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Abstract

A great deal of theoretical activity has resulted from blending the fields of

computer science and quantum mechanics. Out of this work has come the

concept of a quantum computer, which promises to solve problems currently

intractable for classical computers. This promise has, in turn, generated

a large amount of effort directed toward investigating quantum computing

experimentally.

Quantum computing is difficult because fragile quantum superposition

states of the computer’s register must be protected from the environment.

This is made more difficult by the need to manipulate and measure these

states.

This thesis describes work that was carried out both to investigate and

to demonstrate the utility of rare earth ion dopants for quantum computa-

tion. Dopants in solids are seen by many as a potential means of achiev-

ing scalable quantum computing. Rare earth ion dopants are an obvious

choice for investigating such quantum computation. Long coherence times

for both optical and nuclear spin transitions have been observed as well as

optical manipulation of the spin states. The advantage that the scheme de-

veloped here has over nearly all of its competitors is that no complex nano-

fabrication is required. The advantages of avoiding nano-fabrication are two

fold. Firstly, coherence times are likely to be adversely effected by the “dam-

age” to the crystal structure that this manufacture represents. Secondly, the

nano-fabrication presents a very serious difficulty in itself.

Because of these advantages it was possible to perform two-qubit opera-

tions between independent qubits. This is the first time that such operations

have been performed and presents a milestone in quantum computation us-

ing dopants in solids. It is only the second time two-qubit operations have

been demonstrated in a solid.

The experiments performed in this thesis were in two main areas: The first

was the characterisation of hyperfine interactions in rare earth ion dopants;

the second, simple demonstrations directly related to quantum computation.

The first experiments that were carried out were to characterise the hyper-
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fine interactions in Pr3+:Y2SiO5. The characterisation was the first carried

out for the dopants in a site of such low symmetry. The resulting information

about oscillator strengths and transition frequencies should prove indispens-

able when using such a system for quantum computation. It has already

enabled an increase in the coherence times of nuclear spin transitions by two

orders of magnitudes.

The experiments directly related to the demonstration of quantum com-

putation were all carried out using ensembles. The presence of a significant

distribution of resonant frequencies, or inhomogeneous broadening, meant

that many different sub-ensembles could be addressed, based on their reso-

nant frequencies. Furthermore, the properties of the sub-ensembles could be

engineered by optically pumping unwanted members to different hyperfine

states away from resonance with the laser.

A previously demonstrated technique for realising ensembles that could

be used as single qubits was investigated and improved. Also, experiments

were carried out to demonstrate the resulting ensembles’ utility as qubits.

Further to this, ions from one of the ensembles were selected out, based on

their interaction with the ions of another. Elementary two qubit operations

were then demonstrated using these ensembles.

viii



Contents

Acknowledgements v

Abstract vii

Outline 1

1 Introduction to quantum computing 3

1.1 Computer science goes quantum . . . . . . . . . . . . . . . . . 3

1.2 The requirements for experimental quantum computing . . . . 7

1.3 Bloch spheres and Rabi frequencies . . . . . . . . . . . . . . . 8

1.3.1 Qubit dynamics and the Bloch sphere . . . . . . . . . . 11

1.3.2 Damping and the Bloch sphere . . . . . . . . . . . . . 13

1.4 Efforts toward experimental quantum computing . . . . . . . . 15

1.4.1 Liquid state NMR . . . . . . . . . . . . . . . . . . . . 16

1.4.2 Superconducting qubits . . . . . . . . . . . . . . . . . . 20

1.4.3 Ion traps . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.4.4 Linear optics quantum computing . . . . . . . . . . . . 23

1.5 Error correction . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1.6 Type-II quantum computing . . . . . . . . . . . . . . . . . . . 26

1.7 Quantum state tomography . . . . . . . . . . . . . . . . . . . 27

1.8 Quantum process tomography . . . . . . . . . . . . . . . . . . 29

2 Rare earth ion spectroscopy 30

2.1 Homogeneous and inhomogeneous broadening . . . . . . . . . 30

2.2 Chemistry and occurrence of the rare earths . . . . . . . . . . 31

2.3 Energy levels of the 4f states . . . . . . . . . . . . . . . . . . 33

2.4 Theory of hyperfine splittings . . . . . . . . . . . . . . . . . . 36

2.5 The linewidths of rare earth spectra . . . . . . . . . . . . . . . 37

2.5.1 Optical transitions . . . . . . . . . . . . . . . . . . . . 37

2.5.2 Hyperfine transitions . . . . . . . . . . . . . . . . . . . 38

2.6 Techniques that probe inside the inhomogeneous line . . . . . 38

ix



2.6.1 Spectral holeburning . . . . . . . . . . . . . . . . . . . 38

2.6.2 Optical free induction decay and photon echoes . . . . 39

3 Hyperfine splittings in rare earth ion dopants 45

3.1 Hyperfine interaction in praseodymium doped Y2SiO5 . . . . . 46

3.1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . 46

3.1.2 Experiment . . . . . . . . . . . . . . . . . . . . . . . . 48

3.1.3 Solving the inverse problem . . . . . . . . . . . . . . . 51

3.1.4 Model parameters and the misfit metric . . . . . . . . 56

3.1.5 Sensitivity of the spectra to the Hamiltonian . . . . . . 59

3.1.6 Implementation of algorithm . . . . . . . . . . . . . . . 62

3.1.7 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

3.1.8 The future . . . . . . . . . . . . . . . . . . . . . . . . . 74

3.2 Hyperfine interaction in europium doped Y2SiO5 . . . . . . . . 76

3.2.1 Experimental setup and procedure . . . . . . . . . . . 76

3.2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.2.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . 80

3.2.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . 81

4 Optical Quantum Computing in Solids 84

4.1 Interaction between rare earth ions’ optical transitions . . . . 86

4.1.1 Electric dipole-dipole interactions . . . . . . . . . . . . 87

4.1.2 The resonance interaction . . . . . . . . . . . . . . . . 91

4.1.3 Dephasing by non-equilibrium phonons . . . . . . . . . 92

4.2 Previous schemes . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.2.1 Ensembles and instance identification . . . . . . . . . . 94

4.3 The direction pursued in this thesis . . . . . . . . . . . . . . . 96

4.4 NMR-like measurements for ensembles . . . . . . . . . . . . . 97

4.5 CNOT with refocusing . . . . . . . . . . . . . . . . . . . . . . 99

4.6 Inhomogeneity in the interaction strength and scaling . . . . . 104

4.6.1 Solid state “molecules” . . . . . . . . . . . . . . . . . . 105

4.6.2 Single dopant detection . . . . . . . . . . . . . . . . . . 106

4.7 Cyclic transitions in rare earth systems . . . . . . . . . . . . 107

4.8 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5 Quantum computing using rare earths — Experiment 111

5.1 The sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.2 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . 114

5.2.1 Ultra-high resolution laser . . . . . . . . . . . . . . . . 116

5.3 Generating and characterising single qubits . . . . . . . . . . . 118

x



5.3.1 Zero area pulses . . . . . . . . . . . . . . . . . . . . . . 120

5.3.2 Burning back anti-holes . . . . . . . . . . . . . . . . . 123

5.3.3 Nutations . . . . . . . . . . . . . . . . . . . . . . . . . 127

5.4 Quantum state tomography . . . . . . . . . . . . . . . . . . . 128

5.5 A four level system for type-II quantum computing . . . . . . 132

5.6 Characterisation of dipole-dipole interactions . . . . . . . . . . 135

5.6.1 Instantaneous spectral diffusion on an anti-hole . . . . 136

5.6.2 Dependence of the first pulse length . . . . . . . . . . . 138

5.6.3 Echo demolition . . . . . . . . . . . . . . . . . . . . . . 140

5.6.4 Perturbing pulse position dependence . . . . . . . . . . 140

5.6.5 Perturbing pulse length dependence . . . . . . . . . . . 145

5.6.6 Rephasing of the interaction induced decoherence . . . 146

5.7 Conditional phase shifts . . . . . . . . . . . . . . . . . . . . . 149

5.7.1 Limiting factors . . . . . . . . . . . . . . . . . . . . . . 152

5.7.2 Realising larger conditional phase shifts . . . . . . . . . 152

5.7.3 Tomography . . . . . . . . . . . . . . . . . . . . . . . . 156

5.8 The future . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157

6 Summary 158

Appendices 161

A Rotation conventions used in creating M and Q tensors 162

B Algorithm for assigning observed spectral lines. 164

C Publications 170

Bibliography 173

xi



xii



Outline

The thesis begins with two introductory chapters, describing relevant de-

tails from the fields of quantum computation and rare earth spectroscopy

respectively.

The first experiments carried out in the course of this work were to char-

acterise the hyperfine structure in praseodymium doped yttrium orthosilicate

(Pr3+:Y2SiO5). This characterisation was the first to be successful in a site

with such low symmetry. These and an attempt to gain similar information

for europium dopants in the same host are described in Chapter 3.

It was initially envisioned that the characterisation of the Pr3+:Y2SiO5

system would be used to improve the demonstrations of slow and stopped

light in the material. However, the first time these results were used was in a

technique to extend this material’s coherence times for hyperfine transitions

by over two orders of magnitude. This represented a very significant result

for rare earth quantum computing because it is these transitions that would

be used for the long term storage of quantum information.

In Chapter 4 a review is made, with the emphasis on rare earth ion

dopants, of the mechanisms that cause interactions between optical centres

in solids. Following this, the previously published schemes for achieving

quantum computation in such materials are evaluated. The general plan for

quantum computation pursued in this thesis is then presented. This plan

consists of two areas of endeavour. The first is the demonstration, using

ensembles, of quantum logic operations for a small number of qubits. As

part of this, a practical method that was developed for achieving two qubit

operations is presented. The second area of endeavour is the study of methods

for scaling to a large number of qubits. Various possibilities for scaling are

discussed.

Chapter 5 describes the experimental work that was directly aimed at

carrying out quantum computing operations. Ensembles that can act as

qubits (anti-holes) have been demonstrated previously. Here the improve-

ments made are discussed. Also, the utility of the resulting ensembles as

qubits was demonstrated using single qubit quantum state tomography ex-
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periments.

Following this, various experiments with two of these anti-holes were car-

ried out. These were used to both characterise the strength of the interaction

between the ions and demonstrate its suitability for multi-qubit operations.

This was followed by the application of some of the techniques described

theoretically in Chapter 4. Using these techniques, a phase shift in the state

of one qubit, that was conditional on the state of another qubit, was demon-

strated. This represents the most elementary two qubit operation. Various

simple ways in which the experiment could be improved to significantly in-

crease the fidelity of the operation are discussed.

The thesis finishes with a summary of the results achieved. The future

for quantum computing that is based on optical centres, and rare earth ion

dopants in particular, is discussed.
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