spinpolarisatie, gecombineerd met het �lteren op polarisatie

kunnen we een enkele overgang binnen de nul-fonon-lijn van de niet-resonante geëxciteerde

NV centra onderscheiden. Het tijdsopgeloste contrast van de twee-foton interferentie van

het ge�lterde signaal loopt op tot 66%. Verder observeren we quantuminterferentie tussen

ongelijke NV centra die resonant gemaakt kunnen worden via het dc Stark-e�ect.

In hoofdstuk 8 laten we zien hoe de knooppunten van een netwerk met elkaar verbonden

kunnen worden door het verstrengelen van twee verafgelegen NV centra. We gebruiken

hiervoor een protocol gebaseerd op metingen om verstrengeling te genereren tussen elektron-

spins van twee NV centra die zich op een afstand van drie meter van elkaar bevinden. Het

protocol is gebaseerd op de creatie van spin-foton verstrengeling op beide locaties gevolgd

door een meting van de twee fotonen. De niet-onderscheidbare fotonen overlappen op een

stralingsdeler, waardoor de ’which-path’ informatie niet behouden blijft. Door de waarnem-

ing van de fotonen worden de elektronenspins op een verstrengelde toestand geprojecteerd.
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We controleren de gegenereerde niet-lokale quantumcorrelaties door middel van single-shot

uitlezing van de NV centra in verschillende bases.

Ten slotte laten we in hoofdstuk 9 een belangrijke eigenschap van een quantumnetwerk

zien: het vermogen om een willekeurige quantumtoestand over te brengen door middel van

quantumteleportatie. We tonen aan een kernspintoestand deterministisch te teleporteren op

een elektronspin over een afstand van drie meter. Eerst maken we verstrengeling tussen

de elektronspins van twee verafgelegen NV centra en initialiseren een kernspin op de

zendlokatie in de brontoestand. Door manipulatie van de elektron- en kernspins op de

zendlokatie met behulp van magnetische resonantie, gevolgd door optische uitlezing, kunnen

we het systeem uitlezen in een Bell-basis. Door het resultaat van deze meting op een klassieke

manier te communiceren naar de ontvangstlokatie, kunnen we de brontoestand overbrengen

op de elektronspin op de ontvangst-lokatie. We bewijzen dat dit gebeurt via teleportatie

door aan te tonen dat de gemiddelde overlap van de doeltoestand met de brontoestand groter

is dan toegestaan door klassieke processen.
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