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Abstract
Optical quantum technologies are a cornerstone of many scalable quantum information
processing architectures, such as quantum computation and communication networks.
However, scaling up these such systems to support large quantum states is challenging
due to the probabilistic nature of photonic quantum operations. Optical quantum memories - devices capable of storing and releasing light on-demand - have been identified as
a solution to this scalability issue through the use of multiplexing schemes. Ensembles
of solid-state quantum emitters are a promising medium for the implementation of a
quantum memory, especially due to their compatibility with integrated devices.
In this thesis, we focus on the development of platforms enhancing the performance
of current solid-state quantum memories. The atomic frequency comb (AFC) protocol
is an attractive approach to quantum light storage in solid-state media. Here, we
demonstrate an implementation of the AFC rephasing technique in Pr3+ :Y2 SiO5 in a
novel broadband regime. We also report on initial results towards the realisation of
broadband memory employing cascaded two-photon absorption in the system.
Ensembles of nitrogen-vacancy centres in diamond are a promising alternative to
3+
Pr :Y2 SiO5 , due to long spin coherence times and a large ground state splitting.
Nitrogen-vacancy centres were investigated as a host for a broadband implementation
of the AFC protocol. We demonstrate spectral hole burning based on optically-induced
ionisation of the negative charge state of the defect. Using this technique, an atomic
frequency comb is successfully prepared, paving the way for the development of an
AFC quantum memory in this platform.
Another approach to light-matter interactions in atomic ensembles is investigated
in the form of systems based on atomic arrays. We theoretically study collective
phenomena in arrays of nitrogen-vacancy centres, focusing on a promising use case
where a single defect can be strongly coupled to an optical cavity composed of atomic
mirrors.
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Chapter 1
Introduction
Technologies harnessing the peculiar properties of quantum entanglement and superposition carry the promise of revolutionary developments spanning many fields of science.
A century after the foundations of quantum mechanics were laid out, experimental
progress has finally advanced to a point where the realisation of quantum-enhanced
devices is a near-term prospect. Quantum technologies pave the way to fundamentally
novel approaches to engineering and information processing. These are broadly divided
into applications including computation [1], communication [2], sensing [3], and the
simulation of physical systems [4, 5].
The building blocks of such devices are quantum bits, or ‘qubits’ [6], which evolve
according to the laws of quantum mechanics, thereby granting them certain benefits
over their conventional counterparts. While classical bits can only represent a 0 or
a 1, qubits can exist in any superposition of these two states. The number of states
contained in the superposition scales exponentially with the size of the device, as a
system of n qubits can support 2n possible states [7]. The field of quantum computation
is built around the implementation of algorithms which take advantage of this property
to perform calculations beyond the scope of current machines. For example, these
devices are particularly suited to search through a large parameters spaces due to the
sheer number of states accessible simultaneously via quantum superposition [8–10].
Beyond computation, quantum bits can be used to ensure the security of cryptography
protocols. Indeed, as quantum states are extremely sensitive to external disturbance,
two communicating parties can be instantly alerted to the presence of an eavesdropper
[11].
While the past decades have seen a headlong rush for the development of quantum
devices, the jury is still out concerning which physical system will provide the best
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platform [1]. As any quantum system which can support two orthogonal states can
constitute a qubit, a wide range of candidates have emerged. Undoubtedly, devices based
on superconducting circuits have led the race to achieve useful quantum computation.
This has been accompanied by a recrudescence in the number of industrial players and
the recent demonstration of a quantum device outperforming classical computation
on a specific problem [12]. Alternatives include photons [13] and atom-like systems
such as trapped ions [14] and solid-state emitters [15, 16], each coming with their own
strengths and drawbacks. The performance of qubits is often weighed against a set of
criteria defined by DiVincenzo twenty years ago [17], which remain remarkably relevant
today. For instance, methods must exist to initialise, perform quantum operations
on and measure the state of the system which should also exhibit long coherence
times. Above all, a qubit design must be scalable. That is, many qubits must be
connected in a way that allows the generation of large entangled quantum states.
This requirement is absolutely crucial for most applications, and particularly so for
computations. Unfortunately, scalability has also been the most challenging criteria
to meet, and has not been achieved convincingly in any existing system [1]. It could
be said that the development of a truly scalable qubit design is the greatest hurdle
standing in the path of useful quantum technologies.
Faced with this challenge, one can consider combining different physical systems in
order to create a platform which compensates for the weaknesses of its components
[18, 19]. This is the basis of a scalable quantum information processing architecture
known as quantum networks [20]. Quantum networks are composed of channels
connecting nodes capable of processing and transmitting quantum information. These
structures are remarkably flexible, and can either be used to facilitate computation
on a local scale, or to distribute quantum information over large distances [21]. One
popular approach is to connect atomic systems via optical interlinks [22], with the aim
of addressing the limited scalability of atomic qubits. For example, current trapped
ion systems are restricted to a small number of emitters interacting in a single trap.
Photonic channels could then be used to distribute entanglement between separate
traps in order to generate larger quantum states [23].
Conversely, atomic systems also offer a way of tackling the challenges inherent to
optical quantum information processing schemes. While light is particularly suited for
both miniaturisation [24] and information transfer, photons are particularly difficult to
interface with each other. This has forced the implementation of photonic two-qubit
operations to rely on probabilistic processes, making the creation of large quantum
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states a long-standing issue [25]. Furtheremore, light-mediated distribution of atomic
qubit entanglement also relies on two-photon interference. As a result, the nondeterministic nature of photonic operations undermines the scalability of quantum
networks based on atomic nodes [26].
A solution to this challenge revolves around the use of optical quantum memories
[27], devices allowing the on-demand storage and retrieval of a single photon’s quantum
state [28]. Given such a component, one can efficiently compensate for the probabilistic
nature of quantum photonic operations with multiplexing schemes [29, 30]. Quantum
memories thus offer a clear avenue towards scalable designs for both atomic and
photonic quantum information processing schemes [31, 32].
A popular approach to building a quantum memory involves mapping an optical
signal to the long-lived coherence of an atomic platform. The potential of such hybrid
devices has motivated a significant amount of research efforts towards building an
efficient light-matter interface, and led to many fascinating experimental results [31].
The most direct way of coupling an atom to light is to focus an optical beam as
tightly as possible [33]. However, in this case, the interaction is severely hindered
by the diffraction limit. A promising alternative is to use dielectric structures such
as waveguides or cavities to confine the electromagnetic field in the vicinity of the
atom. Interfaces based on Fabry-Pérot resonators [34] and optical nanofibres [35] have
thus enabled the experimental demonstration of efficient interactions between single
photons and trapped atoms. Quantum memories have in this way been implemented
with single emitters carefully placed inside optical cavities [36].
These systems would be suitable candidates for quantum memories if it were not for
demanding practical requirements. Indeed, they are typically challenging to build and
maintain over extended periods of time. Another approach to deterministic light-matter
coupling involves atomic ensembles, in which case the interaction probability scales
linearly with the number of atoms [37]. As protocols based on atomic ensembles do not
rely on engineering the dielectric environment of the system, their implementation is
also often less technically demanding. This makes them an attractive platform for the
realisation of quantum memories, for example enabling one of the first demonstrations
of on-demand single-photon storage and retrieval [38].
The difficulty of satisfying scalability requirements with bulk optical systems has
pushed research endeavours away from free space and towards integrated systems
[39]. This avenue shows great promise as a single chip can hold hundreds of artificial
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‘atoms’ which can then be interfaced with via nanophotonic structures generated by
reproducible fabrication techniques [40, 41].
Interest in solid-state emitters is by no means a recent affair, as advances in our
understanding of their properties have paved the way for modern optical technologies
through the invention of fibre amplifiers and solid-state lasers [42]. And thus, decades
of research into defects in solids as gain media now provide a knowledge base for the
development of optical quantum technologies. Although the energy level structures
of many solid-state emitters are understood, qubits have requirements that differ
significantly from classical devices. In order to develop efficient systems, it is necessary
to scout out platforms that have strong and well-defined optical transitions while
also supporting long-lived ground states. Atomic emitters such as quantum dots [43],
colour centres in diamond [44] and rare-earth ions [45] have been investigated as prime
candidates for the realisation of solid-state quantum memories [46, 47].
Building a quantum memory not only requires an intimate knowledge of light-matter
interaction but also a collection of robust control techniques. For example, system
initialisation often relies on optical pumping schemes [48], and efficient spectral hole
burning is a requirement for many protocols in inhomogeneously broadened media [49].
The aim of our work is to contribute novel approaches to the current set of tools used
to engineer quantum light-matter interactions in solid-state platforms. We focus on
atomic ensembles, and consider two types of emitters: praseodymium ions doped into
a crystalline host and nitrogen-vacancy colour centres in diamond. The first part of
this thesis concerns the experimental realisation of broadband quantum memories. In
a later chapter, we study an alternative approach to light-matter interactions in atomic
ensembles, based on optical cavities engineered from ordered arrays of emitters.

Outline
The thesis is structured as follows:
• Chapter 2 is a general introduction to the field of quantum memories. We briefly
detail why they are so important to the development of quantum networks, then
provide a brief overview of some major quantum memory protocols. Particular
attention is given to the atomic frequency comb rephasing technique, which forms
the basis of much of the work contained in the rest of the thesis.
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• In Chapter 3, we introduce rare-earth ion doped solid, a promising platform for
the implementation of quantum memories. Starting from the physical nature of
the system, we explain how their electronic structure gives rise to their optical
properties. A focus is made on praseodymium ions doped into a orthosilicate
host, which is the system chosen for the experiments presented in the following
chapter.
• In Chapter 4, we experimentally study a broadband implementation of the atomic
frequency comb rephasing protocol in Pr3+ :Y2 SiO5 . A novel approach to spectral
hole burning in the system is designed and implemented. This method is used
to successfully store and retrieve optical pulses which match the inhomogeneous
linewidth of the material, thereby going far beyond the limit imposed by the
hyperfine state splitting of praseodymium.
• Chapter 5 introduces a well-known quantum solid-state platform in the form of
nitrogen-vacancy colour centres in diamond. As was done for rare-earth ions, we
explore how the optical response of the system arises from its physical nature.
The energy level structure of the system is detailed, explaining the processes that
shape its emission spectrum. We also provide an overview of its optical, spin and
charge state dynamics along with a short introduction to common techniques
used to control each of these degrees of freedom.
• Chapter 6 reports the results of a new spectral hole burning technique in ensembles
of nitrogen-vacancy centres, based on light-induced ionisation of the defect’s
charge state. Ionisation transients in the system are briefly studied in order to
scope out the charge state dynamics in the system. This investigation is followed
by the first successful observation of an atomic frequency comb in an ensemble
of NV centres.
• Chapter 7 focuses on how atomic arrays can form the basis of a promising new
way of interfacing light and atoms. We start by laying down a physical model
allowing the description of these phenomena which arise from the interference
of light emitted by regularly spaced dipoles. We see how these collective effects
can modify the optical properties of the array, and how this can be applied to
light-matter interaction schemes. This formalism is then applied to the particular
case of arrays of nitrogen-vacancy centres, and we theoretically investigate how
realistic imperfections can affect the observation of collective effects. We consider
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an interesting use case of these phenomena, whereby atomic arrays can become
highly-reflective atomic mirrors which can then be used to form a cavity enabling
the optical interfacing of solid-state quantum emitters.
• We conclude in Chapter 8 with a summary of the work presented throughout
this thesis, providing an outlook on prospects for further research.

Chapter 2
Optical quantum memories
An optical quantum memory refers to any device which can coherently store an opticallyencoded quantum state and retrieve it at a later time. The process should also be
on-demand, i.e. it must be possible to choose the storage and retrieval timings at will.
This type of operation is most commonly implemented by mapping the optical signal
onto the coherence of an atomic or atom-like system. In this chapter, we review some
of the main protocols for the experimental realisation of quantum memories. We start
by making the case for quantum memories, explaining why they are such a crucial
component for the success of optical quantum technologies. We then follow with a brief
description of the physics behind the storage and retrieval of single photons in atomic
ensembles. This leads to a description of a few common quantum memory protocols
underpinning much of the work presented further in this thesis.

2.1

Applications of quantum memories

Many of the operations enabling optical quantum technologies are currently probabilistic
in nature. Desired applications often rely on scaling up devices to systems where
many concurrent operations are successfully performed in a single sequence. If the
implementation of a single operation is inherently probabilistic, the performance of the
system scales unfavourably. In this section, we outline various ways in which quantum
memories can enhance the performance of photonic quantum devices.
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2.1.1

Optical quantum memories

Limitations of photonic quantum technologies

Optical quantum systems are an attractive system for the implementation of quantum
technologies. As photons are insensitive to thermal noise and are easily transported
across large distances, they offer properties that differ much from commonly used
atom-like systems such as superconducting transmons or trapped ions. They also
support a wide range of encoding bases [50–54] which can allow for easy to implement
single-qubit operations. These aspects have consolidated optical technologies as the
main platform for quantum communications [55, 56] and a notable contender for the
implementation of quantum computation schemes [57].
Of course, this is balanced by a major disadvantage: photons are notoriously
difficult to interface with each other. As a result, realising the deterministic two-qubit
interactions necessary for many quantum computation models has proven a major
challenge in optical systems. Linear optical quantum computing (LOQC) schemes
[58, 59] tackle this problem with probabilistic gates [60, 61] which inherently limits
their scalability. Furthermore, deterministic sources of pure and indistinguishable single
photons are vital for photonic quantum information schemes [62]. While great progress
has been made towards developing such devices, reaching performances sufficient
to generate large [63] quantum states remains a challenge [64]. Sources based on
spontaneous parametric down-conversion (SPDC) [65] can produce single photons with
highly desirable purity and indistinguishability properties [66–68]. These sources only
have a small chance of producing a single photon in a given time bin, making the
process probabilistic. In general, the single photon generation probability of the source
must be limited artificially to ∼ 1% in order to avoid the production of multi-photon
states [69], meaning that a compromise must be made between the quality of the
output field and the photon production rate. Furthermore, the spectrum of the photons
produced is typically very wide, up to several THz, whereas the acceptance bandwidth
of typical storage media is in the MHz-GHz range. As a result, the source often has to
be spectrally filtered down to match the memory which highly limits its brightness [70].
Alternatively, SPDC sources have been placed inside a cavity to produce narrowband
photons, at the expense of a considerable increase in experimental complexity [71–73].
Sources based on single quantum emitters [74–76] - quantum dots in particular[77]
- offer a promising alternative. The non-linear nature of single atomic systems allow
the development of deterministic ‘push-button’ devices. Single-photon sources based
on quantum dots in integrated nanocavities have shown exceptional output rates
[78]. Such devices are currently limited by frequency jitter in the emission caused
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by environmental fluctuations. This instability reduces the indistinguishability of the
output single photons, for example via mechanisms further elucidated in Ref. [79]. Furthermore, although quantum dot sources are in principle deterministic, the probability
of generating a single photon in a given spatial mode is determined by the collection
efficiency of the source. This figure is currently limited to ∼ 80% in state-of-the-art
experimental realisations, leading to overall single-photon generation efficiencies of
∼ 57% [80, 81].
Currently, limitations in both photonic two-qubit gates and single-photon sources
force optical quantum information processing protocols to rely on probabilistic processes. Performing a computation involves the successful implementation of many such
operations in quick succession. In this case, the overall success probability becomes
vanishingly small as the number of operations increases. For example, even if a flipped
coin has a 90% chance of returning heads, the probability of this coin landing heads a
hundred times in a row is vanishingly small. Quantum memories offer a solution to this
issue by storing the successful subsets of a system and thus allowing each operation to
be attempted independently. So to speak, we can keep the coins that land heads and
flip the other ones until satisfactory results are achieved.

2.1.2

Quantum repeaters

Quantum communication schemes based on quantum key distribution (QKD) rely on the
no-cloning property [82] of quantum information to ensure secure information transfer
between two parties [83]. According to the no-cloning theorem, an arbitrary quantum
state cannot be copied without affecting the original. This feature is also the source of
one of the main limitations of existing implementations of QKD protocols. Optically
encoded channels carried by optical fibre are overwhelmingly the best candidate for
sending quantum information over long distances. However, this means that the
transmission is subject to fibre losses, which are typically around 0.2 dB/km for
telecom photons - after 100 km, 99% of the signal is lost [30]. In the case of classical
communications, this issue is solved by using repeater stations which amplify and
re-emit the signal to extend the range of the channel [84]. As the single photons
carrying quantum information in QKD schemes are subject to the no-cloning theorem,
[85], they cannot be amplified without adding noise which precludes the use of an
analogue to the classical approach.
One possible way of overcoming this challenge is by dividing the transmission link
into shorter segments connecting nodes over which entanglement can be faithfully
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established. Then, the entanglement needs to be shared between the segments, which
can be achieved using a technique known as entanglement ‘swapping’ [86]. This idea,
shown in Fig. 2.1 forms the basis of so-called ‘quantum repeaters’ [87]. For example, if
pairwise entanglement exists between pairs of nodes 1 and 2, and 3 and 4, a Bell-state
measurement can be applied between nodes 2 and 3 in order to entangle 1 and 4.
BSM
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1
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Quantum
memory
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Fig. 2.1 : (a) Example of a quantum repeater protocol relying on quantum memories.
Two photon sources each produce a pair of entangled photons, and one of each pair
is stored in a quantum memory. The other two photons, one from each source, are
interfered on a beam splitter (BS). The detection of a photon at either output of the
BS is equivalent to a Bell-state measurement and yields entanglement between the two
quantum memories. (b) Once pairwise entanglement has been established between
memories (1 and 2), and (3 and 4), another Bell-state measurement can be performed
between memories 2 and 3 to yield entanglement 1 and 4.
The mains drawback of this technique is that the photonic Bell-state measurement is
applied through linear optical operations - for example via interference on a beam splitter
- making it probabilistic. As a result, most schemes for the experimental realisation of
a quantum repeater rely on the use of quantum memories to synchronise successful
entanglement swapping events[30]. In this case, all of the Bell-state measurements
do not have to be successful at once, as one has the option to store the successfully
entangled photons while the operation is attempted again on the segments that failed
the first time. A possible scheme using quantum repeaters for entanglement distribution
is shown in Fig. 2.1.
While repeater schemes can be implemented with any on-demand quantum memory,
the efficiency and repetition rate of the process must be such that the performance of
the system surpasses that which can be achieved with just a lossy fibre link. Overall,
quantum repeaters are considered the cornerstone of quantum networks, making the
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development of quantum memories essential for distributed quantum communication
and computing schemes.

2.1.3

Single-photon synchronisation and filtering

Quantum memories can also be used to synchronise operations on a local scale, for
example in the context of LOQC. Photonic two-qubit gates are also implemented with
linear operations, for example by interfering photons on a beamsplitter, a probabilistic
process somewhat similar to the Bell-state measurements mentioned above. A ‘repeat
until success’ strategy can thus also be used in this context. Photonic quantum
computing protocols often rely on the generation of a multi-photon state based on
simultaneous preparation of N photons in N modes of an interferometric device.
With current probabilistic single-photon sources, achieving even 10-photon states is
a challenging task which requires many hours of data accumulation [88, 89]. This
can be understood as the probability p of producing N single photons simultaneously
given the same number of sources with heralding probability q scales as p ∼ q N .
According to a scheme proposed by Nunn et al.[29], using quantum memories to store
successfully generated photons until they can all be released simultaneously greatly
increases multiphoton rates (see Fig. 2.2). This analysis also suggests that for this
application the bandwidth of the memory is just as important as its efficiency, while
the storage time itself can be relatively short depending on the sources used. The
bandwidth of the memory sets a lower bound on the temporal length of photons which
can be stored, which in turn defines the maximum repetition rate of the multiplexing
scheme. A memory with a large bandwidth is thus key to reduce the time necessary to
generate many-photon states.
A recent result has also shown that quantum memories can also be used as coherent
filters for single-photon sources with non-ideal properties such as low indistinguishability
[90]. This scheme employs the single-mode aspect of certain quantum memory protocols
to produce identical photons from distinguishable noisy sources without reducing their
brightness as much as conventional filtering methods. This type of ‘quantum buffer’ is
particularly suited for mitigating the temporal-spectral jitter of quantum dot sources.
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a)

b)

Fig. 2.2 : (a) Multiplexing scheme for the generation of N -photon states using quantum
memories. The storage of a single photon generated by a pair source in a quantum
memory is signalled by the detection of the other photon in the heralding arm. Once
N memories in N spatial modes are successfully loaded with a single photon, all
photons can be released simultaneously for use in any experiment. Figure from [29].
(b) Expected waiting time required for the generation of an N -photon quantum state,
comparing the use of unsynchronised SPDC sources to the memory-synchronised case.

2.2

Figures of merit

The performance criteria for quantum memories vary greatly depending on the application considered [91]. A brief summary of the main figures of merit used to assess the
capabilities of a quantum memory is provided below.
• Efficiency
An efficient quantum memory can store and retrieve an optical quantum state
with low losses. The efficiency of the memory is defined as the ratio of the
retrieved pulse energy to that of the input pulse. As losses are detrimental
to virtually every quantum information protocol, efficiency is one of the most
important figures of merit for a quantum memory.
• Storage time
In the case quantum memories based on atomic systems, a quantum state encoded
into a single photon is mapped onto an atomic excitation. The maximum storage
time of the memory is limited by the decoherence mechanisms specific to the
atomic medium. The storage time is typically defined as the 1/e decay time of
the stored atomic excitation. In the context of quantum repeaters, the storage
time must be at least as long as the average time required to successfully entangle
photonic qubits [30].
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• Bandwidth
The spectral profile of the optical signal to be stored must be compatible with
the acceptance bandwidth of the memory. This bandwidth defines the length of
photons which can be read into the system, and thus the maximum repetition
rate a protocol can be run at.
• Time-bandwith product
The time-bandwidth product, straightforwardly defined as the product of the
storage time of the memory with its bandwidth characterises the maximum of
storage attempts that can be performed within the lifetime of the memory. This
quantity is particularly relevant when evaluating the performance of a memory
for multiphoton synchronisation schemes [29].
• Fidelity
The fidelity F of a memory represents the similarity between the input and output
quantum states. It is often quantified by calculating the overlap between the
read-in and read-out density matrices ρin and ρout following [92]
F = Tr

q
√

√

ρin ρout ρin

2

.

(2.1)

The fidelity encompasses crucial information such as the effect of storage on the
photon statistics of the input state and the amount of noise injected during the
process. F is bounded by 1 for a fully quantum process and is limited to 2/3 in
the classical case [93]. A value F > 2/3 for single qubits is thus required in order
to ensure that the quantum nature of the protocol is not compromised (this value
increases to (N + 1)/(N + 2) for N qubits).
• Multimode capacity
The modal capacity refers to the number of modes (spectral, temporal, spatial...)
[94–96] which can be stored inside the memory at any given time. For atomic
ensembles, this property depends on the optical depth of the system according with
a scaling particular to each storage protocol [97]. Multimodality is particularly
desirable in context of quantum repeaters, as a memory which can store N modes
can can used to increase the success probability of the protocol by a factor of N
via a multiplexing approach [98, 99]. On the other hand, single-mode memories
are required for single-photon filtering applications [90].
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• Operating wavelength
Quantum communications heavily rely on the use of optical fibre to transport
optical signal and operate in a frequency windows where absorption losses are
minimised, such as the telecom O-band (from 1250 nm to 1360 nm) and C-band
(from 1530 nm to 1560 nm). A memory compatible with this wavelength range
is thus particularly attractive for quantum repeater applications. Frequency
conversion schemes [100, 101] can be used to account for an eventual wavelength
mismatch between components but reduce the overall efficiency of the process. In
the context of the repeater protocol shown in Fig. 2.1, photon pair sources with
different signal and idler frequencies, as in Ref. [46], offer an alternative approach
at of the cost of an increaed technical overhead. In the context of optical quantum
computing schemes, the memory also needs to be compatible with single-photon
sources and eventual waveguides used to build photonic networks.
More detail can be found in Ref. [102] along with an evaluation of certain memory
protocols in the light of these criteria.

2.3

Quantum memory protocols in atomic ensembles

Significant experimental efforts were assigned towards the development of reliable
quantum memories as their importance for optical quantum information processing
became increasingly clear over the years. Many novel schemes have been proposed and
implemented in a wide variety of systems, a extensive review of which can be found
in references [30]. Here, we outline a subset of these protocols relevant to the results
presented later in this thesis.
The storage medium of a quantum memory can consist of any physical system as
long as the mechanism can be triggered on-demand and preserves the state of a single
read-in photon. For example, an entirely photonic quantum memory can be realised
by routing a single photon in and out of an optical cavity with an electro-optical
switch. The multiplexing of two independent single-photon sources was successfully
demonstrated with such a device boasting a storage time of 830 ns and output photons
with high indistinguishability [103]. The lifetime of cavity-based all-photonic memories
is limited to tens of nanoseconds by optical losses while increasing the bandwidth
requires shorter round-trip times (and thus higher losses) and faster switches than the
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currently achievable to the GHz range. As a result, improving these systems beyond
their current performance is a potentially challenging task.
Another approach to quantum memories involves the use of single quantum emitters.
In this case, the quantum state of a single photon is mapped onto the coherence of
an atomic state. Mappings of this sort have been achieved in many different systems,
from trapped atoms [36] or ions [104] to solid-state systems such as colour centres in
diamond [47, 105]. The performance of the process is determined by the light-matter
coupling. Beyond the oscillator strength, this coupling depends mainly on how well
the bandwidth and spatial cross-section of the optical signal match that of the atomic
emitter, and is typically weak in free-space systems. Photonic cavities are often used
to increase the interaction strengths, but such systems are technically challenging to
engineer (particularly so in the solid-state) and severely limit the acceptance bandwidth
of the device.
The light-matter coupling of an atomic system can otherwise be enhanced by
increasing the number of emitters by making use of atomic ensembles. As the probability
of a single photon to interact with the ensemble scales linearly with the number of
atoms, the efficiency of the process can be increased without the need for significant
technical improvements. A wide variety of quantum memory protocols have been
designed and implemented in systems such as warm [106] or cold atomic vapours
[107], as well as crystals doped with rare-earth ions [108]. Research efforts have led
to individual demonstrations of quantum memories with storage times in excess of
one second [109] or efficiencies higher than 85% [110]. However, there currently exists
no device which satisfies all of the requirements of scalable quantum information
processing, prompting the need for further research. Quantum memory schemes in
atomic ensembles can be broadly separated into two categories: protocols which rely
on the rephasing of atomic dipoles [49] and protocols in which the storage and retrieval
mechanisms are enabled by externally triggered two-photon processes.

2.3.1

Optically-controlled memories

A common approach to photon storage in atomic media involves the mapping of
the optical field to a long-lived atomic coherence. However, this device is only fully
‘on-demand’ if the memory process can be triggered at will. This can be achieved
via the application of a ‘control’ optical field in a system with a lambda-type energy
level structure with two ground states |g⟩ and |s⟩ and an excited state |e⟩ as shown
in Fig. 2.3. The ground states are both connected to the excited state via optical
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transitions while the |g⟩ ↔ |s⟩ transition is forbidden by selection rules. Applying a
strong optical field to the |s⟩ ↔ |e⟩ transition modifies the absorption of a ‘signal’ field
resonant with the |g⟩ ↔ |e⟩ transition. This type of system can operate in different
regimes depending on the detuning ∆ of the fields from their respective resonance,
leading to different memory protocols.
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Fig. 2.3 : Quantum memory schemes in atomic Λ-systems. (1) Optical pumping
techniques are used to initialise the state of an atomic ensemble into the ground state
|g⟩. (2) A signal absorbed on the |g⟩ ↔ |s⟩ transition is coherently mapped to a
collective coherence of the ground states |g⟩ and |s⟩, or ‘spin-wave’, via the application
of a control field applied to the |e⟩ ↔ |s⟩ transition. (3) The signal field can be read
out via a subsequent application of the control field, mapping the spin-wave back onto
an optical field. In the EIT protocol, both fields are resonant with their respective
transition with ∆ ≪ Γ, whereas in the in Raman case both fields satisfy a two-photon
resonance condition with ∆ ≫ Γ.
When ∆ is smaller than the linewidth of the excited state Γ, the application of the
control field creates a small window of transparency around the signal frequency - a
phenomenon known as electromagnetically induced transparency (EIT) [111]. Following
the Kramers-Krönig relations, this effect is associated with the emergence of a strongly
dispersive feature on resonance which slows down the group velocity of the signal field
to a halt. If the control field is adiabatically switched off, this feature disappears,
transferring the signal onto a collective ground state coherence of the atomic ensemble.
This process can be reversed at will simply by turning the control field on again.
The storage and retrieval processes were shown to be equivalent under time-reversal
symmetry in theoretical work by Gorshkov et al. [112]. The first quantum memories
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were based on EIT [113, 114], and have since been demonstrated in both warm [115]
and cold [116] atom vapours, as well as solid-state ensembles of rare-earth ions [117].
Although this protocol allows for particularly long storage times (reaching minutes in
some systems [118, 119]) and high efficiencies upwards of 68% [107, 110], its bandwidth
is limited to only a few MHz by the spectral width of the transparency window.
The storage and retrieval of broadband signals can be achieved in the off-resonant
regime where ∆ ≫ Γ via optical Raman scattering [97]. In this case, the signal field is
mapped onto a collective coherence of the ensemble through an off-resonant optical
absorption feature generated by the application of the control field. Raman scattering
consists of a two-photon process where there signal field is absorbed on the |g⟩ ↔ |e⟩
and coherently transferred to |s⟩ leading to the creation of a collective coherence of
the ensemble also referred to as a ‘spin-wave’. The width of this feature is defined
by the bandwidth of the control field which allows for much greater flexibility and
the storage of GHz-order fields [120]. For example, a control pulse can be shaped in
order to filter temporal modes of the signal or conversely manipulate the shape of the
retrieved field [53, 121]. Memory efficiencies beyond 80% have also been demonstrated
using specifically tailored control pulses [122]. Fundamentally, the bandwidth of the
protocol is limited by the atomic ground state splitting, as excitation with a wider
pulse would simultaneously excite both transitions. In general, the efficiency of the
process is bounded by a value which depends only on, and scales quadratically with,
the resonant optical depth of the storage medium [112].
Although broadband single photon storage has been demonstrated with Raman
quantum memories [120, 123], the photon statistics of the retrieved field are heavily
deteriorated due to noise primarily caused by four-wave mixing processes [70, 124]. This
mechanism is due to the control field coupling to the signal transition and generating
ground state coherences which are not part of the memory interaction. This coherence
leads to the detection of noisy photons at the signal frequency which cannot be easily
separated from the genuine read-out signal. This phenomenon, which can even lead to
gain at the signal frequency [125], has hindered the demonstration of a fully quantum
Raman memory in warm atomic vapours. To a certain extent, four-wave mixing noise
has been reduced by using a cavity-enhanced Raman scheme [126], or by selecting
signal and control frequencies so as to introduce linear absorption loss at the anti-Stokes
frequency [127].
Another class of protocols has been introduced which instead rely on ladder-type
energy configurations, in part to address the issue of four-wave mixing in lambda
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systems. In such a system, the three levels - a ground state |g⟩, and excited state |e⟩
and a doubly-excited state |s⟩ - which are ordered in increasing energy as shown in
Fig. 2.4. The |g⟩ ↔ |e⟩ and |e⟩ ↔ |s⟩ can be accessed via optical fields, and excitation
of |g⟩ into |s⟩ can be mediated by a two-photon process. In this configuration, a
single photon can be absorbed on the lower transition and stored in a coherence
between the |g⟩ and |s⟩ states conditioned the application of a strong control field
on the upper |e⟩ ↔ |s⟩ control field. As was the case in a lambda-system with EIT
and Raman, storage can be achieved both in the resonant or far-detuned regimes
with protocols such as FLAME [128] (Fast Ladder Memory) and ORCA (off-resonant
cascaded absorption) [106]. Remarkably low-noise single photon storage and retrieval
was successfully demonstrated in warm Caesium vapour using the ORCA scheme, with
efficiencies currently limited to ∼ 14%.
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Fig. 2.4 : Schematic of the ORCA protocol. (1) An optical signal is absorbed on
the |g⟩ ↔ |e⟩ transition via an off-resonant two-photon absorption process enabled
by the application of a strong control field on the |e⟩ ↔ |s⟩ transition. (2) Through
this process, the signal is coherently mapped to a collective coherence of the states |g⟩
and |s⟩, termed ‘orbital-wave’ (3) Applying the control field at a later time maps the
orbital-wave back onto an optical field, prompting the retrieval of the signal photon.
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Ladder configurations benefit from the absence of four-wave mixing processes as
the control field does not couple to the ground state, leading to storage and retrieval
interactions which are remarkably noise-free. Noise mechanisms related to imperfect
optical pumping in lambda-systems are also suppressed due to the negligible occupancy
of the storage state even at room temperature. Furthermore, fast repetition rates can
in principle be achieved due to the relaxation of the fundamental bandwidth limit
imposed by the ground-state splitting in lambda-type systems. Using such schemes,
the storage and retrieval of single photons was recorded in warm atomic vapours with
negligible change in photon statistics [106]. The main drawback of these schemes
come from the fast decay of the doubly-excited state used for storage, leading to short
memory lifetimes (5 ns in Caesium vapours and 86 ns in Rubidium). They are thus
well-suited to photon synchronisation applications but currently do not satisfy the
requirements of quantum repeater protocols.

2.3.2

Echo-based memories

Another subset of quantum memory protocols relies on photon-echo phenomena occurring in atomic ensembles with an inhomogeneously broadened optical transition
[129]. In such a system, the emitters can be shifted away from resonance by local
electromagnetic fields or Doppler effects, hereby distributing their central frequencies
according to an inhomogeneously broadened profile with width Γinh . Depending on the
atomic medium considered, Γinh can be orders of magnitude wider than the linewidth of
each individual emitter. An optical signal in the form of a light pulse can be absorbed
on such a transition and is mapped onto a collective excitation of the ensemble, where
each emitter is in a superposition of the ground and excited state. The coherence of
each emitter then accumulates a phase at a rate given by its resonant frequency. As the
ensemble is inhomogeneously broadened, this phase is different for each atom leading
to rapid dephasing of the stored excitation. However, this effect can be reversed using
control techniques first developed in the context of nuclear magnetic resonance [130].
By successfully reversing the dephasing mechanism, the coherences can rephase leading
to the coherent retrieval of the original signal field in a process known as a ‘photon echo’
[131]. Photon echoes are often used in spectroscopy experiments and implemented by
applying resonant optical pulses to the ensemble. Unfortunately, this approach leads
to population inversion in the ensemble which does not conserve photon statistics,
and thus cannot be used to build a quantum memory [132, 133]. One approach to
bypass this issue is to mute the first echo using non-phasematched pulses, as in the
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ROSE (Revival of Silenced Echo) protocol [134]. Other endeavours have led to the
development of schemes based on the manipulation of the inhomogeneously broadened
transition itself, as presented in the following.
Some echo-based protocols such as CRIB [129, 135, 99] (Controlled Reversible
Inhomogeneous Broadening) or GEM [136, 137] (Gradient Echo Memory) use an
external field to broaden the transition though the Zeeman or Stark effects. This field
can be controlled in order to manipulate the dephasing rate of the emitters through
the broadening of the transition. In the case of CRIB, a narrow absorption feature is
first created with spectral hole burning techniques which is then broadened with the
help of an external field with a transverse gradient. An optical signal with a spectrum
matching that of the broadened feature is then absorbed on the transition and allowed
to evolve in time. The polarity of the field gradient can then be reversed at any time in
order to cause a rephasing of the dipoles and retrieve the signal field. GEM consists of a
similar protocol, except that the external field is applied longitudinally which prevents
re-absorption of the retrieval echo and allows for typically higher efficiencies. GEM
memories have been demonstrated in both rare-earth ion doped solids and warm atom
ensembles with efficiencies of 69% [108] and 87% [138] respectively while typically being
limited to MHz bandwidths by the achievable linewidth of the artificially broadened
feature.

2.3.3

Quantum memories based on atomic frequency combs

Another promising way to realise a quantum memory in an inhomogeneously broadened
medium is via the atomic frequency comb (AFC) technique [96], which will be the
focus of work presented in later chapters.
Unlike CRIB and GEM, the AFC protocol does not rely on the application of
external electromagnetic fields. The absorption profile of an atomic ensemble is shaped
into a periodic comb-type structure made of a series of thin strongly-absorbing peaks by
frequency-selective optical pumping of an inhomogeneously broadened optical transition.
The atomic spectral density function then consists of a series of narrow peaks [96]. A
single photon spanning many such peaks can then be absorbed on the transition. If
the system is left to evolve freely, a single photon-echo will be re-emitted due to the
rephasing of the atomic ensemble occurring after a time depending on the characteristics
of the comb [139]. Until this point, the protocol only enacts a photonic delay line, in
the sense that the read-out time is predetermined. However, in a well-chosen system,
it is often possible to map the excitation onto a long-lived ground state, freezing the
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phase evolution of the process and effectively enacting an on-demand quantum memory
[96].
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Fig. 2.5 : Illustration of the AFC quantum memory protocol. The inhomogeneously
broadened profile of the |g⟩ - |e⟩ transition is shaped into an atomic frequency comb
using spectral hole burning techniques. After absorption of the input field, application
of control fields allow the storage of the excitation by freezing the dephasing processes
inside a long-lived ground state coherence.
Ideally, the storage medium is an inhomogeneously broadened ensemble of atomic
emitters with three ground states |g⟩, |s⟩, and |aux⟩, all optically coupled to a single
excited state |e⟩. The inhomogeneous broadening must also be much wider than the
homogeneous linewidth of the emitters. The first step of the process consists in the
creation of periodic absorption peaks on the |g⟩ - |e⟩ transition (the so-called atomic
frequency comb) using optical pumping and spectral hole burning techniques, i.e.
emitters sitting at well-defined frequencies are pumped into an auxiliary level |aux⟩.
The resulting absorption profile is then that described in Fig. 2.5, with the atomic
spectral density given by
g(δ) ∝ e

−δ 2 /4Γ2

∞
X

e−(δ−j∆)

2 /4γ 2

,

(2.2)

j=−∞

that is, a series of Gaussian peaks with individual width γ separated by a frequency
interval ∆. Γ is defined as the overall spectral width and δ the detuning from resonance.
This is the so-called ‘atomic frequency comb’ [96]. Note that scheme does not prescribe
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any particular profile of the AFC peaks. In Ref. [96], Afzelius et al. opt for Gaussians to
simplify the analysis, and this assumption underpins Eq. 2.7. However, square-shaped
teeth have been shown [140] to lead to higher efficiencies.
A single photon of spectral width γp satisfying ∆ ≪ γp ≤ Γ can then be absorbed
into the medium. This single excitation is delocalised over all N atoms within the
storage medium and can be described as a Dicke state [141] given by
|ψ⟩ =

N
X

ci eiδi t e−ikzi |g1 ...ei ...gN ⟩ .

(2.3)

i=1

Here, zi and δi are the position and detunings of the ith atom, k the light wavenumber
and the ci s a set of atom-dependent amplitudes. Due to the AFC profile, provided the
comb has narrow peaks, the atomic detunings can be approximated as δi = mi ∆ with
integer mi . This fixed phase relationship between the dipoles leads to the emission of
a rephasing echo at τ = 2π/∆ when all the atoms oscillate in phase again.
The full AFC protocol includes control pulses in order to transfer the excitation
towards a long-lived storage state |s⟩. The dephasing of the collective excitation is then
effectively frozen for the duration of the storage. The stored excitation, or spin-wave
[97], can be subsequently read-out by applying a second control pulse after a time
TS . By using this technique, not only can the storage time of the memory protocol
be extended to τ + TS , but also the read-out timing can be chosen at will which
is requirement in most quantum information processing schemes. The typical pulse
sequence for the realisation of such a scheme is shown in Fig. 2.6.
A more rigorous treatment of this phenomenon can be found in Ref. [96] which
employs the Maxwell-Bloch equations. For the two-level echo scheme, these are given
by
∂
σ(z, t; δ) = −iδσ(z, t; δ) + iµ2ge E(z, t)
∂t

(2.4)

!

Z ∞
∂
∂
+c
E(z, t) = iµge
g(δ)σ(z, t; δ)dδ,
∂t
∂t
−∞

(2.5)

where σ is the atomic polarization, the mean coherence of atoms at detuning δ and
µge is the dipole moment for the transition. These expressions, written for the case of
a two-level system, describe the effect of a light pulse travelling through a material on
the coherence of the atoms composing it. Substituting the atomic spectral distribution
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Fig. 2.6 : Details of the AFC protocol. (a) Spectral structure of an atomic frequency
comb with total width Γ, peak separation ∆, and individual peak width γ. The comb
has an optical depth d and d0 refers to any remaining absorbing background. The
dashed line refers to the shape of the original inhomogeneously broadened profile. (b)
Pulse sequence for the AFC protocol with spin-wave storage. The signal (blue) is
absorbed at t = 0. A control pulse can be applied after a time τ − τ0 , where τ = 2π/∆
is the AFC echo rephasing time. The control pulse freezes the dephasing process for a
time TS until another control pulse is applied. The stored field is then recovered via a
rephasing echo after a time τ0 .
g(δ) above and solving for the re-emitted field readily yields the expression below:
Eout = −Ein e−(π

2 /4 ln 2F 2 )

˜
˜ −d/2
de
,

(2.6)

where F = ∆/γ is the finesse of the AFC and d˜ = d/F is the optical depth experienced
by the pulse for a material of full optical depth d at the relevant wavelength. An
analytical expression for the efficiency of the process can then be derived to be
η=

2
|Eout
|
2
˜
˜
≈ d˜2 e−7/F e−d e−d0 ,
2
|Ein |

(2.7)

d0 representing an absorbing background, i.e. comb troughs not reaching full transparency. This analysis implies that much care must go into the preparation of the AFC
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in order to reach high efficiency values. In particular, there is an inherent tradeoff in
increasing the finesse which also often implies reducing the optical depth of the comb.
Furthermore, while the second factor in Eq. 2.7 benefits from higher values of F , the
first does not. Applying optimisation techniques to tailor the shape of the AFC is a key
factor in increasing the performance of the memory interaction, as shown in Ref. [140].
The beauty of this protocol is that the application of the control is resonant, thus
avoiding four-wave mixing noise phenomena, and temporally separated from the signal
emission, allowing the use of efficient time-domain filtering. It is also interesting to note
that the full AFC protocol (with spin-wave storage) offers the possibility of retrieving
the excitation by applying a counter-propagating control field, which has been shown
theoretically [96] to significantly increase the maximum efficiency of the memory due
to reduced re-absorption in the medium.
Another advantage of the AFC method is its multimode capacity [95]. Unlike many
other quantum memory protocols, the number of modes one can store in the medium
of interest is not limited by the optical depth of the material [96]. Indeed, it only
depends on the number of peaks in the atomic frequency comb. One way of seeing
this is that the number of modes N one can store using this method is proportional to
τAF C /τp , i.e. the ratio between the storage time and the pulse duration. However, as
the optimal pulse duration has a spectral width matching that of the comb, τp ∼ 2π/Γ
and since τAF C = 2π/∆, the accepted number of modes follows N ∝ Γ/∆ which is just
the number of AFC peaks.
Rare-earth ion doped solids, characterised by narrow homogeneous and wide inhomogeneous linewidths, are a natural platform for the implementation of the AFC
protocol [142–144]. Fully quantum AFC spin-wave memories were first demonstrated
simultaneously in Pr:YSO and Eu:YSO with weak coherent pulses [145, 146] and then
in Pr:YSO with single photons [46]. The efficiency of the spin-wave AFC protocol is
currently limited to ∼ 4% by the quality of the comb as well as the optical depth of the
ensemble. While the bandwidth of the AFC technique itself is only defined by that of
the comb profile, the maximal acceptance bandwidth of the spin-wave storage protocol
is fundamentally defined by the ground state splitting of the chosen atomic system.
This splitting is relatively small in many rare-earth ions (∼ MHz in praseodymium for
example), limiting the repetition rate of experiments as well as making the protocol
currently compatible with a small number of narrowband single photon sources [72].
Recently, alternative on-demand AFC memory schemes relying on electric field pulses
[147] have emerged, with initial results demonstrating higher efficiencies ∼ 38%.

2.4 Summary
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Summary

In this chapter, we have introduced the topic of quantum memories and provided an
overview of why they are a highly desirable device for optical quantum information
processing. A focus was made on the use of atomic ensembles as a storage medium.
Some of the more common memory protocols were briefly presented in the light of
performance criteria desirable for different applications. A quantum memory scheme
based on atomic frequency combs is highlighted as a particularly promising approach in
inhomogeneously broadened systems. In the following chapters we will report on some
work aiming to improve experimental realisations of the AFC protocol in solid-state
platforms.

Chapter 3
Rare-earth ion doped solids
This chapter aims to briefly introduce rare-earth ion (REI) doped solids, a promising
platform for the implementation of efficient light-matter interaction protocols. We
will discuss the particular example of Praseodymium ions doped into an Yttrium
Orthosilicate crystal (Pr3+ :Y2 SiO5 or Pr:YSO), which was used in all the experiments
involving REIs presented in this thesis. In order to provide an insight into the dynamics
of this system, a focus will be made on how the optical and spectral properties of
Pr3+ :Y2 SiO5 arise from the electronic structure of the Praseodymium ion and its
interaction with the host lattice.

3.1

Electronic structure

Rare-earth metals refer to group of elements including the Lanthanide series with
atomic numbers ranging from 57 (Lanthanum) to 71 (Lutetium), which are particular
for having a partially full 4f electronic shell within full 5s and 5p orbitals. The ions’
trivalent (e.g. Pr3+ ) oxidation state is the most common and is generally achieved
through ionisation of two electrons in shells of quantum number higher than 5p, and
one 4f electron. In the case of Praseodymium, the 4f electrons are spatially closer to
the nucleus than those in the filled 5s and 5p as shown in Fig. 3.1. As a result, the
outer orbitals provide a partial Faraday cage that shields the 4f electrons from external
electric fields. This property guarantees that the energy level structure rare-earth ions
doped into a solid-state lattice remains relatively similar to the free space case. This
screening effect also allows for remarkably narrow 4f -4f transitions making REIs an
attractive platform for solid-state optical devices.
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Fig. 3.1 : Radial distribution of different electronic orbitals for the Pr3+ ion. (Adapted
from [148])

3.2

Energy levels

The electrically isolated nature of the 4f electrons implies that the influence of the
external fields, such as that exerted by a host crystal lattice in a REI doped sample, can
be treated as a perturbation to the free-ion case. The full Hamiltonian of Pr3+ :Y2 SiO5
is then composed of a set of terms:
H = H0 + HC + HSO + HCF + HHF + HQ + HN Z + HEZ ,

(3.1)

each describing a different physical effect defining the energy level structure of the
system, outlined in Fig. 3.2. In the following, we will only briefly describe each of these
terms but more detail is readily available in reference [149]. Similarly, the the full
energy level structure of Pr3+ :Y2 SiO5 can be found in reference [150].
H0 accounts for the potential and kinetic energy of the electrons in the field of
the nucleus and due to its spherical symmetry does not shift the energy levels. The
Coulomb repulsion between the electrons, represented by HC , does lift the degeneracy
of the 4f shell and leads to the emergence of ground and excited states. The splitting
is of hundreds of terahertz (∼494 THz in Pr3+ ), and hence the resulting transitions
can be accessed with optical frequencies.

3.2 Energy levels

1

49

D
1

D2

1

D2(0)

±5/2e

4.8 MHz
±3/2e

4.6 MHz

~ 494 THz

4f 2

±1/2e

3

3

H6

3

~ 30 THz

H

Coulomb interaction

3

H5

3

H4

Spin-orbit coupling

H4(8)
~ 3 THz

±1/2g
3

H4(0)

Crystal field

10.2 MHz
±3/2g
±5/2g

17.3 MHz

Hyperfine and quadrupolar
interactions

~ 100 MHz/T

Zeeman effect

Fig. 3.2 : Typical energy level structure of rare-earth ions in solids, along with the
splittings induced by the interaction with local electromagnetic fields, shown for the
example of Pr3+ :Y2 SiO5 .
HSO refers to the spin-orbit coupling, where the magnetic field generated by the
electrons’ orbit around the nucleus interacts with the electron spins. This term leads to
another set of spectral terms split by tens of terahertz which are labeled 2S+1 LJ where
S is the net electronic spin, J the total angular momentum and L the total orbital
quantum number. Hence, according to this notation, the ground state of Praseodymium
is 3 H4 .
The electric field of the host crystal also affects the energy structure of the system
and is accounted for by HCF . Depending on whether the ion has an even or odd
number of electrons and the crystal’s site symmetry, the levels can be further split
into a maximum of 2J+1 additional levels with typical separations of 0.1 − 1 THz.
The relevance of the atomic state labelling is preserved by these splittings being
of considerably smaller magnitude than those induced by spin-orbit coupling. The
additional levels which emerge in presence of the crystal field are simply noted 2S+1 LJ (n)
with n ranging from 0 to 2J.
HHF represents the hyperfine coupling between the nuclear spin and the magnetic
field generated by the electronic angular momentum. In the case of Pr3+ :Y2 SiO5 , the
hyperfine term vanishes to first order and is often treated jointly with HQ , the electric

Rare-earth ion doped solids

50

quadrupole interaction between the nuclear quadrupole moment and the electric field
gradient at the nucleus generated by the surrounding charges [149]. This effective
hyperfine interaction splits each crystal field singlet into three doubly degenerate levels
labeled ±5/2, ±3/2, and ±1/2 by convention.
Finally, the degeneracy between pairs of hyperfine states can be lifted by the application of an external magnetic field. This interaction is accounted for by the electronic
and nuclear Zeeman terms HEZ and HN Z . The splitting is directly proportional to the
magnitude of the field, and recorded to be of approximately 100 MHz/T in Pr3+ :Y2 SiO5
[151].

3.3

Broadening mechanisms

Having elucidated the fundamental mechanisms defining the typical energy level
structure of most REI doped solids, we can now look at the environmental phenomena
limiting the lifetime of the electronic states. The spectral linewidth of a single ion’s
absorption and emission profile is defined by
Γh =

1
1
1
+
= ∗
2T1 T2
T2

(3.2)

where T1 represents population decay, T2 pure dephasing and T2∗ the overall decoherence
time.
The splittings between individual crystal field levels are of comparable scale to
phonon energies in the host crystal lattice, and hence ion-phonon interactions lead to
rapid decay of population to the lower crystal field levels and subsequent broadening
of the transitions. Elastic Raman scattering events can also cause dephasing of the
electronic state and reduce the ion’s coherence time. In order to reduce the magnitude
of these effects, experiments are often run at temperatures below 6K where phonon
contributions are minimised [152]. Furthermore, transitions linking the lowest crystal
field states are often chosen in order to avoid phonon-mediated decay.
At low temperatures, the homogeneous linewidth of REIs is limited by spin-spin
interactions with elements in the host lattice or simply other REIs. For example, the
excitation of one ion may cause fluctuations in the electromagnetic environment of
another ion nearby leading to spectral diffusion[153]. In general, interactions between
REIs are highly dependent on the distance between the ions and hence reducing the
dopant concentration is enough to mitigate this effect. Fluctuations in nearby nuclear
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spins result in the rare-earth ion experiencing a time-dependent magnetic field and
thus loss of coherence. The zero first-order Zeeman (ZEFOZ) technique [154] has been
successful in reducing the REI’s sensitivity to ambient magnetic fields and allowed
the observation of long spin coherence times[155]. In general, host materials with low
nuclear magnetic moments such as YSO are also chosen in order to further minimise
host-ion interactions. At low temperatures and given the right environment, rare-earth
ions can exhibit particularly narrow homogeneous linewidths [156] which contributes
to their attractiveness as quantum optical devices.
However, in practice, the full linewidth of a crystal doped with an ensemble of
rare-earth ions is orders of magnitude wider than that which would be expected
from homogeneous broadening alone. Indeed, each ion experiences a slightly different
environment due to the anisotropicity of the crystal field, strain in the crystal or the
presence of chemical impurities in the sample and as a result their resonance frequencies
can be shifted from each other. When probing the ensemble as a whole, the overall
absorption line can then be much larger than the individual narrow linewidths. This is
known as the inhomogeneously broadened linewidth Γinh and depends notably on the
doping concentration of the crystal. Hence, for ensembles of ions the full coherence
time can be expressed as
Γtot =

1
1
1
1
=
+
+
T2 ∗
2T1 T2 T2′

(3.3)

where T1 ′ = 1/Γinh corresponds to the contribution from inhomogeneous effects.
2
Since the inhomogeneous line is much wider than the hyperfine splitting, a single
optical frequency can simultaneously excite all of the transitions. As a result, gaining
access to the homogeneous linewidth of the ions, be it for spectroscopy or quantum
information storage, requires the use of coherence rephasing techniques [131, 157]. This
issue is often tackled using techniques such as spectral hole burning which allow optical
manipulation of the inhomogeneous ensemble.

3.4

Spectral hole burning in Pr3+:Y2SiO5

The main optical transition of interest in Pr3+ :Y2 SiO5 links the lowest-lying crystal
field levels of the 3 H4 and 1 D2 manifolds. This transition is only weakly allowed and
has a relatively low dipole moment of 3.7 × 10−32 C.m [135] (compared to 3.58 × 10−29
C.m for the Rubidium D2 line [158]). Praseodymium ions can replace Y3+ ions at
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two possible sites in YSO, simply known as sites 1 and 2[159]. The crystal field shift
experienced by Pr3+ ions in each site varies slightly leading to two spectroscopically
distinguishable 3 H4 (0) ↔ 1 D2 (0) transitions at 606 nm and 608 nm for sites 1 and
2 respectively. All experiments in this thesis are run on site 1 ions due to larger
population offering a transition with a higher optical depth. The host crystal, Y2 SiO5 ,
is characterised by three mutually perpendicular axes noted b, D1 and D2 defined by
the crystal birefringence [149, 160]. Light resonant with the transition is maximally
absorbed when its polarisation is aligned to the D2 axis.
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Fig. 3.3 : Diagram showing the hyperfine level structure of the 3 H4 (0) and 1 D2 (0)
states in Pr3+ :Y2 SiO5 , along with the 9 classes of ions within an ensemble which can
interact with a single narrowband optical field.
The 3 H4 (0) ↔ 1 D2 (0) zero-phonon line in Pr3+ :Y2 SiO5 is a narrow transition,
with an optical decay T1 of 160 µs and a reported decoherence time T2 of 111 µs at
4K and zero magnetic field[159]. As mentioned previously, the ground and excited
states are both split into three hyperfine levels which are separated by 4 to 17 MHz
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(see Fig. 3.3). The ground states can be extremely long lived, with T1 > 1 min and
T2 ∼500 µs[161, 162]. The subsequent 9 possible transitions are all weakly allowed, with
varying oscillator strengths detailed in Table 3.1 [135]. The 3 H4 (0) ↔ 1 D2 (0) transition
is also inhomogeneously broadened by typically of 1 − 10 GHz dependent on the P r3+
doping concentration. We recorded a 9 GHz linewidth with a 0.05% doping level.
As the inhomogeneous broadening is many orders of magnitude wider than the
homogeneous line, a single optical frequency can simultaneously be resonant with
nine groups (known as classes) of atoms whose transitions are shifted with respect to
each other as shown in Fig. 3.3. As a result, optical control of the ensemble can be
challenging and requires careful consideration of which ions are being addressed.
g/e
±1/2
±3/2
±5/2

±1/2 ±3/2 ±5/2
0.55
0.4
0.05

0.38
0.60
0.02

0.07
0.01
0.93

Table 3.1 : Relative oscillator strengths of the transitions between the hyperfine states
of the ground 3 H4 (0) and excited 1 D2 (0) manifolds, sourced from Ref. [135]
Pr3+ :Y2 SiO5 is a material which can benefit from the application of spectral hole
burning, whereby the spectral profile of an ensemble is manipulated via optical pumping.
Indeed, the long lifetimes of the hyperfine ground states allow the construction of
durable spectral structures, such as atomic frequency combs (see section 2.3.3) within
the inhomogeneously broadened line. If a single class is considered, the application
of a long enough pulse in resonance with one of the transitions will empty one of the
hyperfine ground states of population, which will be redistributed to the neighbouring
levels. Spectrally, this leads to the appearance of a narrow window of transparency
(or hole) at the excitation frequency and two associated troughs corresponding to the
transitions linking the now emptied-out state to the two other excited hyperfine states.
Due to population conservation, six enhanced absorption features (or anti-holes) will
also be observable, corresponding to the two states with increased population. Of
course, when taking all nine classes into account, the spectral structures can become
considerably more complex and can be found in more detail in Ref. [135], and is shown
in Fig. 3.4 below.
Note that in Pr3+ :Y2 SiO5 , the maximum possible width of a transparent hole, or
‘spectral pit’, is limited to 18.1 MHz [163] by the hyperfine structure of the ion, as
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Fig. 3.4 : Experimental trace (solid line) and simulation (dashed line) of the holeburning spectrum of the 3 H4 −1 D2 transition in Pr3+ :Y2 SiO5 . Figure from Ref. [135].
beyond that population is re-pumped into the hole. This value is defined by the total
separation of the hyperfine ground states (27.5 MHz) reduced by the total separation
of the excited state levels (9.4 MHz). Such a feature can be created by sweeping
a narrowband laser across a desired frequency interval. Using similar techniques,
the spectral density of an inhomogeneously broadened ensemble can be shaped into
structures such as atomic frequency combs (see section 2.3.3). Atomic frequency combs
can then be used to implement quantum memory protocols in the system. Spectral
hole burning is a cornerstone of many experiments involving Pr3+ :Y2 SiO5 [164, 165]
and will be the focus of results presented in the following section.

Chapter 4
Light-matter interactions for
broadband quantum memories in
Pr3+:Y2SiO5
In this chapter, we present experimental results obtained using ensembles of praseodymium
ions doped in an yttrium orthosilicate host crystal. The first part (4.1) focuses on a
new technique for engineering broadband atomic frequency combs in Pr3+ :Y2 SiO5 . We
first describe the experimental setup before providing a summary of the outcome of the
measurements accompanied by an evaluation of the advantages and limitations of the
method. This discussion leads to the description of a scheme for the realisation of a
ladder-type quantum memory in Pr3+ :Y2 SiO5 , which is the main subject of the second
part. In section 4.2, we present the results of experiments investigating the feasibility
of such a device, in particular studying the two-photon 3 H4 (0) ↔3 F3 (0) ↔ 1 D2 (0)
transition. All experiments in this chapter we performed by myself with the assistance
of J. N. Becker and P. M. Ledingham, and simulations were performed by myself.

4.1

Atomic frequency comb storage of broadband
light pulses in Pr3+:Y2SiO5

Pr3+ :Y2 SiO5 is well-known to be a platform of choice for the implementation of the
atomic frequency comb quantum memory protocol [96, 164] - see section 2.3.3. In-depth
understanding of its properties has led to many exciting results including one of the
first demonstrations of single photons storage in a solid-state quantum memory with
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on-demand readout [46]. As the properties of the memory depend immensely on the
exact profile of the comb structure, developing further spectral hole burning techniques
is crucial in order to tailor the system to any desired application [140].
Traditionally, the AFC profile is constructed within the ensemble by carefully
sweeping a narrowband laser across the inhomogeneous line [144, 145]. A window of
transparency (or ‘spectral pit’) is first prepared via spectral hole burning. Ions are
then selectively pumped back into the pit at specific detunings in order to generate the
“teeth” of the comb profile. Hence, careful control of the burning laser is necessary to
obtain a comb with high optical depth contrast between the spectral peaks and troughs.
The width of this AFC structure is bounded to a few MHz by the hyperfine ground
state splitting, limiting the acceptance bandwidth of the photon to be absorbed. In this
work, we introduce a simple method allowing the generation of broadband GHz-wide
atomic frequency combs in Pr3+ :Y2 SiO5 .

4.1.1

Concept

Consider an inhomogeneously broadened atomic ensemble with a lambda-type electronic
structure. A narrowband laser can imprint a spectral hole within the inhomogeneously
broadened line by pumping population into one of the two ground states. A pulse train
in time corresponds to a set of evenly spaced narrow peaks in the spectral domain.
Hence, given a large enough ground state splitting, an atomic frequency comb can in
principle be generated with a single pulsed laser.
In this section, we apply this idea to Pr3+ :Y2 SiO5 in order to produce a broadband
AFC. However, Pr:YSO is a complex system, with three ground and excited hyperfine
states leading to a total of nine optical transitions. Furthermore, as the inhomogeneous
broadening is much wider than the hyperfine state splittings, a single frequency
addresses up to nine classes of atoms. As a result, optically pumping the ensemble
with narrowband light leads to a intricate spectral structure with many holes and
anti-holes [161]. Applying a resonant train of short pulses to the system is equivalent to
pumping it with an optical frequency comb. The aim of this experiment is to show that
a periodic spectral structure can be engineered within an ensemble of praseodymium
ions using a frequency comb, despite its hyperfine structure. We then implement the
basic AFC light storage protocol using this technique and discuss its advantages and
limitations in the context of solid-state quantum memories.
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Fig. 4.1 : Diagram comparing broadband and narrowband AFC spectral hole burning
techniques. We prepare a broadband AFC (a) by the direct application of an optical
frequency comb generated by a pulsed laser. (b) The conventional narrowband AFC
preparation is achieved first by the creation of a transparency window followed by
selective repumping with a narrowband laser.

4.1.2

Experimental setup

The experimental setup necessary in order to investigate the hole burning technique
described above is composed of three main elements. We distinguish a stage used for
the preparation of the optical fields required in the experiment, the cryostat containing
the Pr3+ :Y2 SiO5 sample and a section where the light transmitted through the setup
is collected and analysed.

Light Sources
All the optical fields used in this experiment are generated by a synchronously pumped
pulsed dye-laser system (Sirah Gropius). The laser outputs a train of 70ps-long pulses
broadly tuneable in the 575-620 nm range using Rhodamine 6G in ethylene glycol as
a gain medium, allowing the 3 H4 (0) ↔ 1 D2 (0) transition at 606 nm to be addressed
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resonantly. The dye is pumped by 3ps-long pulses from an Ytterbium-doped fibre laser
(NKT AeroPULSE PS) converted to 516 nm by an optical frequency doubling stage
(APE Emerald Engine) produced at a repetition rate of 80 MHz. Pulses produced by
the dye laser itself are also spaced in time by 12.5 ns and have an average power of up
to 120 mW. The laser output can be tuned in steps of ∼ 1 GHz via a birefringent filter
and a thin etalon placed inside the cavity. In the frequency domain, the spectrum of
the pulse train is a frequency comb with a 4 GHz envelope and peaks separated by
80 MHz. The width of the peaks in the frequency comb is limited to ∼ 40 MHz by
rapid fluctuations in the laser spectrum mainly caused by instability in the dye jet.
The excitation setup is detailed in Fig. 4.2 below. The laser output is first split into
a strong and a weak beam. The first we refer to as pump or burn and will be used for
spectral hole burning. The remaining attenuated beam serves to probe the absorption
profile of the ensemble. Both arms of the setup can be switched on or off by mechanical
shutters attached to servomotors and electronically controlled by an Arduino setup.
The laser first passes through an acousto-optic modulator (AOM) which is used in
double-pass configuration and driven by an external radio frequency (RF) generator.
The light from the first diffracted order of an AOM is spectrally shifted by a value
equal to the modulation frequency. We can modulate the frequency of the RF signal
driving the AOM by 40 MHz at a rate of 10 kHz using an arbitrary waveform generator.
In effect, this sweeps the laser by 80 MHz at a 10 kHz rate, washing out the frequency
comb structure and resulting in a smoother spectral profile.

Fig. 4.2 : Optical setup used to prepare and probe a broadband atomic frequency comb
in Pr3+ :Y2 SiO5 . Figure courtesy of J. N. Becker.
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This preparatory step is necessary in order to generate the probe beam. A small
portion of this beam is picked off using a half-wave plate and a polarising beamsplitter
to form a train of weak coherent pulses. It then passes through an SFPI where the cavity
length is swept according to a sawtooth signal provided by a Toptica SC110 high-voltage
scanning module. The SFPI filters the input signal down to a narrowband optical
probe with a frequency depending on the interferometer cavity length. Furthermore, as
the pulses are initially spectrally broader than the SFPI free spectral range, the signal
has to be initially filtered using a thin monolithic etalon with 1 GHz bandwidth. The
output of the SFPI is then limited to 7.5 MHz by the cavity finesse with a scanning
range of 1.5 GHz. This setup allows us to perform spectroscopy on the transition
without resorting to a narrowband diode laser which was not readily available at the
transition wavelength.
A pulse-picking setup is also installed in the probe arm, and is accessible via a set
of flip-mirrors. The ability ot select single pulses form the laser is necessary in order to
generate the read-in signal for the memory protocol, where a single weak classical pulse
is resonantly absorbed by the atomic ensemble. This stage consists of a Pockels cell
(Leysop Ltd. cell with BME switching electronics) placed between two Glan-Taylor
prisms. The first prism is aligned to the input polarisation of the cell, and the second
is set such that all incoming light is blocked while the Pockels cell is off. Applying a
high voltage to the cell rotates the polarisation of the incoming beam with a ∼1 ns
rise time allowing light to pass through the second polariser. The cell is controlled by
an electronic signal provided by a Stanford DG635 delay generator. The DG635 is
synchronised to the incoming laser pulse with a trigger signal from a fast photodiode
collecting light picked off from the 516 nm Emerald Engine fibre laser used to pump
the dye laser system. This setup allows pulses to be picked at maximum rate of 10 kHz
from the 80 MHz input pulse train with an extinction ratio of approximately 1:2000
without spatial filtering via fibre coupling.
The pump beam is simply the unfiltered AOM output. Since the spectral blurring
effect conferred by the AOM can be gated on or off electronically, the beam has
two distinct modes of operation. The bare laser is used for spectral hole burning on
the inhomogeneous line. The beam with the AOM active is used to optically pump
all classes and populations in the ensemble equally and thus reset the system to its
equilibrium state. The pump and probe beams are then recombined and sent directly
to the sample via optical fibre.
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Cryostat and sample
For the course of the experiment, we use a 3 mm long Pr3+ :Y2 SiO5 with a 0.05%
doping concentration of praseodymium. The relevant transition connecting the 3 H4 (0)
ground and 1 D2 (0) excited states was detected at 605.977 nm. Its absorption profile is
shown in Fig. 4.3, corrected for the width of the weak pulses from the Gropius system
used as a probe. The blue curve corresponds to the maximally absorbed polarisation,
which occurs when it is aligned to the D2 axis of the crystal, and the red curve to
the minimally absorbed polarisation. We measure a inhomogeneous transition width
Γinh ∼ 9 GHz with an optical depth dmax = 3, accounting for the linewidth of the
probe laser.
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Fig. 4.3 : Optical depth of the ensemble 3 H4 (0) ↔ 1 D2 (0) zero-phonon line as a function
of detuning from resonance. As Γinh ≫ Γhom , this is also a measure of inhomogeneous
broadening in the ensemble. The blue and red curve correspond to the maximally and
minimally absorbed polarisations respectively. The spectra are corrected for the probe
pulse linewidth taking ∆ν = 4 GHz.
The sample is cooled to 2.6K using an Oxford Instruments Optistat Dry closed-cycle
cryostat system, to which additional heat shields were added. Silver paint is used to
fix the Pr:YSO sample to a holder connected to the cold finger. The cooling process
induces vibrations in the cold head (estimated at ∼ 10 µm) at a rate of ∼ 1 Hz, defined
by the length of the compression cycle. Measurements are affected by these vibrations,

4.1 Atomic frequency comb storage of broadband light pulses in Pr3+ :Y2 SiO5

61

although not critically due to appropriate polishing of the crystal facets and the long
timescales involved in the experiment. Excitation light from an optical fibre passes
through a PBS and waveplates for polarisation cleaning and control and is then focused
onto the centre of the sample with a f=200 mm plano-convex lens leading to a beam
waist of approximately 100 µm. As neither the crystal nor the cryostat windows are
anti-reflectively coated the transmission baseline of the cryostat setup is about 70%
off-resonance.

Detection and measurement
After going through the cryostat, the beam is collimated using another f=100 mm
lens and sent to the detection stage. In order to apply spectral hole burning on short
enough timescales, a large amount of optical power is required in the pump beam.
On the other hand, the probe has to remain many orders of magnitude weaker so as
to not impact the atomic state of the ensemble. Filtering is thus essential to avoid
contamination of the detected optical signal or damage to the detectors. Thankfully,
the pulse sequences used in the experiment never require both beams to be active
simultaneously. Spurious light can thus be simply filtered away using an additional
shutter blocking the beam path when necessary.
For all absorption measurements, light was detected with a fixed-gain Thorlabs
APD110A silicon avalanche photodiode (APD). In order to measure the AFC read-out
pulses, a variable-gain APD (Menlo systems APD210) boasting a 0.5 ns rise time was
used. With either detector, data is acquired with a fast oscilloscope (Teledyne Lecroy
Wavesurfer 10). This setup is sufficient to accurately detect the weak classical pulses
used throughout the experiment.

4.1.3

Broadband spectral hole burning

Using the setup described above, we manipulate the 3 H4 (0) ↔ 1 D2 (0) transition in
Pr3+ :Y2 SiO5 . The pulse sequence is as shown in Fig. 4.4: we first apply the pump
beam, then the probe, and finally the we use the modulated pump beam to reset the
ensemble to equilibrium populations. After imprinting the spectrum of the laser onto
the inhomogeneously broadened line via spectral hole burning, the narrowband probe
is scanned in order to perform spectroscopy of the shaped transition.
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Fig. 4.4 : Pulse sequence used to prepare and probe the AFC profile.
Time traces are collected with an oscilloscope synchronised to the scanning cycle of
the SPFI used to sweep the probe frequency. The reconstituted spectrum is presented
in Fig. 4.5, showing the probe with and without the application of the pump beam.

Fig. 4.5 : Transmission spectrum of the probe beam with and without activation of
the burn beam, analysed by scanning and monitoring the absorption of a weak probe
beam.
When the pump beam is on, the periodic structure of an AFC is very clearly
imprinted over more than 1 GHz. The bare probe beam, shown in blue, also exhibits
some periodic structure remaining from the original laser spectrum. This is due to
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the diffraction efficiency of the AOM used for modulation depending on its driving
frequency, which results in imperfections in the desired ‘smoothing’ effect.
Jitter in the laser causes the optical frequency comb to effectively have 40 MHz wide
peaks and troughs, which is much wider than the hyperfine state splitting. The relative
ground state populations are thus rearranged according to the relative transition
strengths leading to the the observation of additional structure within the AFC peaks
and troughs. This effect is also observed in results obtained from numerical simulations
shown in Fig. 4.6. The burning laser is modelled as a collection of narrowband probes
separated by 80 MHz which jitters by a maximum of 40 MHz around a central frequency,
inspired from measurements of the laser spectrum. Each of the burning frequencies
is taken into account in order to compute the pumping of atomic population along
the inhomogeneous line and the resulting atomic frequency comb profile. We also
consider the relative hyperfine state populations, which are redistributed according to
the relative oscillator strengths for the optical transitions between the 3 H4 and 1 D2
hyperfine manifolds [135]. Within this framework, relaxation of the hyperfine states is
neglected.
Due to its energy level structure, the widest maximally transparent spectral pit
(i.e. where no ions are left to interact with a designated frequency band) achievable
in praseodymium is 18.1 MHz [163]. Attempting to burn broader spectral features
necessarily implies re-pumping some population into a state that has already been
emptied out. This is the case with this experiment, and limits the contrast of the
comb (defined as the ratio between absorption peaks and background absorption)
to approximately 30%, with peaks at an optical depth dpeak ∼ 3.5 and troughs at
dbg ∼ 2.5.
The characteristics of the comb were further investigated as a function of burning
time TB and power PB , as displayed in Fig. 4.7(a) and 4.7(b). The OD contrast
plateaus when the pump beam is applied for longer times, suggesting an equilibrium
state is reached with the internal atomic dynamics. For high optical intensities in the
pump beam, power broadening in the ensemble blurs out the structure and reduces
its contrast, which ultimately sets a lower bound on the how fast an AFC can be
prepared. Unfortunately, when burning with lower powers, the comb contrast is limited
by frequency drifts in the setup. These are due to both the laser central frequency
drifting away from resonance as well as the cavity length of the etalon in the probe
arm being subject to temperature fluctuations. The comb profile was also studied
for a variety of laser detunings as shown in Fig. 4.7(c). While the flat difference in
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Fig. 4.6 : Comparison of measured (blue) and simulated (purple) comb shapes, assuming
a laser centre frequency jitter of 40 MHz.
optical depth only decreases mildly with increasing detuning, the absorbing background
can be almost entirely burned away when operating far away from resonance. This
is relevant for the AFC protocol, as background absorption negatively impacts the
read-out efficiency due to a portion of the collective atomic excitation being lost to
random dephasing [96].

4.1.4

Storage of classical pulses

Having scouted out favourable pumping regimes, the base atomic frequency comb
memory protocol is implemented. After preparing the AFC, a single weak classical pulse
is selected using the pulse-picking setup and absorbed resonantly onto the transition in
order to excite the ensemble. An echo-like readout pulse is then expected when the ions
rephase after a time interval defined by the inverse of the comb peak separation, here
12.5 ns [96]. This technique enacts a pre-programmed delay line where light is stored
in the excited state, as opposed to the true ‘on-demand’ quantum memory required
for photon synchronisation. This demonstration is however a necessary step towards
the development of a more complete protocol allowing long-term storage. However,
enacting broadband (∼ GHz) spin-wave storage with π-pulses would require upwards
of 50 W of average optical power at 80 MHz, which is not accessible with the laser
system used in these experiments.
A typical experimental sequence is then as follows. An atomic frequency comb is
first prepared on the transition by directly applying the pulse train produced by the
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Fig. 4.7 : Broadband atomic frequency comb structures depending on (a) Burn time
TB i.e. length of the applied preparation pulse train (burn power PB = 1.1 mW) (b)
Burn power of the preparation pulse train PB (TB =2s) (c) Detuning from the centre of
the inhomogeneous line (TB = 2 s, PB = 1 mW).
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laser onto the sample at approximately 10 mW of average optical power. The burning
beam is then blocked with a mechanical shutter with no detectable leakage, and a
single read-in pulse is picked using the Pockels cell and absorbed onto the shaped
transition. During this phase, the detector arm is unblocked and the absorption of the
read-in pulse is measured along with the emission of any subsequent read-out echoes.
Finally, the detector arm is blocked again, the AOM modulation is switched on, and
the full power of the laser - approximately 25 mW before the cryostat - is applied onto
the sample for at least 5 seconds. This has the effect of pumping the transition with
power-broadened smooth profile until equilibrium is reached, effectively resetting the
experiment. Throughout this experiment, the polarisation of all beams is horizontal,
aligned to maximal absorption in the sample. The recorded signal is shown in Fig. 4.8,
clearly displaying not one but many rephasing echoes.
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Fig. 4.8 : Time trace (red) of the photon echoes observed using a broadband AFC at
∆ = 5 GHz. The signal recorded in the absence of any AFC preparation is included for
reference in blue, arbitrarily scaled for visibility.
The echoes are separated in time by 12.5 ns which is, as expected, the inverse of the
comb spacing. However, the relative amplitude of successive echoes does not simply
decrease due to the decay of the atomic excitation as would be the case of a perfect
comb in a two-level system. Instead, the envelope first increases and then dies out
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on a timescale of a few tens of nanoseconds. This additional structure is attributed
to the excitation being spread over all ground states leading to an additional beating
phenomenon which is reflected in the numerical simulations shown in Fig. 4.10. The
secondary peaks observed after each echo in the experimental trace are artifacts caused
by afterpulsing in the detector.
In the AFC protocol, each excited emitter accumulates a phase depending on its
resonant frequency. An echo is observed when the collective state of the ensemble,
given in Eq.2.3 rephases due to the comb structure. This occurs when each of the
terms in the superposition ∼ ci eiδi t for an emitter i interfere constructively. Formally,
the temporal profile of the rephasing echoes is determined by the Fourier transform
of the atomic spectral distribution. In our simulations, measurements of the AFC
profile are used to define parameters ci and δi . We also assume that by the end of
the comb preparation process, the majority of the ions are pumped into the ±5/2
hyperfine ground state, which is coupled to three optical transitions. These transitions
are modelled as three distinct atomic frequency combs with equal spacing but detuned
with respect to each other by an amount equal to the hyperfine state splitting. While
broadband pumping of the ensemble could lead to re-pumping of population into the
other hyperfine state, including only three transitions in our model was sufficient to
reproduce the relevant dynamics. Finally, a finite AFC peak γ width is associated with
exponential decay of successive echo amplitudes following a time constant ∼ 1/γ.
The read-out signal was plotted for two different detunings and displayed in Fig. 4.9.
This data provides additional information concerning the regimes in which the
memory scheme can be operated. For average burning powers in excess of 20 mW,
no echoes are recorded. This is in accordance with the deterioration of the comb
profile for higher powers due to power broadening shown in Fig. 4.7. Detuning the laser
seems to increase the read-out amplitude, which agrees with previous results where
higher comb contrasts could be obtained off resonance. The efficiency of the memory
scheme, defined as the ratio of input to output, is plotted below (Fig. 4.11 for a range
(tot)
of detunings. The highest efficiency recorded values are ηAF C ∼ 20% summing over all
(1)
echoes and ηAF C ∼ 10% for any single echo. Here, the efficiency is defined as the ratio
of the echo amplitude to the imput amplitude. These values cannot be reproduced
using the analytical expression given in Eq. 2.7, as it relies on many assumptions Gaussian AFC peaks, narrow input signal bandwidth, and a single class of emitters that are not valid in this experiment.
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Fig. 4.9 : Photon-echo time traces for 0 and 8.8 GHz detuning from the inhomogeneous
line center (burn time TB = 2 s, burn power PB = 1 mW)
This experiment constitutes to our knowledge the first demonstration of a GHzcompatible AFC echo scheme in praseodymium, and paves the way for the realisation of
a fully on-demand broadband quantum memory in the solid state. The setup is however
far from being optimised, and many technical aspects have yet to be addressed. Indeed,
spectral jitter of the laser is the one of the main factors limiting the comb contrast,
as it fixes the comb teeth width to ∼40 MHz which induces re-pumping within the
ensemble. The ability to produce an optical frequency comb with peak widths under
18.1 MHz (the maximal width of a spectral pit [135]) would then allow the engineering
of AFCs with much higher comb contrast. Furthermore, given more control over the
laser spectrum one could burn potentially wider features using techniques described in
Ref. [163], leading to higher echo efficiencies.
The laser spectrum is broadened on short timescales by two main factors caused by
fluctuations in dye jet. Such fluctuations affect the laser cavity length, leading to jitter
of the comb centre frequency which shifts the entire spectrum. Furthermore, instability
of the carrier-envelope offset phase leads to a breathing motion in the optical comb,
where peaks close to the central frequency are shifted less than peaks further away.
Both of these effects may in principle be addressed by applying active stabilisation
techniques to the laser [166]. For example, cavity length fluctuations can be mitigated
by placing a fast electro-optic modulator within the cavity in order to adjust the
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Fig. 4.10 : Comparison of simulated and measured photon echoes. The measured
echoes were observed for the following comb preparation parameters: 0 GHz detuning,
TB = 2 s, and PB = 1.1 mW. The secondary peaks observed after each echo in the
experimental trace are artifacts caused by afterpulsing in the detector.
the optical path length in real time via an external feedback signal collected from a
measurement of the laser spectrum.
Although the efficiency of the protocol is respectable for a proof-of-principle demonstration, it is not sufficient when considering applications such as quantum repeaters or
photon synchronisation. Increasing the optical depth of the sample is perhaps the most
straightforward way towards addressing this issue. Increasing the doping concentration
in the host crystal tends to introduce further strain and damage to the lattice and
introduces further inhomogeneous broadening on all transitions. However, this is only
true until the REI concentration exceeds that of the element it replaces within the
host. Beyond that, the rare-earth becomes a major element of the lattice and further
increasing the concentration instead reduces broadening as the crystal approaches
stoichiometry. Stoichiometric samples exhibit both high optical depths and lower
inhomogeneous broadening [167], providing an ideal system for the implementation of
this protocol. Using waveguides to confine light to smaller volumes in the sample can
also lead to more efficient light-matter interaction with the ensemble. Nanophotonic
structures have been successfully used as an optical interface with REI ensembles,
allowing for example the storage and retrieval of single photons in a praseodymiumdoped laser-written waveguide [168], as well as in an erbium-doped lithium niobate
waveguide [169].
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Fig. 4.11 : Plot showing the efficiencies of the first, second and third echoes as well as
the total efficiency (sum of all visible echoes) as a function of detuning.
Finally there remains the underlying issue of the narrow hyperfine splitting in
praseodymium, which sets an intrinsic limit of a few MHz to the bandwidth of pulses
one can store in the long-lived hyperfine ground states. As a result, the traditional
full AFC protocol with spin-state storage cannot be implemented using GHz-order
pulses in praseodymium. Considering other species of rare-earths with larger groundstate splittings such Ytterbium [170] or Thulium [171] may offer a way forwards.
Alternatively, one can consider applying a memory protocol which does not require
transfer to the ground state, such as ORCA [106] (described in section 2.3.1) where
an excitation is stored in an excited state of an atomic ensemble using a two-photon
transition via an intermediate state. In Pr3+ :Y2 SiO5 , an AFC can then be used in order
to mitigate the fast dephasing of the excited state and allow storage times approaching
its T2 coherence time. This idea is explored in more detail in the following section,
where preliminary results investigating the 3 H4 (0) ↔3 F3 (0) transition at 1550 nm
(telecom C-band compatible) and 3 F3 (0) ↔ 1 D2 (0) transition at 995 nm in Pr3+ :Y2 SiO5
are presented.

4.2

Towards a ladder-type memory in Pr3+:Y2SiO5

Storage and retrieval of broadband classical pulses was successfully demonstrated in
the previous section. However, the usefulness of this technique for the development
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of interesting applications such as photon synchronisation or quantum repeaters is
limited by two fundamental aspects. The first and main drawback is the lack of
on-demand read-out of the memory, which occurs only when the excitation stored in
the excited state rephases after a time given by the AFC characteristics. Furthermore,
the wavelength of the 3 H4 (0) ↔ 1 D2 (0) transition is relatively inconvenient for both
single-photon generation and long-range optical communication. In order to address
these issues, we propose to implement the off-resonant cascaded absorption quantum
memory protocol (ORCA - see section 2.3.1) in this system. ORCA relies on a laddertype three-level energy structure with ground, intermediate and storage states labeled
|g⟩, |e⟩ and |s⟩ respectively as shown in Fig. 4.12. A strong ‘control’ field applied to the
|e⟩ ↔ |s⟩ transition enables the absorption of a weak propagating optical ‘signal’ field
on the |g⟩ ↔ |e⟩ transition and its subsequent mapping to a coherence between the |g⟩
and |s⟩ states of the atomic ensemble. The coherence can be stored for the collective
atomic excitation decoheres, and the signal retrieved in the form of an optical signal
by applying the control field again.
Such an atomic system exists in Pr3+ :Y2 SiO5 via two weakly allowed transitions,
3
H4 (0) ↔ 3 F3 (0) at 1550 nm and 3 F3 (0) ↔ 1 D2 (0) at 995 nm (see Fig. 4.12). In
principle, this allows the implementation of the ORCA protocol with a signal wavelength
compatible with telecom C-band optics and storage in the 1 D2 (0) state. Due to
substantial inhomogeneous broadening of the storage state, the coherence is expected
to dephase extremely fast. However, this pure dephasing effected can be mitigated by
additionally generating an atomic frequency comb on the 3 H4 (0) ↔ 1 D2 (0) transition.
In theory, the storage time of the memory is then only bounded by the coherence
time of the storage state T2 /4 due to the holeburning resolution limit imposed by
the homogeneous linewidth of the emitter [172]. Momentum conservation has to be
satisfied in this system, leading to two phasematching conditions necessary for the
retrieval of the stored excitation.
The collective excitation of the ensemble generated via the ORCA protocol, known
as the orbital wave, has a well-defined spatial phase profile and associated wavevector.
This wavevector is dependent on the detunings and propagation direction of the signal
and control beams during the storage interaction. In order to recover the excitation,
momentum conservation stipulates that the wavevectors associated with the signal,
control and orbital wave should add up to zero during the retrieval process. This first
condition makes the application of the control field necessary to the retrieval process.
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Fig. 4.12 : Diagram describing a combined AFC-ORCA quantum memory protocol. 1)
An AFC is first prepared on the 3 H4 ↔ 1 D2 transition. 2) A photon is absorbed on the
lower transition using a strong control field on the upper transition. 3) The excitation
is mapped to a coherence of the |g⟩ and |s⟩ states or ‘orbital wave’. 4) The signal can
only be retrieved via an application of the control field concurrent with an AFC echo.
The second condition is simply the rephasing of the inhomogeneous atomic emitters
according to the AFC protocol.
The control field can thus be switched on in order to retrieve the stored excitation
during any of the periodically occurring AFC rephasing windows. This constitutes a
protocol for a (quasi-)on-demand telecom-compatible broadband quantum memory in
a solid-state platform.
To the best of my knowledge, the relevant transitions in Pr3+ :Y2 SiO5 were found to
be somewhat under-documented. In this section, we present the results of a preliminary
spectroscopic investigation of the 3 H4 (0) ↔ 3 F3 (0) and 3 F3 (0) ↔ 1 D2 (0) transitions,
which aim to determine the feasibility of the protocol outlined above.
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Experimental setup

The same cryostat system and sample were used for these experiments as in the
previous section. However, the wavelengths necessary here required a different set of
light sources and detection systems altogether, which will be described in the following.
Light sources
A semiconductor laser (Santec TSL510) was used in order to address the 1550 nm
3
H4 (0) ↔ 3 F3 (0) transition. It outputs a fibre-coupled continuous-wave (CW) narrowband optical signal with a 40 MHz linewidth and 40 mW average power. The laser is
finely tunable from 1500 nm to 1630 nm in 1 pm (∼125 MHz) increments while offering
65 dB suppression of amplified spontaneous emission noise, and is a reliable tool for
narrowband absorption spectroscopy.
Higher optical power may be required in order to reliably pump the 3 H4 (0) ↔ 3 F3 (0)
transition and observe absorption on the 3 F3 (0) ↔ 1 D2 (0) line. To this end, the Santec
TSL510 can be used to seed a Pritel PMFA-33 erbium/ytterbium-doped fiber amplifier
(EDFA). The EDFA then offers up to approximately 1 W of optical power with negligible
impact on the signal linewidth within the 1535-1565 nm range. In the following, we
sometimes refer to this assembly simply as the ‘telecom laser’.
Light at 995 nm is provided by a self-seeded tapered amplifier (TA) designed and
built in house for this experiment, which consists of an external cavity placed around
a DILAS TAL-1010-2000 chip (see Figs. 4.13 and 4.14).
When the chip is pumped electrically, it emits ASE from both its front and back
facets with a broad spectral profile ranging from approximately 980 nm to 1030 nm.
ASE from the back facet is collected with an aspheric lens, polarisation rotated with a
HWP, spectrally filtered with a thin etalon, and sent onto a diffraction grating (1800
lines/mm). The first diffracted order is reflected back into the chip and seeds the
lasing process, where the tapered amplifier is the gain medium and the cavity ‘mirrors’
consist of the chip front facet and the grating. The seed light heavily skews the gain
dynamics of the laser and determines its spectral properties accordingly. Here, ASE
from the seed beam is spectrally filtered down twice, first by the etalon and then by
the fact that only a small portion of the light dispersed by the grating is coupled back
into the tapered amplifier. This ensures narrowband operation of the laser system.
Temperature and current stability of the device is guaranteed by a Thorlabs LDC4005
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Fig. 4.13 : Photograph of the mounted tapered amplifier chip.
high-power laser diode controller, connected to a thermal sensor and a Peltier element
applied to the chip mount.
The laser output is collected from the chip front facet and has an elongated and
very divergent spatial profile due to the geometry of the gain medium. Rudimentary
beam-shaping is achieved via a cylindrical lens with 100 mm focal length allowing the
beam to be coupled into optical fibre in order to obtain a clean Gaussian mode. Further
beam processing was limited by the device remaining very sensitive to back-reflections
despite the inclusion of an optical isolator. Light is picked off from the main output
and sent to an optical diagnostic stage, consisting of a Thorlabs SA210-8B SFPI
(10 GHz FSR, 67 MHz resolution) for fast spectrum imaging and a HighFinesse WS6600 wavelength meter (600 MHz resolution) for frequency monitoring. As previously,
the SFPI is controlled by a Toptica SC110 scanning module. With a cavity length
of 48 cm, the laser provides a continuous-wave optical signal tunable from 990 nm to
1030 nm. It offers stability down to approximately 100 MHz while providing 700 mW of
optical power. A measurement of the laser spectrum with the SFPI is limited by the
resolution of the interferometer, only allowing a bound to be placed on the linewidth
given by ∆νT A ≤ 67 MHz.
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TA mount
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To FPI and Wavemeter
for analysis
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Fig. 4.14 : Optical diagram of the self-seeded TA setup. Emission from the back facet
is filtered via a diffraction grating and reflected back into the chip in order to seed a
lasing process. The laser emission is collected from the front facet.
Light from both lasers is brought to the main setup via optical fibre and collimated
with aspheric lenses selected in order to generate beams of equal diameters. A small
portion of the 1550 nm beam is picked off and sent to a frequency doubling stage, which
was necessary for calibration purposes (see section 4.2.2). The infrared light is focused
onto a beta barium borate (BBO) crystal in order to pump a type-I frequency-doubling
process. The pump beam is then blocked out using a standard low-pass filter and the
signal is collected at 775 nm with an aspheric lens and coupled into fibre. The setup is
outlined in Fig. 4.15.
After polarisation control with a QWP and HWP in each beam path, both wavelengths are combined on a dichroic mirror (Thorlabs DMLP1180) before being focused
onto the Pr3+ :Y2 SiO5 sample placed in the cryostat (see section 4.1.2) via a 75 mm
focal length achromatic plano-convex lens. Light transmitted through the crystal is
then collimated using another identical lens and the two wavelengths are separated
with a dichroic mirror before being sent to detectors.
Detectors
This experiment requires detection of light at 1550nm, 995nm, and 606nm at light
levels ranging from sub-pW to mW. For higher powers a standard free-space switchable
gain germanium photodiode is used (Thorlabs PDA50B2, 800-1800 nm). The electrical
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BBO
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To Wavemeter
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To detectors
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Fig. 4.15 : Diagram of the optical setup used for probing the 3 H4 (0) ↔ 3 F3 (0) and
3
F3 (0) ↔ 1 D2 (0) transition in Pr3+ :Y2 SiO5 . CW lasers at 1550 nm and 995 nm are
combined and sent directly onto the cryogenically cooled sample in order to perform
narrowband spectroscopy. The 1550 nm beam is also frequency-doubled for calibration
purposes.
signal from the diode is then recorded on a fast oscilloscope. Level fluorescence from
the 1 D2 (0) state at 606 nm is detected using an Excelitas silicon single-photon counting
module (SPCM-AQRH) with 150 Hz dark counts, a quantum efficiency of ∼65%, and
a timing resolution of 350 ps. The SPCM produces a digital signal which is read out
using counting electronics in the form of a Swabian TimeTagger (3 ps timing resolution,
4 channels). Similarly, detection of weak infrared light was achieved via the use of an
InGaAs SPCM (ID Quantique ID220).
The relevant optical fields and transitions are summarised in Fig.4.16 for clarity.

4.2.2

Absorption spectroscopy of the 3 H4 ↔ 3 F3 transition in
Pr3+ :Y2 SiO5

Simple absorption spectroscopy of the 3 H4 ↔ 3 F3 transition around 1550 nm is performed. The laser is swept from 1500 nm to 1630 nm at a rate of 100 nm/s, with light
transmitted through the sample collected onto a Ge photodiode. Traces are recorded
on a fast oscilloscope for two different polarisation settings and shown in Fig. 4.17 in
units of OD. Six absorption peaks are observed from 1507 nm to 1550 nm with widths
ranging from 5 to 70 GHz, corresponding to different crystal field energy levels. Note
that 2J + 1 = 7 peaks should be expected: we surmise that an eventual seventh peak
could not be observed due to low visibility or the limited wavelength range of the
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Fig. 4.16 : Relevant ladder system in Pr3+ :Y2 SiO5 .
laser scan. The zero-phonon line corresponds to the lowest-energy peak (number 1) at
1550.3 nm and is also the narrowest as expected due to the absence of phononic decay
processes. The width and centre wavelength of each absorption feature can be found
in more detail in table 4.1.
Peak
1
2
3
4
5
6

Wavelength (nm)

Width (nm)

Width (GHz)

1550.3
1542.8
1528
1524
1513.2
1507.5

0.04
0.06
0.38
0.38
0.48
0.53

5.0
7.9
48.5
49.4
63.2
70.1

Table 4.1 : Central wavelengths and peak widths associated with the transitions shown
in Fig. 4.17

All transitions except for number 3 (as numbered in Fig. 4.17) show polarisation
dependent absorption. The optical depth of each feature as a function of input light
polarisation is plotted in Fig. 4.18. Transitions 1 and 6 appear orthogonal to 2,4, and 5
with peak 3 remaining constant throughout and showing no distinguishable polarisation
dependence.
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Fig. 4.17 : Transitions associated with the different crystal field levels in the 3 F3 manifold, numbered from 1 to 6 with increasing energy. The zero-phonon line corresponds to
peak 1. Traces are taken for two orthogonal polarisations aligned for maximal (orange)
and minimal (blue) absorption on the ZPL.

Fig. 4.18 : Polarisation dependence of the transitions associated with the different
crystal field levels in the 3 F3 manifold.
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Of these transitions, only the ZPL is of potential interest for the implementation of
the ORCA protocol as it is unaffected by phonon-mediated decay processes. Going
forwards we will focus on 3 H4 (0) ↔ 3 F3 (0) transition in particular. The absorption
feature is shown in Fig. 4.19.
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Fig. 4.19 : Absorption spectrum of the 3 H4 (0) ↔ 3 F3 (0) transition zero-phonon line,
measured using a weak narrowband probe.
This measurement confirms a transition width of Γinh ∼ 5 GHz and suggests an
optical depth d ∼ 0.7 after correcting for losses at the cryostat windows.
After confirming the existence of the required absorption feature at 1550 nm, we
now turn our eye to the 3 F3 (0) ↔ 1 D2 (0) transition, supposedly located around 995 nm.
As the tapered amplifier is not easily scanned across more than a few MHz before
mode-hopping typically by GHz at a time, finding the exact wavelength of the transition
is a tedious task. Furthermore, as the 1550 nm laser is continuous-wave, it is difficult
to saturate the lower transition. Due to low steady-state population in the 3 F3 (0) state
we expect very weak absorption on the upper transition, making the task of locating
the transition more of a challenge.
In order to approach this issue, we choose instead to detect fluorescence emitted
from the 1 D2 state. As the storage state is expected to be empty when the system is at
rest, detection of fluorescence at 606 nm while both infrared fields are on resonance is a
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clear marker of absorption on the 3 F3 (0) ↔ 1 D2 (0) line. We infer the wavelength of the
upper transition via energy conservation rules, as the frequencies of the 3 H4 (0) ↔ 3 F3 (0)
and the 3 H4 (0) ↔ 1 D2 (0) lines are known precisely. The absolute wavelength of the
telecom laser is however also unknown, and outside of the measurement range accepted
by the Wavemeter used to measure the 606 nm transition. In order to obtain an estimate
of the Santec laser frequency which is compatible with the Wavemeter calibration, we
opt to frequency-double the telecom signal. As mentioned previously, light from the
1550 nm beam is focused onto a BBO crystal and used to pump a Type-I up-conversion
process whereby a secondary optical signal is produced at half the pump wavelength.
Up-converted photons are isolated from the pump beam using optical low pass filtering,
coupled into optical fibre, and sent to the wavemeter.
A strong beam in resonance with the lower transition is then applied to the sample.
We scan the TA and monitor fluorescence emitted on the 1 D2 (0) →3 H4 (0) line with a
single-photon counting detector while blocking the pump wavelengths using stacked
optical filters with no detectable leakage (estimated ODfilters > 12). The results are
presented in Fig. 4.20 for an average power of 40 mW at 995 nm and both 40 mW and
1 W at 1550 nm.
The emission peak is centred around 994.85 nm and shows a width of approximately
5 GHz for a telecom excitation power of Ptelecom = 40 mW, possibly limited by the
width of the lower transition.
Having successfully located the transition, we now look to measure the absorption
of a weak resonant optical signal at 995 nm conditioned on the application of a strong
control beam at 1550 nm. Here, the signal and control wavelengths are reversed with
respect to the ORCA protocol described previously out of convenience, as high optical
powers were more readily available at 1550 nm through use of the EDFA. The tapered
amplifier is tuned onto resonance with the upper transition while the EDFA seed is
scanned across the 3 H4 (0) ↔ 3 F3 (0) line. The control beam is filtered out and we
collect light at 995 nm transmitted through the sample using a photodiode, the signal
of which is then then fed into a lock-in amplifier (LIA, Stanford Research 810). The
LIA outputs a DC voltage proportional to any modulation of the input signal at a given
reference frequency. The amplitude of the 1550 nm beam is modulated at 800 Hz using
an optical chopper (Thorlabs MC1F10A, controlled by a MC2000B module) using a
stable external input provided by an arbitrary waveform generator which generates
a square wave with 50% duty cycle. The output from the AWG is also used as the
reference frequency of the lock-in amplifier. Effectively, this setup allows the detection
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Fig. 4.20 : Fluorescence emission on the 1 D2 (0) →3 H4 (0) line as a function of the
frequency of the 995 nm laser used to excite the 3 F3 (0) ↔ 1 D2 (0) transition conditioned
on the application of a strong resonant optical field on the 3 H4 (0) ↔ 3 F3 (0) transition.
Traces are recorded for telecom excitation powers of 40 mW and 1 W. The x-axis refers
to detuning of the tapered amplifier.
of any change in amplitude of the signal beam conditioned on the application of the
control while filtering out noise and unrelated systematic effects in the system. The
lock-in voltage as a function of control frequency is presented in Fig. 4.21, showing a
clear 5 GHz wide absorption feature.
This measurement confirms that at least in principle, this system can be used to
implement a resonant ladder quantum memory protocol. The ORCA scheme itself is
based on off-resonant two-photon transitions via an intermediary virtual state, which
have yet to be observed in this system. To this end, we choose to return to fluorescence
based detection. The tapered amplifier is blue-detuned ∆ = +26 GHz from the
3
F3 (0) ↔ 1 D2 (0) line with the telecom laser scanned around a frequency red-detuned
the same amount from the lower transition resonance. We monitor fluorescence at
606 nm like in previous measurements while keeping both optical fields at full power,
and the results are shown in Fig. 4.22(a).The peak at ∆ = +26 GHz is the desired
detuned two-photon transition - its width is expected to be limited by the finite decay
rate of the storage state . The converse case, where the tapered amplifier is red-detuned
while the telecom laser is blue detuned, is shown in Fig. 4.22(b), where a similar
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Fig. 4.21 : Lock-in voltage measuring the resonant absorption of photons on the
F3 (0) ↔ 1 D2 (0) transition conditioned on a strong resonant control field applied to
the 3 H4 (0) ↔ 3 F3 (0). Here, the x-axis refers to the detuning of the telecom laser which
is scanned while the tapered amplifier is kept on resonance.

3

feature can be observed. Although off-resonant two-photon absorption was observed in
fluorescence configuration, the contrast was too low for it to be detected directly with
a weak signal beam.
The set of preliminary characterisations provided in this section are the first step
towards a proof-of-principle implementation of the ORCA protocol in Pr3+ :Y2 SiO5 . We
successfully demonstrated off-resonant two photon absorption on the 3 H4 (0) ↔ 3 F3 (0)
at 1550 nm and 3 F3 (0) ↔ 1 D2 (0) transition, one of the prerequisites for the scheme
to work. However, many issues have yet to be investigated. Crucially, the response
of the system in a pulsed regime is unknown as of yet. We hope that saturating the
relevant transition will be possible with a pulsed control beam, thereby increasing the
two-photon absorption contrast with respect to a fully CW setup. The lack of pulsed
lasers has also prevented further spectroscopy of the system, namely obtaining T1 and
T2 measurements via photon echo experiments. Current experimental efforts, running
outside of the scope of this thesis, focus on a more in-depth characterisation of the
system followed by the absorption of weak coherent pulses at telecom wavelengths, i.e.
the read-in part of the ORCA memory protocol. This scheme will then be combined
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(a)

(b)

Fig. 4.22 : Fluorescence emission on the 1 D2 (0) →3 H4 (0) signalling off-resonant
two-photon absorption on the 3 H4 (0) ↔3 F3 (0) ↔ 1 D2 (0) transition. The x-axis refers
to the detuning of the telecom laser. This trace is taken for 50 mW of optical power at
995 nm and 1 W at 1550 nm.
with the AFC protocol realised in section 4.1 in order to allow the observation of a
readout pulse.
In the following chapter, we focus on an alternative platform for the implementation
of a broadband AFC protocol, in the form of an ensemble of diamond nitrogen-vacancy
centres.

Chapter 5
Optical properties of the
nitrogen-vacancy centre in diamond
In this chapter, we provide a brief introduction to one of the most extensively researched
solid-state quantum platforms: the nitrogen-vacancy (NV) colour centre in diamond.
We first consider how the physical nature of the defect defines its energy level structure.
The photoluminescence spectrum of the defect is analysed, shedding light on the various
broadening mechanisms present in the system. We also review the optical, spin and
charge state dynamics of the defect and present some techniques commonly used to
control theses degrees of freedom. The material presented in this chapter is inspired by
reference [173], in which a much more detailed review of the NV centre can be found.
Diamond is a lattice consisting of carbon atoms where each atom is bound to
four neighbours forming a tetrahedron [174]. Both natural and synthetic crystals can
contain irregularities known as point defects, where a carbon atom can be missing from
a site (vacancy) or another atomic species is grafted into the lattice structure. Some
defects cause local alterations in the crystal, thus modifying its optical properties and
are referred to as colour centres [175]. Many colour centres in diamond are optically
active and have been actively studied over the past decades. A more comprehensive
overview of impurity-based defects in diamond can be found in reference[176, 177].
Diamond is a particularly attractive material for the optical study of point defects due
to its large bandgap (∆E ∼ 5.5eV ) making it transparent across a very large frequency
window [178].
In this chapter, we focus on a particular flavour of defect known as the nitrogenvacancy colour centre. It is composed of a substitutional nitrogen atom and an adjacent
vacancy, and can be aligned along any of the four equivalent ⟨111⟩ orientations of the
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diamond lattice [179]. That is, given a vacancy at any site in the crystal, a nitrogen
atom can substitute for any of the vertices of the tetrahedron formed by the adjacent
sites to form an NV centre. The symmetry axis of the defect is defined by the direction
running through both the nitrogen atom and the vacancy. The NV centre receives
an electron from each carbon and two from the nitrogen atom. One more can be
captured from a nearby impurity such as substitutional nitrogen for a total of six, which
influences the charge state of the defect. It is most often found in one of two possible
charge states, either negatively charged (NV− ) or neutral (NV0 ) [180]. The positive
state, NV+ also exists but is rarely observed as it forms in negligible populations in
nitrogen-rich diamond without additional doping or electric fields, and is also not
optically active [181, 182]. As the two more common charge states have different
electronic structure, their optical and spin properties differ [183]. Throughout this
chapter, we focus on the negative charge state and unless stated otherwise NV will
refer to NV− .
Colour centres in diamond behave essentially as single molecule-like quantum
emitters trapped within the diamond lattice. As a result, they have garnered much
attention as potential solid-state platforms for the implementation of quantum information protocols [173]. The NV centre is by and large the most widely studied
defects for this purpose, although over the past decade colour centres based on group
IV defects such as the silicon-vacancy (SiV) and the Germanium Vacancy (GeV) have
also seen a significant increase in popularity [184, 185]. This avenue of research has led
to many impressive experimental demonstrations spanning from magnetometry [186]
to quantum information science [187, 188].

5.1

Energy level structure

The energy level structure of the NV centre has been determined over the course of
many years of research, through the combined use of experimental and theoretical
methods. A full account of these efforts is beyond the scope of the thesis, and in this
section we will briefly summarise some aspects relevant to the work presented later
on. Detailed information on the structure of the NV centre can readily be found in
references [179, 189].

5.1 Energy level structure

5.1.1
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Electronic structure

The presence of a defect in the diamond lattice breaks the symmetry of the crystal.
As a result, in the region of interest, the wavefunction of the electrons is no more
well-described by Bloch states. This leads to the emergence of localised electronic states
in the vicinity of the defect. In the case of the NV centre, the presence of a vacancy
causes electrons from the adjacent atoms to be unpaired. These electrons are localised
to the vacancy region and are known as dangling bonds. The negatively charged state
of the NV centre has six electrons - one from each carbon atom, two from the nitrogen
and one received from a nearby impurity donor [190]. These electrons occupy the
molecular orbital states defined by the symmetry of the point defect, invariant only
under rotations and reflections [179]. According to ab initio calculations [189], there
are four possible single electron orbital states referred to as ex , ey , a1 (1), and a1 (2).
The e states are degenerate and have higher energy than the a states. As the a1 (1)
state is inside the valence band, it is de facto always occupied and the remaining four
electrons can be distributed to the remaining states as shown in Fig. 5.2. Filling these
states with six electrons defines the total spin of the system as S = 1 [173]. When the
NV centre is in its ground state the a1 orbital is filled and the e orbitals share the
remaining two electrons. When it is excited, one electron can be promoted from the a1
to one of the e orbitals.
Ground configuration

Excited configuration

Conduction band

ex

Valence band

ey ex

ey

a1(2)

a1(2)

a1(1)

a1(1)

Fig. 5.1 : Depiction of the occupied single electron molecular orbitals by the six
electrons in the negative NV centre. The configuration on the left corresponds to the
energetic ground state while an excited configuration is shown on the right.
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As there are 6 electrons present which can be in any of 8 possible states, the energy
structure of the NV− is given by combinations of the single electron wavefunctions.
These multi-electron wavefunctions can also be described equivalently in terms of the
two positive remaining holes (adding two electrons to the system would fill all the
orbital states). In this picture, the NV is in a lower energy configuration when both
holes are in the e state (noted e2 ) and has more energy when there is one hole in the a
orbital and one in the e (ae). Group theoretical analysis [189] finds that the defect
supports one triplet and three singlet states in the e2 configuration, while the e2 states
consist of two triplets and two singlets. States with the same electronic configuration
have the same energy until the Coulomb interaction is factored in and the degeneracy
is lifted. On the other hand, the degeneracy inside the triplet states remains intact
until spin-orbit and spin-spin interactions are taken into account.
The energy level structure of the system is largely defined by the ordering of the
states under the influence of electronic repulsion, shown in Fig. 5.1. The levels are
conventionally labelled according to their symmetry (A1 , A2 or E, defined by the
irreducible representation of the NV symmetry), along with a number, added on the
left, denoting the number of spin states given by 2S + 1. The ground state 3 A2 is an
orbital singlet, spin triplet manifold and thus contains three sublevels. On the other
hand, the excited 3 E is an orbital doublet and hence contains six, noted A1 , A2 , Ex ,
Ey , E1 and E2 . In summary, the NV centre has a triplet and a singlet subsystem,
with a ground and two excited states each. The triplet ground state is separated from
the excited state manifold by 1.945 eV (∼ 637 nm), while the singlet ground state is
separated from the first singlet excited state by 1.19 eV (∼ 1042 nm).

5.1.2

Fine structure of the triplet states

The spin-orbit and spin-spin interactions then lift the degeneracy between the triplet
states according to their orbital angular momentum and spin components respectively.
The triplet ground state have zero angular momentum due to the nature of its orbital
state [173] and hence does not experience any shifts imparted by the spin-orbit interaction. The spin-spin interaction splits the ms = 0 and the ms = ±1 ground states by
2.88 GHz.
The six excited sub-states have finite angular momentum and thus experience both
interactions leading to more complex structure [191, 192]. The spin-orbit separates the
sublevels according to their total angular momentum, leading to three pairs (A1 , A2 ),
(Ex , Ey ), and (E1 , E2 ) split by 5.5 GHz from each other [193]. Similarly, the spin-spin
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3

A2 (e2, T)
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Fig. 5.2 : Energy level structure of the NV centre as defined by Coulomb repulsion.
The states are labelled according to their orbital symmetry. The occupations of the
molecular orbitals are noted in parentheses in terms of the equivalent holes. The spin
nature of each level is also provided, with triplets labelled T and singlets as S
interaction shifts states depending on their total spin. The non-zero spin-states (A1 ,
A2 ,E1 , E2 ) are shifted up by ∼ 0.47 GHz while the Ex and Ey with zero spin are shifted
down by ∼ 0.94 GHz [194]. The A1 and A2 states are further split apart by ∼ 3.3 GHz
[193]. Overall, this leads to pairs of E states that are fairly close together, while the
A states are further apart with the A2 state in particular being fairly well isolated
energy-wise, as shown in Fig. 5.3.
The ground and excited manifolds are linked by optical transitions which obey
selection rules conserving spin and total orbital angular momentum [195]. These
transitions are summarised in table 5.1. Consequently, there is no spin-mixing in
the system if only the triplets are considered. The spin can however be flipped via
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Fig. 5.3 : Schematic of the NV 3 E excited state fine structure, including the effects of
the the spin-orbit and spin-spin interactions.
non-radiative transitions to the singlet states which will be detailed further in the
chapter. This also means that there exists no non-degenerate lambda-system in the
NV energy level structure under zero-field conditions.
g/e

A1

A2

E1

E2

A2,−1
A2,0
3
A2,+1

σ+

σ+

σ−

σ−

3

3

σ−

σ−

σ+

Ex

Ey

y

x

σ+

Table 5.1 : Summary of the selection rules for the optical transitions between the
ground and excited triplet states. x and y refer to orthogonal linear polarisations, and
the circular polarisations are defined as σ± = x ± iy

5.1.3

Strain and external magnetic fields

The influence of external fields can also significantly influence the level structure of the
NV centre. These effects are what form the basis of magnetic field and temperature
sensing schemes with NV centres [196, 197]. None of the experiments presented in this
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work require their application and we will thus only mention these effects in passing,
but more detail can readily be found in references [198] and [193].
Strain in the diamond lattice affects the local electromagnetic field experienced by
the NV and in particular, splits the degeneracy and induces mixing between the ex
and ey single-electron orbitals. This separates the excited 3 E manifold into two sets of
three states which can be split by several GHz in the limit of high strain [173]. On the
other hand, the ground state triplet is protected from crystal field induced-effects to
first order due to the nature of its electronic configuration and does not experience
any noticeable shifts. The mixing of the orbital wavefunctions induces mixing of
energy levels in the excited state fine structure. Under specific strain conditions, the
transitions can lose their spin-preserving properties and fully allowed optically induced
spin-flips can be observed [193]
The application of an external magnetic field splits the degenerate ms = −1 and
ms = +1 states via the Zeeman effect. The states with non-zero total spin are shifted
in frequency by a magnitude dependent on the projection of the field onto the NV
symmetry axis [198].

5.2

Spectral properties

Having elucidated the basic energy level structure of the NV centre, we now have a
basic skeleton to work upon towards understanding its physical behaviour. Unlike
single atoms in vacuum, colour centres in diamond interact with the crystalline host
matrix. This heavily affects their spectral properties, and conversely studying the
spectrum of a defect can reveal much information about its internal dynamics. In this
section we outline the main broadening mechanisms present in the NV in order to shed
some light onto the optical spectrum of the defect.

5.2.1

Optical broadening mechanisms

The excited states of the NV centre experience decoherence mechanisms which define
the homogeneous linewidths of their transitions Γh . As was seen previously in the
context of rare-earth ions (see section 3), the linewidth of a single emitter is given by
Γh =

1
1
1
+
= ∗,
2T1 T2
T2

(5.1)
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where T1 represents population decay, T2 the characteristic timescale of processes
leading to pure dephasing, and T2∗ the overall decoherence time. In particular, T1
includes both purely optical channels as well as decay involving by non-radiative
processes.
In the case of diamond colour centres, non-radiative processes are often caused by
phonon-mediated mechanisms. Phonons are quantised excitations of the vibrational
modes supported by the diamond lattice. These vibrations can couple to the orbital
states of the NV centre leading to effects which are absent from isolated atoms trapped
in free space [199].
Photons can interact with an optical transition even far away from resonance via
the creation or destruction of phonons in the lattice. For example, the defect can be
excited by the absorption of a blue-detuned photon or emit red-detuned photons aided
by the subsequent creation of a lattice phonon. This can be seen as optical excitation
altering the electronic wavefunction of the defect, thereby affecting the surrounding
lattice atoms which relax by creating a lattice vibration. The converse process, where
existing vibrations in the lattice provide the missing energy exists at room temperature
but is typically suppressed in cryogenically cooled samples. There are thus two types
of optical transitions in the system, depending on whether an exchange of phonons
is involved or not. This distinction leads to two features in the spectrum of the NV
centre (see Fig. 5.4) - a narrow peak on resonance with the native electronic transition
(known as zero-phonon line or ZPL) and phonon sidebands (PSB) at both higher and
lower frequencies corresponding to the emission of photons at different frequencies
aided by the destruction or creation of a lattice vibration. In the following, ZPL will
refer to the triplet optical transition at 637 nm unless stated otherwise.
The zero-phonon line of the NV centre itself is also affected by phonons through
Raman scattering events and the dynamic Jahn-Teller effect (DJT) [200]. The DJT
effect is an orbital phenomenon whereby phonons can couple orbitally degenerate energy
levels. This results in a rapid exchange of population between orbitally degenerate
levels in the 3 E manifold and is associated with dephasing of the excited states. The
defect can also interact with lattice vibrations through a two-phonon Raman scattering
process, which is another source of dephasing. Both of these phenomena lead to a
sizeable broadening of the optical transition associated with rapid dephasing of both
the singlet and triplet excited states of the NV centre. At cryogenic temperatures
the phonon population in the lattice is minimised, which leads to the elimination of
processes relying on vibrations already existing in the lattice. Linewidth broadening
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induced by both Raman and DJT effects scale steeply with temperature T, exhibiting
a dependence of T 7 and T 5 respectively [201]. At room temperature, the fine structure
of the excited state triplets cannot be fully resolved and only three levels are observed.
This is due to phonon-mediated processes averaging out the orbital components of the
excited state [202]. Optically excited population is thus distributed equally over all
states with the same spin projection. Phonons only couple to the orbital part of a
state and thus the spin portion is left intact, leading to the observation of only states
with different spin projections [173, 193].
The NV centre is very sensitive to electric fields which lead to shifts in the energy
level of the excited states. Fluctuating charges in the vicinity of the defect can thus
lead to jitter of the ZPL central frequency which translates to an equivalent dephasing
of the excited state and homogeneous broadening of the line. Ionisation of nearby
defects are thought [203] to contribute significantly to this effect, which is known as
spectral diffusion.
Strain and impurity concentrations are rarely homogeneous over the entirety of a
diamond crystal. As a result, NV centres in different locations experience different
amounts of strain and electromagnetic fields, which shift their resonant frequencies
accordingly. This phenomenon, known as inhomogeneous broadening, distributes the
zero-phonon lines of the defects in any given ensemble across a potentially wide range
of frequencies. The resulting inhomogeneous broadened line is apparent when scanning
the absorption profile of an ensemble of NV centres, and can reach up to hundreds of
GHz, orders of magnitude wider than the homogeneous linewidth of the triplet optical
transitions. As inhomogeneous broadening is caused by spatial variations in the local
electromagnetic field, the associated linewidth is highly dependent on the density of
defects and impurities in the sample [204, 205]. As such, sparse ensembles tend to
exhibit narrower inhomogeneous widths.

5.2.2

Spectrum of the NV− centre

The fluorescence spectrum of the NV centre is most often recorded by exciting the
defect off-resonantly using an optical field at a wavelength shorter than that of the NV0
zero-phonon line. The Franck-Condon principle states that the excitation of electrons
by an optical field occurs much faster than the creation or annihilation of photons
arising from the relaxation of surrounding atoms [206, 207]. Consequently, the defect is
first excited into a state where both the vibrational and electronic degrees of freedom
are excited. The system relaxes first to the vibrational ground state due to the longer
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electronic excited state lifetime. The electronic state decays preferentially into the
higher vibrational states of the electronic ground state which then decays fast to the
lowest energy configuration of the system [208]. The excitation nevertheless has a finite
chance of decaying purely optically from the vibrational ground state of the excited
electronic state to the overall ground state of the system. This process corresponds to
emission into the zero-phonon line.
This type of excitation thus leads to fluorescence emission into both the ZPL and the
PSB allowing the observation of the full spectrum of the defect. A typical spectrum is
provided in Fig. 5.4, showing zero-phonon lines at 637 nm and 575 nm for the NV− and
NV0 respectively. The associated phonon sidebands are also clearly visible, extending
far into the near-infrared. Although not included in the figure, the N V − singlet also
has similar associated features around 1042 nm. From this spectrum, the relative
proportion of the emission into the ZPL can be estimated, given by the Debye-Waller
(DW) factor [209]:
IZPL
,
(5.2)
α=
IZPL + IPSB
where IZPL(PSB) is the total intensity emitted into the ZPL(PSB). The NV− DebyeWaller factor is low, with α ∼ 0.04, meaning that although the defect is quite bright,
most of the light emitted is found in the sideband [210–212]. The absorption spectrum
of NV− is very similar to its photoluminescent spectrum, and the DW factor holds
when considering absorption into the ZPL as well. This is perhaps the main limit factor
with respect to using the NV centre as an optical qubit. The Debye-Waller factor is
not limited by phonons already existing in the lattice, and thus does not benefit from
cryogenic cooling.
The zero-phonon line is considerably broadened by phonon scattering mechanisms
at room temperature, up to several THz [213]. Cryogenically cooling the sample will
suppress these effects, leading to a linewidth much closer to the decay-limited value
1
of Trad
∼ 16 MHz where Trad is the optical decay rate of the NV excited state into
the zero-phonon line [214, 215]. This nevertheless depends on the magnitude spectral
diffusion which can sometimes reach several hundreds of MHz [212].

5.3

Optical and spin dynamics

The reason the NV centre has been historically so favoured for the implementation of
quantum protocols lies in the unique interplay between its optical and spin properties.
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Fig. 5.4 Fluorescence spectrum of the NV centre as recorded from illumination at
532 nm at 4 K. The zero-phonon lines of both the neutral and negative charge states
are visible at 575 nm and 637 nm respectively. The NV− ZPL is seen as a dip rather
than a peak due to high resonant re-absorption in the sample. Wide overalapping
phonon sidebands are observed for both defects, extending into the near-infrared. Data
collected from the sample used in Chap. 6.
Optical excitation can affect the spin state of the defect via a so-called inter-system
crossing (ISC) [216] linking the triplet and singlet subsystems as shown in Fig. 5.5.
States in the excited triplet manifold can decay non-radiatively to the 1 E singlet
state via a non-radiative channel. Crucially, the rate at which this process occurs is
highly spin-dependent, with the states with non-zero spin decaying into the singlet
almost 7 times faster than their counterpart [217]. The excited singlet then decays
to the 1 A1 ground state on a picosecond timescale before being transferred back to
the triplet system via another crossing. The relaxation rates from the singlet to the
triplet are not spin dependent and do not affect the relative spin populations. This
phenomenon implies that if the defect is continually excited above-band with, say,
light at 532 nm, the population will continually cycle between the two subsystems and
eventually accumulate into the ms = 0 spin state [218, 173].
This technique has a slew of applications, the first and foremost being a simple
way of initialising the spin state of the NV centre. While ground state spin relaxation
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Fig. 5.5 : Schematic of the intersystem crossing present in the NV centre structure.
Preferential decay of the ms = ±1 spin states into the singlet 1 A1 state leads to spin
polarisation of the defect under off-resonant excitation. The vibrational bands leading
to the emergence of the phonon sideband are omitted in this diagram.
timescales do limit the achievable spin polarization, it is not the main factor as
the defect features long spin lifetimes, with recorded values of T1,spin ranging from
milliseconds at room temperature to seconds at 4K [216]. This is due to the main
phonon-mediated mechanisms coupling the spin states being minimised at cryogenic
temperatures. The spin dephasing time T2,spin depends significantly on the properties
of the host crystal, ranging from microseconds in dense samples [219, 220] expected
to contain many impurities to milliseconds for isotopically engineered diamond [221].
The coherence time is mainly limited by interactions with neighbouring defects such as
substitutional nitrogen atoms in the diamond lattice [205].
The optically-induced spin dynamics also form the basis for an easily implemented
method to read out the spin-state of the defect [222]. As mentioned previously, the
defect emits fluorescence in a wide band when excited off-resonantly with an optical
field. As the ms = ±1 states in the excited triplet manifold have a high chance of
relaxing to the singlet state instead of optically decaying to the triplet ground level,

5.4 Charge dynamics

97

they emit significantly less fluorescence than the zero spin state in both the ZPL and
the phonon-sideband. This leads to a sizeable contrast of ∼ 30% [222, 204] between the
fluorescence levels detected from each spin state in single NVs. A simple, yet reliable
scheme allowing optical readout of the spin state can thus be constructed via this
effect, with the measurement time limited by the spin resetting effect mentioned above
[223, 204]. While this method does also lead to fluorescence from the NV0 state, this
portion can be selectively filtered out due to a difference in the emission spectra [224].
At zero magnetic field, the ms = 0 and ms = ±1 ground states are split by 2.88 GHz,
a frequency which is accessible to microwave fields. Microwave pulses can be applied
to address and control the spin state of the ground level, forming a robust two-level
system which can be used as a qubit for quantum information protocols [188]. The
dependence of the ground state system to external magnetic fields has also led to the
development of many magnetometry schemes employing the NV centre as a highly
sensitive atom-sized probe [225, 196].
The defect can also be excited with light resonant with the NV− zero-phonon line
[226]. In this case, the dynamics are given by the transitions described in table 5.1.
The selection rules are largely spin-preserving, leading to the ms = 0 ground to excited
transition forming a good approximation to a cycling transition.

5.4

Charge dynamics

The charge state of the NV centre is also heavily affected by optical fields, which can
be used to cycle between the its negative and neutral states. Comprehensive insight
into the charge state dynamics of the NV can be found in a study by Aslam et al. [224].
The ionisation process, triggering the conversion of NV− to NV0 requires an energy of
2.6 eV from the triplet ground state 3 A2 , corresponding to optical excitation at 478 nm.
The gap separating the excited triplet state of NV− to the conduction band is much
smaller, and hence ionisation can also be triggered by a two-photon process at longer
wavelengths (478 nm ≤ λexc ≤ 637 nm). In this case, the first photon excites the system
into the excited triplet state of NV− and the subsequent photon causes the ionisation
of the defect into the NV0 . The recombination process requires NV0 to capture an
electron from the valence band in order to revert to the negative charge state. This
mechanism is conditional on NV0 to be in an excited electronic configuration and thus
occurs rarely when the system is at rest. As a result, the NV0 was first studied as a
metastable dark state of the defect [227] before being accurately identified [224]. The
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recombination process can be stimulated via optical excitation of the neutral charge
state at a wavelength shorter than its zero-phonon line at 575 nm. The mechanisms
leading to optically-induced charge state conversion are summarised in Fig. 5.6.

2.94 eV

2.6 eV

Conduction band

NV-

NV0

NV-

NV0

NV-

NV0

NV-

NV0

Valence band

Fig. 5.6 : Optically-induced charge state conversion mechanisms in the NV centre.
Ionisation is shown on the left: 1) a photon is absorbed on the NV− ZPL at 637 nm,
exciting the defect into its 3 E state. 2) A second photon absorbed at the same
wavelength provides sufficient energy to promote an electron to the conduction band,
ionising NV− to NV0 . The recombination process is shown on the right: 3) a photon
is absorbed on the NV0 ZPL at 575 nm, exciting the defect. 4) In this configuration,
and electron can be captured from the valence band, prompting the conversion back to
NV− .
Ionisation only requires enough energy to excite an electron into the conduction band,
and is thus a relatively broadband process. This is also the case for the recombination
mechanism which relies only on the optical excitation of the neutral charge state. Both
processes occur at rates which depend on the excitation wavelength and power and
following the absorption cross-section of each charge state. If the defect is illuminated
at 532 nm, both mechanisms are enabled, leading to continuous cycling between the
charge states with an average NV− population of 70% (with the rest being in the
neutral state), close to the optimum over all excitation wavelengths. This property can
be used to reset the charge state of an ensemble of NV centers to a known equilibrium
value. On the other hand, continuous excitation at wavelengths longer than 575 nm
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leads to a much lower NV− population p− ≲ 10% as the defect is trapped in the NV0
state. The wavelength dependence of p− is illustrated in Fig. 5.7.

Fig. 5.7 : Probability of the defect of being in the negatively charged state under
illumination at various wavelengths. The NV− population is much lower for longer
excitation wavelengths where the recombination process is suppressed. The peak at
575 nm is due to resonant addressing of the NV0 ZPL leading increased excitation of
the neutral charge state. Figure from Ref.[224]
Finally, at the wavelengths where optical ionisation of the defect is a two-photon
process, the ionisation rate follows a quadratic dependence on the excitation intensity.
This relation transitions to a linear regime as the excitation wavelength approaches
470 nm.

5.5

Summary

In this chapter, we have provided an overview of the optical properties of the NV
centre and how they arise from the defect’s electronic structure. The spin dynamics
induced by optical excitation of its negatively charged state were established and
linked to some commonly used experimental techniques. The system is particularly
attractive as it can be initialised and readout using simple methods. Overall, these
properties have consolidated the NV as a promising solid-state platform which has
enabled many protocols from magnetometry [228] and remote entanglement [187] to an
experimental demonstration of quantum thermodynamic signatures [229]. This short
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review will underpin work presented further in this thesis which focuses on light-matter
interactions with ensembles of NV centres.

Chapter 6
Spectral hole burning of an atomic
frequency comb in ensembles of
diamond NV centres
As we have seen in Chapter 2, the development of quantum memories is a crucial step
towards building functional quantum networks. Within the many existing protocols for
photonic quantum memories in atomic ensembles, the atomic frequency comb protocol
(see section 2.3.3) stands out as especially promising. As it relies on inhomogeneous
broadening as resource it provides an avenue for the realisation of photon storage in
solid-state media where individual emitters can experience large shifts due to crystal
fields in the host lattice. The AFC protocol has supported the storage and retrieval
of single photons in ensembles of rare-earth ions doped into solid-state materials
such as praseodymium-doped yttrium orthosilicate (Pr3+ :Y2 SiO5 ) [164]. Most full
implementations of the protocol rely on mapping light to a long-lived ground-state
coherence. However, the performance of quantum memories based on rare-earth
ensembles is often limited by the narrow splitting (∼MHz) between the hyperfine
ground states of the ions. This in turn reduces the acceptance bandwidth of the
memory, thereby setting a bound on the time-bandwidth product and restricting the
choice of compatible single photon sources.
The nitrogen-vacancy (NV) colour centre in diamond (introduced in chapter 5) is
a point defect in the diamond lattice and one of the most widely studied solid-state
quantum emitters. Due to its large (∼ 2.8 GHz at zero field) ground state splitting, it
stands as an alternative candidate for the implementation of a quantum memory based
on the atomic frequency comb protocol. Efficient spectral hole burning techniques
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are required in order to prepare the spectral profile which the AFC technique relies
on. There are relatively few studies of hole burning in ensembles of NV centers.
Past implementations focus on shaping inhomogeneously broadened transitions by
selectively pumping population in certain spin states [230]. This method is similar to
the techniques currently employed in rare-earth ions [135], and is intrinsically limited
by the ground state relaxation time of the emitter.
In this Chapter, we devise and investigate a novel approach to spectral hole burning
in ensembles of NV centres. This method, based on ionisation of the negatively charge
NV centre to its neutral charge state, is then implemented in order to to demonstrate
the first realisation of an atomic frequency comb in this system. We first outline the
technique and propose a road map towards an atomic frequency comb memory in NV
ensembles. The experimental setup used in our experiments is then presented. This is
followed by a characterisation of ionisation dynamics in the sample and results showing
the AFC profile. All experiments in this chapter were performed by myself with the
assistance of J. N. Becker and P. M. Ledingham.

6.1

Concept

We wish to implement the AFC protocol on the zero-phonon line of an ensemble of NV
centres. In order to do so, the transition, which can be inhomogeneously broadened by
hundreds of GHz, must be shaped in the spectral domain into series of regularly spaced
peak characteristic of the atomic frequency comb. Then, a single photon absorbed
resonantly on the transition can be mapped onto a collective excitation of the ensemble
and is re-emitted via a rephasing echo at a later time defined by the properties of the
comb (see section 2.3.3).
In most cases, the nitrogen-vacancy centre can be either negatively charged (NV− )
or electrically neutral (NV0 ). The NV− state can be converted to NV0 via an ionisation
process triggered by two-photon absorption at 637 nm (see section 5.4. This can be
reversed by a recombination process requiring the excitation of the NV0 state. As the
zero-phonon line of the neutral state is located at 575 nm, neutrally charged centres
appear ‘dark’ at the NV− resonance frequency [224, 231]. Furthermore, as excitation
of the NV− ZPL does not excite the NV0 state, the recombination process is typically
suppressed. One possible approach to hole burning in NV− centres can thus be to
selectively ionise emitters at desired frequencies to another charge state. The ensemble
would then be transparent at the frequencies where defects have been ionised and the
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inhomogeneous line shaped arbitrarily. An advantage of this technique is that the hole
lifetime would only be limited by the potentially slow charge dynamics of the ensemble.
In this chapter, we demonstrate an implementation of this technique using a pulsed
laser, consisting of a series of evenly spaced peaks in the spectral domain, applied on
resonance with the NV centre zero-phonon line.
Absorption of a single photon on the transition and its retrieval via the subsequent
rephasing echo does not constitute a full on-demand quantum memory . As the timing
of the echo cannot be controlled, the protocol is closer to a photonic delay-line. Longterm storage of the excitation is typically achieved via a transfer to a long-lived ground
state coherence [96]. This approach requires a transition to another metastable ground
state as can be found in a lambda-type energy level structure. Optical transitions
between spin states in the NV centre are forbidden by selection rules or at best only
weakly allowed due to strain-induced spin mixing. Nevertheless, a lambda-structure
can be obtained via that application of an external magnetic field splitting the ms = ±1
hyperfine ground state states by up to several GHz [226]. Each of these states is linked
to the excited state manifold by orthogonally polarised optical transitions and can
thus be addressed separately. Initialisation of the ensemble into the one of the desired
ms = ±1 levels is achieved by harnessing the inter-system crossing of the NV to pump
its population into the ms = 0 spin state (see Chap. 5) and subsequently flipping the
spin via the application of a resonant microwave π pulse [232].

6.2

Experimental setup

The experimental setup necessary in order to investigate the hole burning technique
described above is composed of three main elements. We distinguish a stage where the
laser fields required in the experiment are prepared, one where these beams interact
with the ensemble of NV centres and finally a section where the light transmitted
through the setup is collected and analysed. In this section we will provide some detail
about each of these stages.

6.2.1

Light Sources

Only a single pulsed laser is necessary for this technique to be implemented. We use
a Sirah Gropius dye laser system (see Chap. 4), this time replacing the laser gain
medium by Rhodamine B. This allows the generation of a train of pulses of ∼4 GHz
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Fig. 6.1 : Diagram of an optically accessible lambda system in the NV centre obtained
via the application of an external magnetic field to split the ±1 spin sub-levels.
bandwidth at a 80 MHz repetition rate with 200 mW mean optical power. The central
wavelength is widely tunable from 600 nm to 650 nm, giving access to the NV− ZPL at
637 nm. The spectrum of the pulse train is a frequency comb with peaks separated by
80 MHz, set by the repetition rate of the laser. As was the case with the Pr3+ :Y2 SiO5
experiment, instability in the laser dye jet flow induces fast fluctuations of the laser
cavity length and thus cause the laser frequency to jitter, here by ∼40 MHz on a 10
kHz timescale.
The system is tuned onto resonance with the NV centre zero-phonon line at 637 nm.
We then separate the main laser output into a strong beam referred to as the ‘burn’
and a weak ‘probe’ field. As their names suggest, the burn beam will be responsible
for triggering the hole burning process whereas the probe will be used to measure the
spectrum of the inhomogeneous transition. The attenuated beam is sent through an
acousto-optic modulator (AOM1 in Fig. 6.2) in double-pass configuration. The AOM is
driven by an external radio-frequency (RF) driver which sets the modulation frequency.
The frequency of the RF drive is modulated by an amplitude of 40 MHz at a rate of
10 kHz using an arbitrary waveform generator. This stage is used to rapidly sweep the
beam in frequency at a fast rate in order to remove any existing frequency structure.
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Fig. 6.2 : Setup used for the preparation and probing of an atomic frequency comb in
a cryogenically cooled ensemble of NV centres.
Coming out of the AOM stage, the probe thus has a smooth Gaussian spectrum
with a 3 GHz width and no distinct peaks or troughs. This profile is filtered down to a
width of 1 GHz using a monolithic glass etalon and sent on to a scanning Fabry-Pérot
interferometer (FPI, Thorlabs SA200-5B, with 1.5 GHz free spectral range and a finesse
of 500). The FPI narrows the probe spectrum further down to a narrow Lorentzian
with 7.5 MHz width which can then be scanned by changing the cavity length with a
standard piezo driver controlled by the sawtooth signal provided by a Toptica SC110
high-voltage module. The output of this stage is a frequency-tuneable quasi-CW probe
beam which can be used for absorption spectroscopy of the atomic transition. The
probe is then recombined with the burn beam to which no optical processing is applied
beyond polarisation cleaning and control.
The spin and charge states of the NV centre can be initialised via optical aboveband excitation [173, 224]. This process is necessary in order to reset the state of the
ensemble in between experimental sequences. We use a portion of the Emerald Engine
output used to pump the dye laser in order to provide a bright source of light with
approximately 40 mW at 516 nm. This so-called ‘reset’ beam is combined with the
burn and probe beams and coupled into fibre before being sent on to the diamond
sample. Fibre coupling is crucial for the experiment as it ensures spatial overlap of the
burn and probe beams as well as cleaning their spatial modes into a clean Gaussian
profile.
The fields can be individually switched on or off with a rise time of ∼ 100 ns using
AOMs setup in each beam path (AOM2, 3 and 4). The switching set up is controlled
by a central delay generator (Stanford Instruments DG635) synchronised to the pulse
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train via a trigger signal collected by picking off a small portion of the Emerald Engine
output and measuring it with a fast silicon photodiode (Thorlabs DET10A, 1 ns rise
time). The FPI scan is also synchronised to the experiment using this same signal.

6.2.2

Cryostat and sample

For this experiment, we use an electron-irradiated type Ib HPHT diamond with
dimensions of 2 × 2 × 1mm3 . The crystal was HPHT treated at 6 GPa and 1600°C after
irradiation. The sample contains a high density of NV centres, estimated at ∼ 1 ppm.
Its facets were not re-polished after the irradiation and annealing process and thus
appear quite rough to the eye. The absorption profile of the ensemble ZPL was probed
by scanning the dye laser around resonance, revealing a very broad inhomogeneous line
with Γinh = 320 GHz shown in Fig. 6.3. On resonance, the ensemble has a significant
optical depth (d = 8) which is the main reason it was chosen for this study. The
photoluminescence spectrum of the sample under illumination at 516 nm is also shown
in Fig.5.4, showing the zero-phonon lines and phonon sidebands of both NV charge
states. The NV− ZPL appears as a dip instead of an emission peak due to high resonant
re-absorption in the sample.
The NV centre ZPL experiences large homogeneous broadening at room temperature
due to phonon-induced dephasing processes. In order to suppress these phenomena, the
sample is cooled down to cryogenic temperatures (∼4 K) in a liquid Helium cryostat.
We use a closed-cycle helium refrigerator (Oxford Instruments Optistat Dry BL4) with
a cooling power of 0.2 W at 4K allowing a thermal stability of 0.1 K. The cold finger is
cooled down by the expansion of helium contained within a closed circuit and recycled
using a water-cooled compressor (Sumitomo HC-4). Silver paint is used to fix the
diamond sample to a sample holder connected to the cold finger in order to ensure
thermal contact. The cooling process causes significant vibrations of the cold head
(estimated at ∼ 10 µm) at a rate of 1 Hz defined by the length of the compression cycle.
The sample can be optically accessed via uncoated windows. Light is focused to a
waist of ∼ 20 µm using a f = 50 mm focal length plano-convex lens. The transmitted
beam is then collimated using another identical lens and sent to the detection stage.
As the sample facets are not polished, transmission through the cryostat is quite low
(∼ 10%) and the mode profile of the output beam is heavily deformed.
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Fig. 6.3 : Absorption spectrum of the ensemble-broadened NV− zero-phonon line,
measured by measuring the transmission of a weak (P < 1 µW) probe with width
∆νprobe ∼ 4 GHz. We record a wide inhomogeneously broadened linewdith Γinh =
320 GHz with a high resonant optical depth d = 8.

6.2.3

Detection and measurement

An array of detectors capable of measuring optical signals at a range of different powers
are required from this experiment. The burn and reset beams typically carry tens of
milliwatts of power in order to pump the ensemble in a time-efficient way. while the
probe beam is attenuated to a weak coherent state and the fluorescence emitted by
the ensemble is at the single-photon level. Furthermore, detectors with a relatively
fast response are necessary in order to keep up with laser repetition rate.
A silicon fixed-gain biased photodiode (Thorlabs DET10A with 350 MHz bandwidth)
is used for measurements on the strong beams. The small area of the detector chip
allows for a fast rise time of 1 ns. Of course, this is insufficient to resolve the shape of
the pulses but other aspects of the experiment can be accurately monitored such as
the rise time of the AOMs used for switching. On the other hand, the probe beam
is much weaker and must be measured with a silicon avalanche photodiode (APD Thorlabs APD110A).
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Measurements of the probe with a higher signal-to-noise ratio were achieved by
resorting to counting single photons. We use a silicon single-photon APD (SPCM Excelitas AQRF) with an efficiency of ∼ 65% at 637 nm and 150 Hz dark count rate.
The SPCM outputs a digital signal in the form of TTL voltage pulses which are then
treated with a fast counting electronics module (Swabian TimeTagger with 3 ps timing
resolution and four channels) controlled via software written by myself (MATLAB
integrated into Labview). The TimeTagger collects photon arrivals in a user-defined
time-bin histogram with a wrap-around period given by an external trigger. This
trigger signal can be synchronised to an integer multiple of the laser repetition rate via
a delay generator, or to the scanning period of the FPI. The photon-counting setup is
also used to measure fluorescence emission from the ensemble.
The single-photon APD chip is easily damaged by optical fields and must thus
be protected from the strong beams used in the experiment. This is achieved via an
AOM (AOM5) placed in the detection arm of the setup which time-filters the incoming
optical signal in such a way that only the probe field is collected on the APD. However,
the suppression efficiency of the AOMs used for switching is limited which leads to
noise from leakage of the burn and reset beams onto the detector. The noise levels are
not high enough to damage the APD itself, and a significant portion can be filtered out
with microwave gates set up so as to block the TTL pulses produced by the detector
outside of the detection window.
Optical signal analysis is done via two fibre-coupled grating spectrometers included
in the setup. The first is a commercial Andor Shamrock device coupled to an Andor
iXon CCD camera. Its resolution is limited to ∼ 0.07nm but it boasts a wide range
spanning the whole visible spectrum and into the NIR. Interfacing is done entirely via
the Andor Solis software suite. We also use a home-designed system with a narrower
resolution (∼ 4.8GHz at 637 nm) built around a 0.5 m long monochromator (Digikrom
DK480) in Czerny-Turner design. In this case, the grating (1200 lines/mm) angle
is tuned manually so as to image the signal in frequency space onto a CCD camera.
Finally, the central frequency of the laser in monitored using a HighFinesse Wavemeter
(WS-6).

6.3

Spectral hole burning via ionisation

In order to efficiently shape the spectral density profile of the ensemble, the ionisation
process must first be studied. The shape of the transition is given by how the atomic
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population is distributed into its possible states. Hole burning is thus a transient
process and determining the response of the ionisation rate to different burning powers
is necessary in order to define an efficient atomic frequency comb preparation sequence.

6.3.1

Ionisation dynamics

In this section, we present the results of a preliminary investigation of photoionisation
dynamics in NV centres. As mentioned in section 5.4, ionisation occurs as a two-photon
mechanism under 637 nm illumination, and the recombination process is suppressed
for excitation at wavelengths longer than 575 nm. Consequently, exposing an ensemble
with an optical field resonant with the the NV− zero-phonon line for a long-enough time
will deplete the negative charge state population. This translates to an increase in the
transmission of a resonant probe beam weak enough to not contribute to the process.
Throughout the following, any such effect is associated with ionisation in the ensemble.
Excitation with light at 516 nm will trigger both ionisation and recombination processes.
This effectively cycles the relative charge state populations and resets the state of the
system to an equilibrium defined by the associated rates.
We first investigate the ionisation process in the steady-state. The burning beam
is applied until the point when the dynamics reach equilibrium and we record the
transmission of the probe beam. For this measurement, the probe bypasses the spectral
blurring AOM and the FPI so that the spectrum of the burn and probe match. Results
are shown in Fig. 6.4, revealing a quadratic dependence on burning power attributed
to the two-photon nature of the process. The charge state population ratios are reset
via bright 516 illumination in between successive data points.
As a preliminary step, we investigate the amount of green laser power required to
fully reset the ensemble between two experimental runs. A pulse sequence consisting
of 10 µs of resonant excitation at 0.5 mW average power followed by 90µs at 516 nm is
used. The transmission of the red beam is recorded using a single-photon APD. We
accumulate counts over a period of one minute during which the pulse sequence is
repeated many times.
The resonant transmission at the end of the ionising window is plotted for different
values of reset powers in Fig. 6.5. As the 516 nm power increases, less transmitted
counts are recorded indicating that the population of the negative charge state is
successfully being reinitialised.
We then focus on the dynamics of the ionisation process in order to determine
the necessary length and power of the burning pulse. We observe the response of the
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Fig. 6.4 : Steady-state transmission of the ensemble as a function of the burning power.
system to the same pulse sequence as was used previously, this time fixing the 516 nm
power level to 13 mW and varying the power in the resonant beam. The associated
traces, consisting of data accumulated over one minute, are shown in Fig. 6.6a. The
temporal profile of the AOM rising edge measured before the cryostat is also included
for reference.
When the AOM is gated on, the transmitted counts rise slower than expected from
the switching mechanism alone. This indicates some time-dependent effect occurring
in the ensemble which we attribute to the ionisation process. The counts plateau
after ∼ 1 − 5µs and the rise time is faster for higher resonant excitation powers. This
provides a general idea of the time required to reach an equilibrium between the
relative charge state populations. An exponential function is fitted to each of the
rising edges and associated with a time constant. These are then plotted as a function
of excitation power in Fig. 6.6b. The ionisation ‘rate’ is seen to saturate starting
around 0.5 mW, for which the transmission through the ensemble becomes stable under
two microseconds of exposure to the field. For all the measurements recorded in this
section, the transmission of the sample remains remarkably stable in the absence of
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Fig. 6.5 : Transmission of the ensemble as a function of the optical power in the reset
beam at 516 nm, accumulated over many pulse sequences. Approximately 10 mW are
required in order to reinitialise the ensemble between successive ionising pulses.
illumination by optical fields, which is expected as the recombination process does not
occur spontaneously.
This preliminary study allows us to scout out the parameter space in order to design
an efficient spectral hole burning protocol. The ionisation process requires ∼ µs burn
times with ∼mW powers, which is compatible with the experimental setup available.
An atomic frequency comb preparation sequence based on this data is presented and
implemented in the following section.

6.3.2

Atomic frequency comb preparation

Confirming that the ionisation dynamics were favourable to use as a spectral hole
burning technique, the preparation of an atomic frequency comb is attempted in the
system. Traditionally, narrow transparency windows are burned into the inhomogeneously broadened transition by scanning a narrowband laser in discrete steps and
thus pumping populations at specific frequencies into a shelving state. Here, a train
of 3 GHz-wide pulses resonant with the transition at 637 nm is used as the burning
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Fig. 6.6 : (a) Transmission of a resonant field as a function of time, shown for a range
for optical powers. Traces are normalised so as to allow comparison of the rising edges.
(b) Time constant of the rising edge plotted as a function of resonant optical power,
showing diminishing returns beyond ∼ 0.5 mW.
beam. The spectrum of a pulsed laser is a frequency comb with teeth spaced by the
repetition rate and an envelope equal to the pulse bandwidth. Applying this laser
directly onto the sample is thus expected to ionise NV− centres only at the frequencies
where the frequency comb has peaks, and thus imprint this comb-like structure onto
the inhomogeneous spectral density profile of the ensemble.
The pulse sequence used for this experiment is shown in Fig. 6.7 and consists of the
burn beam applied for 10 µs, the probe for 20 µs followed by 70 µs during which the
ensemble is excited with light at 516 nm in order to recycle the charge state populations.
The experiment can thus be run at a 10 kHz repetition rate. Here, the probe bream
is sent through the FPI setup described previously and effectively consists of a weak
scannable narrowband signal capable of measuring the absorption spectrum of the
ensemble with a resolution of 7.5 MHz. We collect the probe signal on a single-photon
counting APD and arrange the counts in a time-of-arrival histogram with a wrap-around
length defined by the FPI scanning frequency. Traces accumulated for 200 s are shown
in Fig. 6.8 with and without application of the burn beam at 2 mW.
The spectrum of the bare probe beam is a smooth Gaussian profile as produced by
the setup described previously. A faint amount of structure remains from the original
laser spectrum due to the efficiency of the AOM depending on the modulation frequency.
When the burn is applied, a clear comb-like structure appears in the absorption profile
of the ensemble. To our knowledge, this constitutes the first realisation of an atomic
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Fig. 6.7 : Pulse sequence used for the preparation and probing of the atomic frequency
comb.
frequency comb in an ensemble of NV centres as well as the first demonstration of
ionisation-based spectral hole burning in the system.
The measured comb contrast is limited to only ∼ 20%. This is due to a combination
of drifts occurring during the long exposure time necessary for data collection and fast
spectral jitter of the laser and the ensemble over the course of a single pulse sequence.
The width of the peaks in the dye laser spectrum are broadened by two distinct
effects: 1) The central frequency of the comb jitters by ∼ 40 MHz on a kHz timescale
leading to a shifting motion of the entire spectrum. 2) Changes in the carrier-envelope
offset induce a breathing motion causing teeth at the extremities of the comb to shift
more than teeth closer to the centre frequency. NV centres can experience dynamic
shifts of their resonance frequency due to spectral diffusion. These shifts can reach
tens of MHz [212] and are caused by fluctuations in the electromagnetic environment of
the defect. The ionisation process involved in the AFC preparation is expected to be a
significant source of such fluctuations. With an ideal laser system, the resolution of the
holeburning process, and thus the achievable comb contrast is set by the homogeneous
linewidth of the emitters, and generally limited by spectral diffusion.
In addition to these rapid spectral effects, the central frequency of the dye laser
drifts at a rate of a few MHz per minute due to an unstable thermal environment.
This shift accumulates over the integration period of the experiment leading to loss
of visibility in the comb contrast. The exposure time of the experiment is set by the
low signal-to-noise ratio of the probe measurement and is limited by the necessity to
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Fig. 6.8 : Spectrum of a weak resonant probe, with and without the application of
the burn beam, showing the AFC structure. Burn power PB = 1 mW, Reset power
PR = 15 mW, integration time Tint = 200 s
keep the power as low as possible in order to not affect the comb profile. Furthermore,
the insufficient extinction ratio of the AOMs used to switch the strong beams causes
significant leakage noise easily collected by the single-photon detector. As the facets
of the sample are not polished, the transmitted optical mode does not have a clean
Gaussian profile leading to coupling losses into the detector fibre (∼ 20% coupling
efficiency) and reducing the amplitude of the detected signal. The compression cycle
causes the sample to vibrate by a magnitude larger than the focal spot. As a result,
different sub-ensembles are illuminated at different points of the cycle which reduces the
efficiency of the preparation process. Although this effect could be partially mitigated
by using beams with wider foci, a higher optical power would be required which was
not readily available at the time.
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The experiment was severely limited by the issues described above which made
optimising the comb preparation sequence impossible. Furthermore, although storage
of single weak coherent pulses was attempted using a pulse-picking setup similar to
that described in section 4.1.2, no rephasing echo could be observed. This is attributed
once again to the low SNR of the experiment, in particular as a revival is expected
after 12.5 ns - a timescale comparable to the NV− excited state lifetime.

6.4

Summary and outlook

The observation of an AFC in the system is a promising result, especially since
the experiment is far from being optimised. There are many potential avenues for
improvement - for instance, the setup would already greatly benefit from a more stable
thermal environment which would address the slow frequency drifts observed in the
laser and lead to more precise measurements. The comb contrast itself is limited by
the properties of the burning laser, which could be solved by actively stabilising the
carrier-envelope offset of the pulse train as well as the laser cavity length.
Increasing the SNR of the experiment is critical for the optimisation of the preparation sequence as the measurements are severely hindered by the long integration times.
The laser power is one of the main limiting factors here, as shorter burn and reset
pulses would allow more time for probing the ensemble in a sequence. Furthermore,
wider beams could then be used in order to mitigate effects linked vibrations in the
cryostat.
In this chapter, a simple scheme for spectral hole burning in an ensemble of NV
centres was devised and implemented. In this approach, population is pumped into the
neutrally charged flavour of the defect which used as a long-lived shelving state. We
investigated the required intensity and duration of the resonant pulses used to trigger
the ionisation of the NV− state. An AFC was then successfully prepared by directly
pumping the ensemble with an optical frequency comb. While photon storage could
not be demonstrated due to technical imperfections in the experiment, the results pave
the way for the demonstration of an optical quantum memory in NV ensembles.

Chapter 7
Light-matter interaction in arrays
of diamond NV centres
7.1

Introduction

The work presented in this thesis is centered around the investigation of solid-state
atomic systems capable of providing a platform for efficient light-matter interactions,
and in particular for the storage of quantum information. Previously, in Chap. 6,
ensembles of NV centres in diamond were explored as an alternative to Pr3+ :Y2 SiO5 .
In this chapter, we employ a parallel approach by theoretically investigating novel
techniques for optically addressing solid-state quantum emitters.
The probability for a photon from a laser beam to interface resonantly with a single
atom depends on the ratio of the atomic cross-section to the area of the beam, and is
typically very low due to the diffraction limit. Indeed, typical interaction probabilities
are limited to approximately 0.05 [233, 33] for neutral atoms or 0.01 [234] for trapped
ions even with strong focusing.
Conventional avenues for enhancing atom-photon coupling strengths involve resorting to either cavities or atomic ensembles. Atomic ensembles [37] have been the
main focus of the experiments presented in this thesis. In such systems, the interaction
strength is related to the optical depth which scales linearly with the number of atoms.
Divergence in the laser beam causes the average interaction probability per atom in an
ensemble to be much lower than that which can achieved with a single emitter caught
in a tight focus. It is also worth noting that the larger the ensemble, the harder it is to
saturate and thus the more linear its response to light becomes.
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Instead of allowing a photon to interact with many atoms, another approach is to
make the photon pass through the atom many times. This can be achieved with an
optical cavity, for example by trapping an atom between two mirrors and forcing light
to bounce back and forth until the interaction happens [235]. The study of such systems
constitutes the field of cavity quantum electrodynamics (QED). Here, the interaction
probability is intuitively multiplied by the number of times the photon passes across
the atom before it exits the cavity. This probability can approach unity for certain
systems, reaching the so-called strong-coupling regime desired for many technological
applications [31]. However, the realisation of these devices is also technically challenging
[34, 236] which limits their scalability and thus their use beyond proof of principle
demonstrations.
In order to produce a compact device allowing the reliable storage or manipulation
of optical quantum information, a plethora of solid-state platforms have been explored
employing both of these approaches. These range from relatively well understood
colour centres in diamond [237, 238] and quantum dots [239] to more recently developed systems such as quantum emitters embedded in two-dimensional materials such
as hexagonal boron nitride [240]. Solid-state systems naturally lend themselves to
interfacing with micro- or nano-scale structures, prompting much enthusiasm for the
development of reproducible designs consisting of single quantum emitters coupled
to micro-cavities. While much progress has been made on this front in recent years
yielding impressive results [241], many challenges remain due to insufficient coupling
strengths and non-deterministic fabrication methods.
Nevertheless, the confinement of light to extremely small mode areas provided by
nanophotonic structures offers a powerful way forwards. In this chapter, we consider a
promising approach relying on atomic emitters coupled to photonic waveguides, often
referred to as waveguide QED [242]. This broad formalism encompasses platforms
ranging from neutral atoms trapped in the evanescent field of a nanofibre [35] to solidstate crystal defects interacting with a nanophotonic waveguide [185]. The efficiency of
the interaction between a single emitter and the waveguide field is typically quantified
using the ratio Γ1D /Γ′ of the atom’s decay rate into the waveguide Γ1D to that into other
electromagnetic modes Γ′ as shown in Fig. 7.1. This figure of merit depends strongly
on the matching of the guided mode to the atomic dipole pattern and varies widely
according to the particular implementation of the system, from Γ1D /Γ′ ∼ 0.03 [243]
in tapered optical fibres to Γ1D /Γ′ ∼ 1 when using photonic crystal waveguides [244].
Unlike cavity QED, the atoms can couple to a continuum of guided electromagnetic
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modes in this case. In practice this means that the requirements for this system are
potentially less stringent as it is no longer necessary to match the narrow bandwidth
of a cavity to an atomic emitter’s resonance.
Atomic ensembles can also be interfaced with by using photonic nanostructures.
Unlike conventional setups using focused Gaussian beams, light confinement can be
maintained over the length of the ensemble, leading to a substantially enhanced optical
depth. This was demonstrated experimentally by coupling an optical nanofibre to an
ensemble of cold Rubidium atoms to obtain a sixtyfold increase in optical depth with
respect to the case of a free space atomic cloud [35]. This is a promising result despite
the interaction strength being limited to Γ1D /Γ′ ∼ 0.04 and the experimental setup
remaining fairly complex. The development of a monolithic version of such a system in
the solid state is an exciting prospect and would eliminate the need to trap atoms in
free space.
When an atomic ensemble is coupled to a waveguide, the optical depth typically
scales linearly with the number of atoms, as is the case in free space. The scaling
assumes that the atoms in the ensemble are independent, and thus that each additional
atom represents one more chance for an absorption or emission event to occur. This is
reasonable in a disordered ensemble, as there is no fixed phase relationship between
the waves emitted by each atom and interference phenomena are suppressed. However,
in the case of arrays of atoms with well-defined spatial distributions, as shown in
Fig. 7.1 the assumption of independent emission breaks down. This implies that the
performance of protocols based on light-matter interactions may scale differently in
array-based systems with respect to conventional ensembles. Recent theoretical work
supports this claim [245, 246], suggesting that improvements in quantum memory
efficiencies could be expected.
In this chapter, we theoretically investigate the relevance of this novel type of
system within the greater landscape of solid-state devices for quantum light-matter
interaction. Inspired by promising technological advances [247], we will focus on arrays
of diamond NV centres coupled to a nanophotonic waveguide. In the first section a
physical model is introduced describing the response of atomic arrays interacting with
a guided electromagnetic mode. We also discuss a few solutions pertaining to simple
cases of the model. Following this, we apply this formalism to NV centres, considering
an interesting use case concerning the design of robust optical cavities using atomic
arrays. Throughout this study, we focus on the experimental imperfections associated
with such systems and aim to provide as realistic an analysis as possible bearing in mind
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Fig. 7.1 : Schematic of an array of atoms interacting with a one-dimensional waveguide.
Emission into the guided mode is characterised by a rate Γ1D and emission into free
space by Γ′ . Ein and Eout refer to input and output fields.
current technological capabilities. The theoretical formalisms presented in sections 7.2
and 7.3 are reviewed from existing literature, in particular Refs. [248–251]. In section
7.4, we present the results of simulations adapting these models to the case of NV
centres, performed by myself under the supervision of J.N. Becker and J. Nunn, with
input from P. M. Ledingham.

7.2

Waveguide QED with arrays of two-level atoms

In this section, we introduce a framework describing the physics of atom-photon
interactions in the vicinity of an optical waveguide. Light interacting with an atomic
ensemble is often modelled using the well-known Maxwell-Bloch equations [252]. In
such a formalism, the exact positions of each atom are not taken into account and
the ensemble is treated as a medium with a smooth density distribution. In this way,
and by further assuming that the atoms do not interact with each other, large systems
containing trillions of emitters can be simulated efficiently. Unfortunately, due to these
assumptions, the Maxwell-Bloch formalism is also incapable of accurately modelling
interference phenomena in atomic arrays. In this section we present a well-developed
alternative approach which does take into account the degrees of freedom of each
individual atom and its interaction with a guided electromagnetic mode. Most of the
material in this section is derived from existing literature [248–250], and our aim is to
outline the fundamental underpinnings of the model as well as to shed some light on
the results and how to apply them.
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Outline of the model - input-output relations

We consider an ensemble of identical two-level atoms with ground states |g⟩ and
excited states |e⟩ separated by an optical transition with frequency ω0 . This ensemble
is coupled to a one-dimensional dielectric waveguide. The full Hamiltonian of the
system is composed of three terms: Hat describing the energy levels of the atoms, Hph
associated with the photons freely propagating along the waveguide and Hint accounts
for the interaction between the atoms and the photons. It can be written explicitly as

H = Hat + Hph + Hint
=

X

j
ℏω0 σee

+

Z

dkℏωk a†k ak

j

+

XZ

dkℏgk (σeg ak eikxj + h.c.),

(7.1)

j

j
where σeg
= |ej ⟩ ⟨gj | is the atomic operator for atom j at position xj and ak the
annihilation operator for the propagating mode with
r wavevector k and frequency ωk .
d2 ω

k
The atom-field coupling amplitude is given by gk = 4πϵeg0 ℏA
with deg the magnitude of
the dipole matrix element associated with the atomic transition and Am is the effective
mode area.
The state of each atom is encoded with the density operator ρS which evolves
according to the master equation

ρ˙S =

1
[H, ρS ] + L[ρS ],
iℏ

(7.2)

where the Lindblad terms are
L[ρS ] = −

Γ′ X j j
j
j
j
j
(σ σ ρS + ρS σeg
σge
− 2σge
ρS σeg
),
2 j eg ge

(7.3)

Γ′ being the decay rate of the atoms into free space. The dispersion of the waveguide
is assumed to be linear in the vicinity of ω0 , which consitutes the region of interest.
The guided mode frequency can then be approximated as ωk ≈ vg |k|, where vg is the
group velocity of light in the medium.
By separating the guided portion of the field into right- and left-propagating modes
(designated by R and L respectively) and defining the Fourier transform of the field
operators as
1 Z
akR(L] = √
dxe−ikx aR(L) (x),
(7.4)
2π
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the Hamiltonian can be translated to the real space to yield [248]
H/ℏ =

X

j
+
ω0 σee

Z

dx

j

−ivg a†R

!

∂
∂
aR (x) + ivg a†L (x) aL (x)
∂x
∂x

Z


√
X
j
j
j
j
+ 2πg dx
δ(x − xj ) a†R (x)σge
+ σeg
aR + a†L (x)σge
+ σeg
aL .

(7.5)

j

The real-space field operators then represent the creation or annihilation of a photon
propagating to the right or left.
The Heisenberg equations of motion can then be obtained from the relevant commutators and read
√
j
j
j
j
σ̇ge
= −iωa σge
+ i 2πg(σgg
− σee
)(aR (xj ) + aL (xj ))

(7.6)

for the atomic coherences and
√
!
1 ∂
∂
i 2πg X
j
δ(x − xj )σge
+
aR (x, t) =
vg ∂t ∂x
vg
j
√
!
1 ∂
∂
i 2πg X
j
−
aL (x, t) =
δ(x − xj )σge
vg ∂t ∂x
vg
j

(7.7a)
(7.7b)

for the waveguide modes. Integrating Eqs. 7.7a) and 7.7b leads to the general
solution for the field operators given by
√
!
i 2πg X
x
−
x
j
j
aR (x, t) = aR,in (x − vg t) −
θ(x − xj )σge
t−
vg
vg
j
√
!
i 2πg X
x − xj
j
aL (x, t) = aL,in (x + vg t) −
θ(xj − x)σge t +
,
vg
vg
j

(7.8a)
(7.8b)

where θ(x) is the Heaviside step function. Here, the term aR,in refers to the portion
of the field which propagates through the waveguide without interacting with any of
the atoms. The second term represents the component of the field scattered by each
atom.
j
j iωL t
Then, we define a variable rotating at a frequency ωL , σ̃ge
= σge
e , which is
j
j
assumed to have a slow-varying envelope so that σ̃ge (t − x/vg ) ≈ σ̃ge (t)eiω0 tx/vg . The
solutions 7.8a and 7.8b can be substituted into Eq. 7.4 in order to obtain an equation
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of motion for the atomic coherences in the rotating frame,
√
X
Γ1D j
j
j
j
j
j
l ik|xj −xl |
σ̃˙ ge
= i∆σ̃ge
+ i 2πg(σ̃ee
− σ̃gg
)atot (xj ) +
(σ̃ee − σ̃gg
)
σ̃ge
e
,
2
l

(7.9)

2

where Γ1D = 4πg
is the emission rate of a single atom into the guided mode, ∆ = ωL −ω0
vg
and atot (x, t) = aR,in (x − vg t) + aL,in (x + vg t).
Additionally, the slow-varying rotating variables can be substituted into Eqs. 7.8
leading to an input-output relation [253] for the fields,
aR (x) = aR,in
aL (x) = aL,in

v
u
u Γ1D X j
σ̃
(x) − it

2vg

ik(x−xj )
ge (t)e

v
u
u Γ1D X j
(x) − it
σ̃

2vg

(7.10a)

j
ge (t)e

−ik(x−xj )

,

(7.10b)

j

which can then be used in order to compute the optical transmission of the full system.

7.2.2

Effective Hamiltonian

The evolution of the atomic coherences in Eq. 7.9 is described only in terms of the
atomic degrees of freedom. These dynamics can be obtained equivalently through
another master equation for a reduced density matrix ρ which does not explicitly
include the field:
1
ρ̇ = [Htot , ρ] + Lwg [ρ] + Lng [ρ].
(7.11)
iℏ
If the atoms are driven by an external field with frequency ωL and amplitude E, the
Hamiltonian for this model is given by
Htot /ℏ =

Xh

i

j
j ikxj
−∆σ̃ee
− Ω(σ̃eg
e
+ h.c.) +

j

Γ1D X
j
l
sin(k|xj − xl |)σ̃eg
σ̃ge
.
2 j,l

(7.12)

The terms in the first sum represent the bare Hamiltonians for each atom and their
individual interaction with the external field characterised by a Rabi frequency Ω =
√
2πgE. The second summation accounts for the dipole-dipole interaction resulting
from coherent photon exchanges between different atoms (labeled j and l). Dissipation
in the system is modelled via a Lindbladian composed of two parts, the first being
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given by
Lwg [ρ] = −

Γ1D X
j
l
j
l
l
j
cos(k|xj − xl |)(σ̃eg
σ̃ge
ρ + ρσ̃eg
σ̃ge
− 2σ̃ge
ρσ̃eg
)
2 j,l

(7.13)

and describes atomic decay into the guided mode. The terms where j = l reduce to
the independent decay of each atom into the waveguide. All the other terms account
for collective dissipative effects, where the decay of one atom affects that of another,
and can lead to phenomena such as superradiance or subradiance [254].
The second portion of the Lindbladian is similar as that described in Eq. 7.3,
Γ′ X j j
j
j
j
j
Lng [ρ] = −
(σ̃eg σ̃ge ρ + ρσ̃eg
σ̃ge
− 2σ̃ge
ρσ̃eg
),
2 j

(7.14)

and describes loss of an atomic excitation to any other channel, such as non-guided
modes of the field or non-radiative decay. Throughout this chapter we assume that no
cooperative effects can be mediated by these channels, i.e. that an atom cannot be
excited by a photon emitted into a non-guided mode.
The atomic model described here produces the same equations of motion for the
coherences as shown in Eq. 7.9, with the addition of dissipation into non-guided modes
which was included phenomenologically. However, if we limit ourselves to a regime
where the atoms are weakly saturated (⟨σee ⟩ ∼ 0), this formalism can be faithfully
rewritten in terms of an effective non-Hermitian Hamiltonian [249]. Then, the dynamics
of the system can be obtained by solving the Schrödinger equation for the time-evolving
P
j
atomic wavefunction |ψ(t)⟩ = cg (t) |g⟩⊗N + j cje (t) |ej ⟩, with |ej ⟩ = σ̃eg
|g⟩⊗N . This
offers a practical advantage as solving the master equation for the full density matrix
of more than a few tens of atoms is a demanding task. This effective Hamiltonian is
given by

Heff /ℏ = Hindep + Hcoop
"

= −

X
j

Γ′ j
Γ1D X ik|xj −xl | j l (7.15)
j ikxj
(∆ + i )σ̃ee
+ Ω(σ̃eg
e
+ h.c.) − i
e
σ̃eg σ̃ge .
2
2 j,l
#

and accounts for all phenomena in the system (with the exception of quantum jumps)
while only requiring computation of the wavefunction.
The Hermitian part of the Hamiltonian leads to coherent phenomena, while losses
in the system are due to its non-Hermitian components. The atoms interact via an
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effective light-mediated dipole-dipole coupling carried by the waveguide field. Both
coherent and dissipative collective effects are encoded within the second term, Hcoop .
The magnitude of these effects are inherently tied together by the coupling to the
waveguide Γ1D . As a result, any change in the energy-level splitting due to coherent
collective coupling to the waveguide goes hand in hand with an associated broadening
of the linewidth.
As losses in the waveguide are neglected, the dipole-dipole coupling only evolves
j
l
sinusoidally with the distance between two atoms (∼ eik|xj −xl | σ̃eg
σ̃ge
) leading to an
interaction with effectively infinite range also observed in experiments, such as that in
Ref. [254]. This assumption is justified as, provided that the total length of the system
is short enough, absorption and scattering in most realistic waveguides can indeed be
ignored [35, 255]. In general, the behaviour of the ensemble is highly dependent on the
atomic spacing (the ‘lattice constant’ of the array), which will be expanded upon in
the following section.
Finally, the output field properties can be calculated using the input-output relations
given in Eq. 7.10 [253]. The system is driven by a weak right-travelling probe field
introduced from a position x < x1 . The transmitted field atrans is then defined as the
right-travelling field at a position beyond the last atom, and the reflected field aref as
any left-travelling field at a position before the first atom; these are given by
atrans (x) =
aref (x) =

v
u
u Γ1D X j
ikx
Ee − it
σ̃

2vg

ge (t)e

ik(x−xj )

v
u
u Γ1D X j
σ̃
it

2vg

(7.16a)

j

−ik(x−xj )
.
ge (t)e

(7.16b)

j

The transmission coefficient T can be obtained by first computing the steady-state
wavefunction of the driven system |ψss ⟩ and then evaluating
⟨ψss | a†trans (x)atrans (x) |ψss ⟩
T = |t| =
E2
2

(7.17)

for x > xN . A similar expression can also be found for the reflection coefficient R.
From Eq. 7.9, the equation of motion for the expectation values of the coherences
j
j
sge = ⟨σ̃ge
⟩ is given by
Γ1D j
Γ1D X l ik|xj −xl |
= i∆ −
sge − iΩeikxj −
s e
2
2 l ge
!

ṡjge

(7.18)
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j l
j
j
as ⟨σ̃m
σ̃n ⟩ ≈ ⟨σ̃m
⟩⟨σ̃nl ⟩ and ⟨σ̃gg
⟩ ≈ 1 in the weakly saturated limit. This equation
can then be solved in the steady state in order to calculate the reflection and transmission
coefficients.

7.2.3

Application to simple examples

In this section, we shed some light on the behaviour of the system through a few simple
examples where only one or two atoms are coupled to the waveguide. This treatment
will then be expanded to consider the case of an array of N atoms.

Waveguide coupled to a single atom or defect
The case where a single atomic emitter is coupled to the waveguide is interesting in
order to build an intuition for the system. As before, the atom is driven by an external
probe field and decays into the guided and unguided modes of the field at rates given
by Γ1D and Γ′ respectively.
Following Eqs. 7.16 and 7.18, the transmission of a system with a single atom on
resonance is
2

v
u



u Γ1D
1
T = 2 E − it
sge 
E
2vg

=

Γ
+ Γ1D
′

Γ′

!2

(7.19)

,

which agrees with the general intuition that the transmission through the system should
decrease with increasing coupling to the waveguide. This expression can be applied
to an experimental example, where a single germanium-vacancy defect in diamond
is coupled to a nanophotonic waveguide [185]. The emission into the waveguide is
measured to be Γ1D /Γ′ ≥ 0.1 by collecting fluorescence while the tranmission through
the waveguide in the presence of the defect is recorded at T = 0.82 ± 1% corrected
for waveguide losses. This is in strong agreement with the corresponding value of
T = 0.826 obtained via Eq. 7.19.
Analogously, the reflection coefficient is given by
R =

Γ1D
Γ1D + Γ′

!2

,

(7.20)
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suggesting that high reflection probabilities could be obtained for Γ1D > Γ′ .

Waveguide coupled to two atoms
When more than a single atom is considered, dipole-dipole interaction between the
emitters becomes relevant. From Eq. 7.15, it is apparent that the interaction depends
on the phase φ = k|xj − xl | accumulated by the light emitted by an atom when it
is re-absorbed by another. The spacing between the emitters is a critical parameter
which defines the properties of the system as a whole. We will distinguish two cases,
on one hand where the lattice constant d is an even multiple of λ/4 and φ = π and on
the other where d is an odd multiple of λ/4 and φ = π/2.
If k|xj − xl | = π, only the dissipative part of the coupling between the atoms
remains. The effective Hamiltonian can be diagonalised to reveal the presence of a
single eigenmode with an increased decay rate Γ = Γ′ + 2Γ1D . This aligns well with
the intuition that when the light emitted by both atoms is in phase, constructive
interference occurs and superradiant decay should be observed. This enhanced decay
is accompanied by an equivalent increase of the linewidth of the system.
When k|xj − xl | = π/2, it is the dissipative component of the atom-atom interaction
that vanishes. The Hamiltonian then supports two eigenmodes in the form of symmetric
and antisymmetric wavefunctions. The coherent dipole-dipole interaction splits the
dressed states by ±Γ1D , although these cannot be distinguished experimentally as the
splitting is narrower than their linewidth given by Γ = Γ′ + Γ1D . The linewidth profile
is the sum of two Lorentzians shifted with respect to one another, leading to a lower
reflection coefficient on resonance compared to the φ = π case. This can be understood
as the reflected fields from both atoms are out of phase and interfere destructively.
The reflection coefficients for each case are plotted in Fig. 7.2 for each case along
with the single atom-case shown for reference. In Fig. 7.2a, the superradiance-induced
linewidth enhancement is apparent while one can see that the reflection on resonance
is reduced in 7.2b due to destructive interference between emission from both atoms.

7.2.4

Waveguide coupled to an array of many atoms

In general, the effective Hamiltonian can be diagonalised in the one-excitation manifold
P
as Heff |ψξ ⟩ = ξ λξ |ψξ ⟩, where |ψξ ⟩ = cjξ |ej ⟩. However, as Heff is non-Hermitian
the vectors |ψξ ⟩ are collective modes of the atomic array, but not standard quantum
mechanical states. This means that they do not follow the typical orthogonality
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Fig. 7.2 Transmission and reflection spectra of arrays of two atoms for φ = π (a) and
φ = π/2 coupled to an optical waveguide with Γ1D = 0.25Γ0 = Γ′ /3. Single atom
spectra are included in dotted lines for reference.
relations such as ⟨ψξ |ψξ′ ⟩ = δξ,ξ′ . Nevertheless, they provide an intuition for the spatial
profile of the excitation along the array and are useful in order to calculate the optical
properties of the system. The eigenvalues λξ are complex-valued, where the real part
is the frequency shift associated with the mode ξ and 2Im(λξ ) = Γξ,1D , its the decay
rate into the waveguide mode.
In a system which contains a number of atoms N greater than two, the eigenstates
supported by the Hamiltonian result from a mixture of both coherent and dissipative
couplings. As a result, it is difficult to find a general analytical expression for them
except when φ = π where the coherent coupling vanishes for all N. In this particular case,
only a single superradiant eigenstate is supported in the array. The spectral properties
of the ensemble then follow a Lorentzian profile with a linewidth Γ = Γ′ + N Γ1D , while
the transmission and reflection coefficients on resonance are
T =

Γ′2
,
(Γ′ + N Γ1D )2

R=

(N Γ1D )2
.
(Γ′ + N Γ1D )2

(7.21)

In this configuration, the coupling of the ensemble to the waveguide increases by
a factor of N . An implication of this result is that even if each atom interacts fairly
weakly with the waveguide, an atomic array can be made to strongly reflect incoming
photons by increasing the number of emitters. This was demonstrated by Corzo et al.
[256] in an impressive experiment where a reflectance of up to 75% was observed in
chain of N = 2000 atoms coupled to an optical nanofibre with coupling values of only
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Γ1D ≤ 0.01 [256]. Beyond supporting existing models of waveguide QED, this result
suggests that systems based on collective effects in atomic arrays can be developed
with existing technologies.
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Fig. 7.3 : Normalised decay rates of the collective modes in an array of 5 emitters
coupled to an optical waveguide, shown as a function of the array lattice constant a in
units of the emitters’ resonant wavelength.
The system becomes more complex when the lattice constant of the array is not
an integer multiple of λ/2, and in general the equations of motion have to be solved
numerically. The normalised decay rates Γξ,1D /Γ0 are plotted for a chain of five atoms
as a function of the atomic separation in Fig. 7.3, showing the periodicity of the system.
In general, the array supports a collection of superradiant and subradiant modes except
when d = mλ/2 for integer m, where only a single bright mode exists.
The resonant transmittance and reflectance are shown in Fig. 7.4 versus atomic
separation, this time for N = 40 and Γ1D = 0.1Γ′ . The transmission for the case where
the atoms do not interact with each other, given by
Tindep

∆ + iΓ′ /2
=
∆ + i(Γ′ + Γ1D )/2

2N

(7.22)

is also included for comparison.
The reflection coefficient is seen to peak at φ = π as expected. It is also negligible
for non-interacting atoms and hence was not plotted. The transmission is minimised at
φ = π/2 but remains relatively stable for all spacings as long as a is not in the vicinity
of a multiple of λ/2.
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Fig. 7.4 : Transmission and reflection coefficients of an array of 40 atoms as a function
of the spacing a between individual emitters in units of their resonance wavelength.
The transmission of a disordered array is also included in green for reference.
If the coupling of each atom to the waveguide is very weak (i.e. when Γ1D ≪ Γ′ ),
the interaction between the atoms in the array can be neglected. In this limit, the
emitters are effectively independent and the transmittance can be approximated to the
profile given in Eq. 7.22. This equation can be expanded in a power series which can
be shown to reduce in the first order to the Beer-Lambert law with an optical depth
OD = 2N Γ1D /Γ′ . This regime is however quite limited and breaks down for realistic
values of Γ1D /Γ′ as shown in Fig. 7.5 for N = 40.

7.3

Alternative formalism based on Green’s functions

The model outlined in section 7.2 is limited to scalar interactions between an array
of atoms and a one-dimensional waveguide. In order to capture the physics of more
realistic systems, it may also become necessary to take into account effects not included
in a 1D formalism, such as atomic dipole orientations and the dielectric surroundings
of the emitters. In this section, we will briefly describe a more general framework
pioneered by Welsch et al. [251] which uses the electromagnetic Green’s function in
order to provide a more detailed description of the field surrounding the atoms. In
what follows, only the necessary aspects of the formalism will be presented, but the full
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Fig. 7.5 : Optical depth of an array of 40 atoms, calculated numerically and analytically
according to two different approximations, as a function of emitter-waveguide coupling.
derivation can be found along with further details in the doctoral thesis of Jonathan
Hood [257] and works by Asenjo-Garcia et al. [258].
The general idea behind the model is similar to what was described previously, an
array of regularly spaced atoms at well defined positions ri interact by exchanging
photons via the electromagnetic field. Integrating out the field as was done in section
7.2 leads to a master equation characterised by the following Hamiltonian,
H = −ℏ∆

X

i
σee
−

Xh

i

∗
+ i
i
di · E−
p σge + di · Ep σeg − ℏ

i

i

X

i
j
J ij σeg
σge

(7.23)

ij

and Lindblad operators,
L[ρA ] =

X
ij

Γij
j
i
j
i
j
i
ρA − ρA σeg
σge
)
ρA σeg
− σeg
σge
(2σge
2

(7.24)

−
where Ep = E+
p + Ep represents the left and right-travelling components of a probe
field with frequency ωL and the dipole matrix element of the transition di for atom
i is now a vector quantity. The properties of the interaction between the atoms are
given by the coefficients Γij and J ij given by
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µ0 ωL2 ∗
di · Re G(ri , rj , ωL ) · dj
ℏ
2µ0 ωL2 ∗
=
di · Im G(ri , rj , ωL ) · dj .
ℏ

J ij =

(7.25a)

Γij

(7.25b)

Here, G(r, r′ , ω) refers to the electromagnetic Green’s function and describes the
field at a point r due to a dipole placed at r′ oscillating at a frequency ω. It is a dyadic
tensor and the general solution of the classical electromagnetic wave equation [259],
∇ × ∇ × G(r, r′ , ω) −

ω2
ϵ(r, ω)G(r, r′ , ω) = δ(r − r′ )1,
c2

(7.26)

where ϵ(r, ω) is the relative permittivity of the medium. In practice, G can be encoded
in a 3 × 3 matrix Gαβ at each position r, the elements of which design the field
component project along a direction α emitted by a source placed at r′ and oriented in
a direction β with {α, β} = {x, y, z}. As such, if all the atoms are oriented towards x̂,
only the Gxx part of the Green’s function is relevant. The use of the classical Green’s
function is justified in this system as the quantum fields produced by two-levels atoms
generally propagate in the same way as classical fields in dielectric media.
In the weak-saturation limit of the atoms composing the array, the master equation defined in Eqs. 7.23 and 7.24 can be equivalently recast into a non-Hermitian
Hamiltonian as was done in Eq. 7.15. This effective Hamiltonian is given by
Heff = −ℏ∆

X
i

i
σee
−ℏ

i
(Ωeikxi σeg
+ h.c.) − µ0 ω02

X
i

d · G(ri , rj , ωL ) · d

X ∗

(7.27)

ij

The atomic states are then captured entirely within the atomic wavefunction and
calculating the evolution of the full density matrix ρA is not required.
The field at each point in space can be reconstructed given the atomic states via
the following input-ouput relation
Eout (r) = Ep (r) + µ0 ωL2

X

j
G(r, ri , ωL ) · dσge
,

(7.28)

j

which is analogous to Eq. 7.10. As before, the total field is given be the sum of the
probe field and the field scattered by the atoms. The way light propagates in space is
encoded in the Green’s function.
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The power of this formalism is that it does not require any assumption to be made
about the dielectric environment of the array. Even if an analytical expression for the
Green’s function is not readily available for an arbitrary waveguide or cavity geometry,
it can often be approximated numerically using finite-difference time-domain (FDTD)
simulation software. Note that the equations above reduce to the model described in
section 7.2 by setting the Green’s function to that of a one-dimensional waveguide.

7.4

Collective effects in arrays of NV centres

In this section, we investigate theoretically if collective effects can enable efficient
light-matter interactions with ordered ensembles of solid-state quantum emitters. We
focus on the case of colour centers in diamond, as it was recently demonstrated by
that arrays of NV centers could be generated with high yield and great accuracy using
femtosecond-laser writing techniques [260].
In section 7.2.4, we have seen that an array of two-level atoms spaced by a multiple of
λ/2 coupled to a photonic waveguide could act as a highly reflective mirror. Expanding
upon this idea, theoretical results [261] have shown that two such arrays could be
combined in order to confine the electromagnetic field in a small region at the centre as
with a conventional optical resonator. Moreover, a single defect emitter placed in this
region, equidistant from both ‘mirrors’ as shown in Fig. 7.6b, then exhibits dynamics
equivalent to conventional cavity QED, with parameters defined by the properties
of the the array. Here, we will focus elucidating the physics of this system in the
particular case of when the emitters are NV centers.
This type of geometry is appealing for two main reasons. Firstly, as will be touched
upon in section 7.4.3, the regime in which this system evolves is somewhat distinct
from what can be attained with dielectric cavities which makes it interesting on a
fundamental level. Arrays composed of neutral atoms trapped in the vicinity of a
nanofibre, the position of each emitter is defined by the very regular interference
pattern generated by two trapping lasers counter-propagating along the waveguide.
As a result, creating ordered ensembles with a central ‘impurity’ atom is potentially
challenging. In contrast, laser writing allows the creation of NV centres in arbitrary
geometries hence bypassing any kind of restriction stemming form the need to trap
individual atoms. Furthermore, although many experiments have demonstrated the
interaction of a single NV centre and an optical cavity, attaining the regime of strong
coupling has proven a difficult task. In theory, the mirror finesse required in order
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Fig. 7.6 : Schematic of an array of NV centres interacting with a one-dimensional
waveguide intwo different configurations: a) ‘Bragg mirror’ configuration where all the
defects are equally separated by aM , a multiple of λ/2. b) ‘Cavity QED’ configuration
where a single ‘impurity’ defect is placed between two mirror arrays. The distance
between the impurity to each mirror is aI = 3λ/4. The two atomic mirrors form a
cavity which enhances the coupling of the impurity defect to the guided mode.
to reach such a regime is much lower in an array-based cavity than in conventional
realisations due to collective effects [261]. This result alone makes such a system at
least worthy of investigation.
In the following, we will first outline the methods employed in order to accurately
simulate the physics of ordered ensembles of NV centres. An array with half-wavelength
lattice period (termed ‘mirror configuration’) will be studied as a initial step before
moving on to the full cavity geometry.

7.4.1

Model and simulation methods

Fundamentally, the model we use to simulate arrays of NV centres follows the physics
elucidated in section 7.2: we consider an ensemble of emitters with discrete positions
which can interact with each other via the guided mode of a photonic waveguide. We
make use of two slightly different models. The first is a simpler one-dimensional model
described in section 7.2, while the second is the Greens functions formalism of section
7.3 which allows fully three-dimensional simulations. The computational cost of the
3D model limits the size of the system to N ∼ 50 − 100 emitters and hence we restrict
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its use to the study of phenomena which require a three-dimensional representation of
the electromagnetic field.
Each colour centre emits into the waveguide at a rate Γ1D , and the subsequent
exchange of photons between them influences their quantum state. This interaction
leads to the emergence of collective modes spanning the full length of the array which
can be excited via an external probe beam. We focus on the zero-phonon line (ZPL)
of the NV centres (see Chap. 5), in particular on the optical transition between the
ms = 0 spin states of the ground 3 A2 and excited 3 E manifolds. In general, the
conditions of the system assume a low-strain environment so that spin-mixing in the
excited states is negligible. The diamond sample is also cryogenically cooled to 4K so
that dephasing effects related to phonon scattering can generally be ignored.
The NV center differs markedly from the ideal two-level system considered in the
model described in section 7.2, due to both its electronic structure and the surrounding
diamond lattice. The transition between the ms = 0 spin states is not a true cycling
transition as the excited state exhibits strong decay into the vibronic manifold of the
ground state. The Debye-Waller factor, defined as the part of the total emission from
the excited state going into the ZPL is only DWN V ∼ 0.04 [262, 211]. Most of the
light emitted on the transition is emitted into the phonon sideband and any associated
coherence is lost. The excited state of the NV center also decays into the excited singlet
1
A1 state via an intersystem crossing. Although the triplet excited state preferentially
decays back into the ms = 0 ground state, the zero-phonon line of the NV centre is
not a true cycling transition. In this model, all emission paths outside of the ZPL are
treated as losses and factored into Γ′ . In general, the total decay of an emitter coupled
to the waveguide is given by Γtot = Γ1D + Γ′ , where Γ′ encompasses the emission
into the phonon sideband, the portion of the light emitted into the ZPL but lost to
non-guided modes, and that lost through non-radiative pathways.
The environment of the NV center also strongly influences its optical properties.
Each defect experiences a slightly different environment due to local strain variations
in the diamond lattice. As a result, their resonance frequencies can be slightly shifted
from one another leading to inhomogeneous broadening. Until now, all of the emitters
were assumed to be aligned to each other with dipoles emitting optimally into a pseudo1D waveguide. As discussed in Chap.5, the NV centre can be generated randomly
in any one out of four possible orientations within the diamond lattice. Although
preferentially oriented ensembles of defects have been successfully fabricated [263],
the great majority of available samples contain randomly oriented emitters. Bearing
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this in mind, we investigate both existing systems in order to quantify the benefits
of preferentially ordered defects. Furthermore, each centre radiates light following a
spatial profile defined by two optical dipoles orthogonal to each other. Fully capturing
the interaction of each of these dipoles with the field carried by the waveguide requires
a three-dimensional description of the system. To this end, we resort to the formalism
outlined in section 7.3 based on Greens functions which allows a vectorial description
of the fields and dipoles.
Light propagation in the vicinity of a photonic waveguide is rarely as ideal as
that described in section 7.2. A more accurate treatment can be obtained by using
FDTD methods [264]. In this way, the electromagnetic field can be fully solved for a
waveguide with arbitrary geometry and dielectric properties. Throughout this chapter,
we consider a simple diamond waveguide with a rectangular profile surrounded by
vacuum. Commercial software (Lumerical MODE Solutions) is employed in order to
compute the eigenmodes supported by the structure. Its dimensions are subsequently set
to 110x260 nm in order to generate a single-mode waveguide with the field concentrated
in the centre, as shown in Fig. 7.7.

y (μm)

|E|2 (a.u)

x (μm)
Fig. 7.7 : Transverse profile of the electric field mode guided by the dielectric waveguide
used in this section. The structure has a cross-section of dimensions 110x260 nm.
The full Green’s function G of the system is collected by calculating the value of
the electromagnetic field at every point along the waveguide using Lumerical FDTD
solutions. As it is necessary to calculate how the field radiated by each emitter
propagates along the waveguide, the Green’s function is solved independently for each
emitter by placing dipoles at the position of each defect in the array. The FDTD
simulation also provides a value for the emitter-waveguide coupling. This allows an
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estimate of Γ1D,NV = 0.65ΓZPL where ΓZPL = 0.04Γ0 refers to the fraction of the light
emitted into the ZPL. In this chapter, we define Γ1D = Γ1D,NV unless stated otherwise.
The coordinate system is defined as x̂ pointing along the waveguide axis, the ŷ − ẑ
plane being transversal to the waveguide and the ẑ being the positive vertical direction.
Finally, as colour centres in the array are regularly spaced, we can use the term ‘array
length’ to refer to the number of emitters N .
Given the Green’s function, the effective Hamiltonian of the system in the weakly
saturated regime can be reconstructed according to Eq. 7.27. We then solve the
Schrödinger-like equation in order to obtain the atomic wavefunction in the steady
state. All the field properties, including the optical transmission and reflection of the
system can finally be recovered using Eq. 7.28.
In practice, it is computationally challenging to calculate G for an array of more
than N ∼ 100, limiting the scope of the model. For larger simulations, we resort to
the use of the more numerically accessible one-dimensional model, which qualitatively
captures the behaviour of the system. An alternative approach is to find a set of
parameters (N , Γ1 D) that exhibits the same behaviour as a large array while being
easier to simulate.

7.4.2

Array in ‘mirror’ configuration

We first choose to investigate an array of NV centres spaced by a multiple of λZP L /2,
where λZP L is the zero-phonon line wavelength in diamond (n = 2.417). In this
configuration, an array of atoms has been shown to strongly reflect an incoming
probe beam [256]. This case is of particular interest as it constitutes a simple system
which can exhibit a clear, experimentally observable signature of the emergence of
collective effects. Furthermore, theoretical predictions can be compared with existing
experimental realisations using arrays of neutral atoms [256]. An atomic mirror is also
a fundamental building block of the an array arranged in a cavity QED configuration.
It is thus naturally instructive to understand its optical properties before considering
the cavity geometry.
We consider each of the potential aspects of the system which constitute a departure
from an ideal one-dimensional array two-level systems, such as positional disorder,
inhomogeneous broadening, or NV orientation. As mentioned in section 7.2.4, in
the ideal case, the spectrum of the array follows a lorentzian lineshape with a width
of Γ′ + N Γ1D peaking on resonance at (N Γ1D )2 /(Γ′ + N Γ1D )2 . Spectra and peak
reflectivities for a range of parameters are shown for reference in Fig. 7.8.
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Fig. 7.8 : (a) Reflection spectra for a range of arrays with different emitter numbers.
We use Γ1D = Γ1D,NV . (b) Finesse of a cavity with mirrors composed of atomic arrays
of N emitters, for a range of waveguide coupling values.
The system can indeed be highly reflective for relatively modest ensemble sizes and
waveguide couplings. Furthermore, weak waveguide coupling can to a certain extent be
compensated by longer arrays. In the following, each of the imperfections which can
occur in an array of NV centers will be treated separately in order to obtain insight
into the behaviour of the system.
Fig. 7.9 shows the effect of vacancies in the array. These can occur in the case of
an error in the NV centre creation process. This can be addressed via methods with a
high chance of generating defects such as laser-writing, boasting yields of up to 99%
[260]. Nevertheless, any NV centre which is not resonant with the zero-phonon line
frequency due to being in the singlet system or a different charge state will not interact
with other emitters in the array and thus also treated as a vacancy.
In practice, missing defects are simulated by associating each site in the array with
a finite probability of being vacant. The behaviour of a system with N emitters and
Nvac vacancies is identical to that of a regular array with N − Nvac emitters. Hence,
one can accurately account for missing defects by simply generating larger ensembles.
This behaviour only holds for arrays in a mirror configuration as all of the emitters are
placed at nodes of the field.
We then consider the impact of inhomogeneous broadening on an ideal array of
atoms. The zero-phonon line frequency of each defect can be shifted by more than its
homogeneous linewidth (Γhom = Γ0 ∼ 100 MHz for the NV centre [173]) depending on
its electromagnetic environment. In this model, we shift the resonance of each emitter
by a random value sampled from a Gaussian distribution with a width Γinh . Spectra
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Fig. 7.9 : Reflection spectrum of an array with 501 sites out of which Nvac = 41 are
vacant, showing perfect overlap with that of another array with the same number total
of emitters (N = 460) but no vacancies.
and peak reflectivities are plotted in Fig. 7.10 for a range of parameters averaged over
10 sampling runs.
As could be expected, the performance of the mirror strongly deteriorates under
the influence of inhomogeneous broadening, leading to reduced reflection and distorted
lineshapes. Indeed, the reflectivity is seen to drop by almost a third when the centres
are distributed over the homogeneous linewidth of a single emitter. Employing larger
ensembles can help to mitigate this effect by increasing the peak reflectivity and
broadening the ensemble. In order to observe collective effects, NV centres should be
generated while causing as little damage to the diamond lattice as possible so that the
broadening of the ensemble is minimised. The choice of material is also paramount as
impurities in the crystal also lead to a wider inhomogeneous linewidth.
When using methods such as laser writing or implantation masks [265] to create
arrays of NV centres, positional errors are necessarily involved. These can arise due
to the nature of the mask or the diffraction limit associated with the focusing of
the writing laser. Furthermore, defects can also diffuse spatially during the thermal
annealing process necessary to create NV centres after nitrogen implantation. We
separate the case where the disorder is along the array axis (δx) from that of transverse
irregularities (δy and δz). The position of each defect is given by xi + δxi where δxi is
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Fig. 7.10 : (a) Reflection spectra for array of N = 1000 NV centres, shown for a range
of inhomogeneously broadened linewidths. (b) Peak reflectivity as function of array
length for various values of Γinh , averaged over 10 samples.
sampled randomly according to a Gaussian distribution with width ∆x. The optical
response of the array is shown in Fig. 7.11 for different values of disorder.

1.0

1.0

x

0.8

x

x

x

0.6

R

x

x

0.9
= 0 nm
= 10 nm
= 20 nm

b)

Dl = 0.25 nm

0.8

D
D
D
D
D
D

0.7

x

= 30 nm

0.6

x

= 40 nm

R

D
D
D
D
D
D

= 50 nm

x

0.5

x

0.4

0.4

x

0.3

x

= 0 nm
= 10 nm
= 20 nm
= 30 nm
= 40 nm
= 50 nm

0.2

0.2

0.1
0.0

0.0
-4000

-2000

0

2000

Detuning (MHz)

4000

-2000

-1500

-1000

-500

0

500

1000

1500

2000

Detuning (MHz)

Fig. 7.11 : Reflection spectra for arrays of N = 1000 atoms with different values of
∆x, shown for a lattice detuning of (a)∆λ ∼ 0 nm and (b) ∆λ ∼ 0.25 nm
The error margin allowed in the position of the emitters along the array is quite
narrow (this is accentuated by the high refractive index of diamond), with the reflectivity
dropping by ∼ 50% for ∆x = λZPL /10. This is to be expected as in the limit of large
irregularities, the behaviour of the system tends to that of a conventional atomic
ensemble. The decrease in performance is difficult to counteract by increasing N, as
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even a large ensemble of disordered atoms does not typically reflect light. However,
detuning the lattice period by a small value ∆λ ∼ 0.25 nm, i.e. using a system where
the lattice period is a = λ/2 + ∆λ can alleviate the effects of axial disorder. This
phenomenon has also been observed experimentally with trapped atoms, for example
in Ref. [256]. Results for this configuration are shown in figures 7.11(b) and 7.12, where
the spectrum is shown shifted from resonance, but does not exhibit the central dip
present when ∆λ = 0. Crucially, the peak reflectivity is much less affected by the
disorder. However, controlling the array fabrication methods to a degree of precision
such that this effect can be harnessed is a challenging task.
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Fig. 7.12 : Peak reflectivities for a range of values of N as a function of array disorder,
showing the cases where ∆λ ∼ 0 nm in solid lines and ∆λ ∼ 0.25 nm in dotted lines.
On the other hand, disorder transverse to the array axis is seen to be much less
critical as long as the emitters remain within the guided mode profile. Defects placed
further away from the mode centroid experience a reduced coupling while translates
directly to a decrease in Γ1D . The behaviour of the array is fundamentally unchanged,
and hence the lineshape remains Lorentzian.
Finally, we consider an array composed of defects with no preferential orientation.
As mentioned in Chap.5, the NV centre can be oriented in one of four possible different
directions defined by the structure of the diamond lattice. Each of these orientations
forms an angle of 70.5deg with the three others. We randomly define the orientation of
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each emitter in the array and simulate its interaction with the waveguide field according
to Eqs. 7.27 and 7.28. In our FDTD simulations, the waveguide is also seen to weakly
guide the x and z components of the field. We can choose to define the waveguide
axis with respect to the diamond lattice in such a way that for one orientation, one
of the two dipoles of the NV is aligned to either one of the x, y or z directions in the
waveguide frame. The spectrum of the array is shown in reflection for each of these
possibilities in Fig. 7.14.
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Fig. 7.13 : Reflection spectra of arrays where the defects are randomly oriented
contrasted with the case of a sample with preferentially oriented emitters. Here, we
use N = 100.
When the NV dipole is not ideally oriented, it does not couple as efficiently to
the waveguide mode. This reduced coupling causes an unwanted drop in reflectivity,
minimised when one dipole is oriented in the y direction. This result confirms the
intuition that using arrays with defects oriented parallel to each other is greatly
beneficial to the observation of collective effects. For completeness, results including
both axial positional disorder and inhomogeneous are provided in Fig. 7.13.
The signature of collective effects in the system, in the form of a strongly reflective peak close to resonance, seems relatively resilient to the imperfections studied
here. Recent experimental results quote a positional accuracy of ∼ 33 nm by using
laser-writing techniques, for which a clear signal can still be expected. Arrays with
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Fig. 7.14 : Peak reflectivity of array systems including both axial positional disorder
and inhomogeneous broadening. Here, we use N = 1000.

detuned lattice constants provide an elegant way of accounting for positional disorder
and worth investigating further, although the approach would be easier to implement
in trapped atom arrays. In general, transverse disorder and the lattice filling factor
have relatively little influence on the physics of the system thereby alleviating some of
the implementation challenges. Ensembles of NV centres typically exhibit inhomogeneously broadened lines with Γinh > 1GHz, which represents the largest obstacle to an
experimental realisation of this system. This issue can be mitigated by increasing the
number of defects, but it is still crucial to obtain a sample with linewidths as narrow
as possible.

7.4.3

Cavity QED with arrays of NV centres

A cavity can be formed around a single emitter by placing it in between two reflective
arrays, somewhat analogously to using Bragg reflectors. The physics of such a system,
where the spacing between the central ‘impurity’ emitter and the mirrors is given by
aI = 34 λ (see Fig. 7.6b), is accurately described by the Jaynes-Cummings model [261].
Although array-based cavities do behave according to cavity QED, the nature of
the system leads to a different parameter regime to that accessible with standard
dielectric cavities. In particular, a field excitation contained within the cavity is also an
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Fig. 7.15 : (a) Spectra for arrays in the cavity configuration, showing the normal mode
splitting characteristic of the strong-coupling regime of cavity QED. Here, Γ1D = Γ1D,NV .
(b) Normal mode splitting as a function of emitter number, for a range of values of
Γ1D .
atomic excitation of the mirror array. This excitation is thus lost at the atomic decay
rate. Furthermore, due to destructive interference between the emission from the two
mirror arrays, a cavity excitation cannot be emitted into the waveguide mode and its
decay rate is thus given by κ = Γ′ . The central emitter can emit into both guided and
unguided modes of the field and as a result its decay rate is given by ΓI = Γ1D + Γ′ .
This leads to a very particular regime where the energy and coherence are maintained
longer within the cavity than in the central atom. Figures of merit associated with
cavity QED can then be defined in terms of the array parameters. For example, the
√
interaction of the ‘atom’ with the ‘cavity’ is quantified by g = N Γ1D . Similarly, the
cooperativity is given by
g2
N Γ2
C=
= ′ ′ 1D
.
(7.29)
κΓI
Γ (Γ + Γ1D )
As a side note, the particular parameter regime these array-based CQED systems
evolve in preclude any Purcell enhancement due to the particularly long lifetime of a
cavity excitation.
Transmission spectra are shown in Fig. 7.15a for an ideal 1D array, revealing
twin peaks corresponding to the eigenstates of the dressed atom-cavity system. The
splitting is well approximated by N Γ1D , and can be observed even with low waveguide
coupling. Indeed, as the cavity excitation is so long-lived, reaching the strong-coupling
regime where g > κ, ΓI is achievable even with relatively low finesse. This intuition
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Fig. 7.16 : (a) Cooperativity of the impurity-cavity system as a funcion of the number
of emitters and waveguide coupling. (b) Cooperativity of an array-based CQED system
as a function of mirror finesse calculated for Γ1D = Γ1D,NV . Equivalent values for an NV
centre coupled to a dielectric cavity are included for reference, inspired from Ref. [262].
An indication of the parameters required for an array to reach a certain finesse value
can be found in Fig. 7.8.
is supported by results in Fig. 7.16a, where cooperativity and normal mode splitting
values are plotted as a function of the main array parameters. In this parameter regime,
where κ ≲ γ and g ≳ κ, γ, strong coupling can be attained for lower cavity finesses
than conventional dielectric cavities which typically exhibit high values of κ. This is
illustrated in Fig. 7.16b, comparing the cooperativity of an array-based CQED system
with that of an NV centre placed inside a dielectric microcavity.
Due to computational restrictions, the array size we could accurately simulate is
limited to N ∼ 103 . For these short arrays and realistic couplings Γ1D ≤ 0.03Γ0 , the
system sits outside of the strong coupling regime. Consequently, we instead choose
to qualitatively investigate systems with values of g and C equivalent to an array of
N = 104 and Γ1D ≤ 0.027Γ0 by using another array with N = 517 and Γ1D ≤ 3Γ1D,NV .
One advantage of the model used here is that the dynamics of each atom can
be solved for. The excited state population Pe (t) of the central defect is plotted as
a function of time in Fig. 7.17 for a collection of Γ1D values with constant Γ′ , given
√
Pe (0) = 1. Rabi oscillations at a rate of Γ1D N are clearly visible for higher values
of waveguide coupling and a clear signature of energy exchange between the cavity
and the central emitter. The excitation decays following an exponential envelope with
a constant equal to Γ′ + Γ1D . For all the results presented in this section, only the
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central ‘impurity’ emitter is weakly driven with an optical field inserted transversally
to the waveguide axis.
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Fig. 7.17 : Population of an initially excited impurity emitter as a function of time,
shown for a range of values of Γ1D , keeping Γ′ constant. Rabi oscillations can be
observed, showing the coherent transfer of the excitation to a spin-wave distributed
over the mirror atoms.
In order to investigate the feasibility of reaching strong coupling using an array
of NV centres, we once again consider the impact of potential imperfections in the
system. Spectra are provided in Fig. 7.18a for a range of inhomogeneous linewidths.
Since inhomogeneous broadening leads to lower mirror reflectivity, it can be expected
that the cavity finesse will also drop. This naturally leads to a blurring out of the
features characteristic of efficient emitter-cavity coupling - and indeed, the spectrum
reverts entirely to a single peak for inhomogeneous linewidths Γinh ≥ 6.5Γ0 . This issue
can be addressed by using longer arrays, provided that the central atom remains close
enough to resonance. As in conventional cavity QED, detuning between the ‘atom’
and the resonator places the system in the dispersive regime, where the state of the
two sub-systems are less correlated. The excited state population is also shown in
Fig. 7.18b for an initially excited central emitter. The damping on the oscillations
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Fig. 7.18 : (a) Spectra and (b) population dynamics of an array in cavity configuration,
shown for a range of inhomogeneous linewidths (N = 517, Γ1D = 3Γ1D,NV ).
increases with Γinh until they disappear altogether in what can be interpreted as the
system leaving the strong-coupling regime.
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Fig. 7.19 : (a) Spectra and (b) population dynamics of an array in cavity configuration,
shown for a range of values of axial positional disorder ∆x . (N = 517, Γ1D = 3Γ1D,NV ).
Positional errors are examined in Fig. 7.19. Although the double peak structure
remains visible until relatively high values of ∆x, Rabi oscillations are quickly suppressed as shown in Fig. 7.19b. The confinement of the electromagnetic field between
the two mirror arrays is entirely dependent on the emitters in such a way that an
‘impurity’ region arises. In the mirror configuration, the lack of interference due to the
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mispositioning of an atom could be, to some extent, covered for by another emitter
correctly placed further down the array due to the periodicity of the system. Here, if
the defects in the central region are disordered the nature of the atom-cavity system
itself rapidly breaks down. In the presence of axial disorder in the lattice, the central
emitter couples unequally to different atoms in the mirror array. As a result, an initial
excitation is distributed to the many collective modes of the array, decaying rapidly
and causing the suppression of Rabi oscillations.
Unfortunately, only a few tens of NV centres can be simulated using the threedimensional model necessary in order to consider off-axis disorder. Strong coupling
cannot be observed with realistic values of Γ1D in such short arrays. Nevertheless, we can
obtain an insight into the effects induced by 3D imperfections by artificially increasing
the emitter-waveguide coupling. We then choose Γ1D such that the cooperativity of
the system matches that of an array of N = 105 atoms with Γ1D,NV . Such parameters
are used in figures 7.20 and 7.21.
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Fig. 7.20 : (a) Spectra and (b) population dynamics of an array in cavity configuration,
shown for a range of values of transverse positional disorder ∆yz . (N = 41, Γ1D =
11Γ1D,NV ).
Increasing the value of ∆y and ∆z straightforwardly reduces the mode splitting,
as can be expected from the reduced coupling of the defects to the waveguide. An
equivalent decrease in the Rabi oscillation frequency can be seen in Fig. 7.20b. In
general, positional disorder in the plane transverse to the waveguide axis is significantly
less critical than axial positional errors, which is consistent with the observations made
on the mirror configuration.
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Similar behaviour can be observed when the centres are randomly oriented. As
was done previously, the pointing of each defect is randomly selected out of the four
possible orientations it can take. Sub-optimally oriented dipoles interact less efficiently
with the guided mode, leading to a lower atom-cavity coupling. The dynamics of the
system are also investigated in Fig. 7.21b, showing similar results for all possibilities.
In all cases, the coupling is significantly lower than if all the defects were optimally
aligned.
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Fig. 7.21 : (a) Spectra and (b) population dynamics of an array in cavity configuration
where the defects are randomly oriented contrasted with the case of a sample with
preferentially oriented emitters. (N = 41, Γ1D = 11Γ1D,NV ).
Overall, building an efficient atom-cavity system has more stringent requirements on
the array parameters than simply observing Bragg-like reflection effects. As most of the
light emission from the NV centre is intrinsically lost to incoherent sideband emission,
it is critical that the waveguide coupling of each emitter to the waveguide be as high
as possible. In particular the system is not particularly robust to inhomogeneous
broadening and values of Γinh ≤ 500MHz are necessary in order to expect high atomcavity couplings. This issue can be mitigated to some extent by Stark-shift tuning the
zero-phonon line of individual centres with local electric fields [266]. Such an approach
would however represent a fabrication challenge, as currently state of the art integrated
platforms make use of 2 µm-wide electrodes [267].
Positional accuracy of each defect must be defined to less than 20 nm in the axial
direction, which represents another technical challenge. Yet, the necessary regime is
perhaps more accessible than one could think due to the outstanding performance
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of laser-writing techniques. Indeed, the accuracy of ∆x ∼ 33 nm demonstrated by
Chen et al. [260] suggests the required values for this protocol could be reached with
moderate technical advancements. Alternatively, NV creation techniques using AFM
implantation have also demonstrated remarkable accuracies although the yield is not
as easily controlled [268, 269]. As the system is fairly robust to transverse positional
disorder, improvements on the spatial accuracy of fabrication techniques are only
required in a single dimension. Results suggest that using an array where all the of
NV centres are aligned parallel to each other is highly desirable. In this case, the
defects should be oriented so as to point into the array axis - their dipoles will then be
aligned perpendicularly to the waveguide and hence couple optimally to the guided
mode. Preferentially oriented arrays have been demonstrated by feeding back onto the
laser-writing process using the NV fluorescence signal [260].

7.5

Conclusion

A versatile formalism capable of capturing complex collective interactions in arrays
of quantum emitters coupled to dielectric structures was presented. This model was
adapted to investigate the imperfections relevant to the case of chains of NV centres
in diamond. Two possible array geometries are chosen for study. In the first, the
system behaves similarly to a Bragg reflector. This effect is shown to be quite robust,
providing a reliable signal for the presence of collective effects in the array. Simulation
results suggest that these effects could indeed be observed in an experimental setting.
Looking towards the development of efficient quantum light-matter interactions
in reproducible solid-state devices, we then investigate a configuration where a single
‘impurity’ defect is placed between two reflective arrays. The physics of this system
accurately follows the Jaynes-Cummings model for Cavity QED, with the impurity
emitter coupling to a cavity composed of the two reflective arrays. Theory suggests that
the strong coupling regime can be reached in such an array with relatively low cavity
finesse. While the technical requirements necessary in order to observe collective effects
are arguably higher than for the mirror array, they can be attained given moderate
technological improvements.
Although we have shed some light on the rich physics of light-matter interactions
in atomic arrays, much remains unexplored. In particular, only two configurations
have been studied but ensembles with different lattice spacings also show promise
for other protocols such as quantum memories [270]. Furthermore, the system we
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have chosen to explore is limited by the optical properties of the NV centre. An
interesting avenue for further research would be to investigate arrays of group-IV
defects in diamond (such as the silicon and germanium vacancies) which exhibit much
higher Debye-Waller factors as well as narrower inhomogeneous linewidths. There
is also much scope for investigating the interaction of solid-state defects with more
complex dielectric structures such as photonic crystals. For instance, a recent study
has shown that strong nonlinearities could be observed if an emitter is placed close to
the band-edge of a photonic crystal waveguide [271]. We have thus laid the groundwork
allowing the simulation of a wide range of physical systems in order to assist in the
development of the next generation of quantum optical solid-state platforms.

Chapter 8
Conclusion and outlook
8.1

Summary

Throughout the course of this work, we investigated new approaches to quantum lightmatter interactions in solid-state platforms. The first portion of the thesis concerns the
development of quantum memories in atomic ensembles and in particular the atomic
frequency comb protocol which is particularly suited to inhomogeneously broadened
system. Although AFC protocols have been successfully demonstrated in the solid-state,
most implementations are limited in bandwidth due to their reliance on the individual
hyperfine states of rare-earth ions such as Pr3+ :Y2 SiO5 . In Chapter 4, we reported the
first realisation of a broadband atomic frequency comb in Pr3+ :Y2 SiO5 , prepared via
the direct application of an optical frequency comb generated by an ultrafast laser.
The quality of the AFC preparation was evaluated by implementing the storage and
retrieval of GHz-wide classical pulses. Maximal efficiencies of η ∼ 20% were recorded,
constituting a strong proof-of-principle demonstration.
As the spectral hole burning regime prevents access to traditional spin-wave storage,
another approach to on-demand readout is put forward, which relies on two-photon
absorption. By combining the AFC protocol with the ORCA protocol, read-out of
the memory depends on the satisfaction of a phase-matching condition reliant on the
application of a control field. This field can be switched on or off at will, enacting an
on-demand quantum memory operation. Chapter 4 includes initial results towards
the realisation of the ORCA protocol in Pr3+ :Y2 SiO5 . Two-photon transitions in
the 3 H4 ↔3 F3 ↔ 1 D2 ladder system are investigated spectroscopically. We observe
absorption on the upper transition conditioned on the presence of an optical field on
the lower transition, as well as detuned two-photon transitions. This confirms the
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observation of a key mechanism for the implementation of the ORCA protocol in this
system.
A broadband atomic frequency comb can also be built by resorting to a storage
medium with a wider ground state splitting. In Chapter 6, we followed this intuition
and investigated AFC preparation techniques in ensembles of diamond NV centres.
A novel approach to spectral hole burning was investigated, relying on manipulation
of the charge state of the defect. Optical ionisation of NV centres was investigated,
and the dynamics were favourable to the implementation of spectral hole burning
techniques. A preparation sequence was designed, based on the direct application of a
pulsed laser as in Chapter 4. Using this method, we reported the first demonstration
of an atomic frequency comb in this system.
When designing any hybrid quantum light-matter interface, one of the most important aspects is the efficiency of the interaction process. The numbers approach
embodied by atomic ensembles is attractive, but also limited by the low probability
a single photon has of interacting with each emitter. In Chapter 7, we consider the
greater picture and investigate solid-state atomic arrays, an interesting system which
promises to open the way for new light-matter interaction protocols. We theoretically
investigated collective effects in arrays of diamond nitrogen-vacancy centres coupled to
photonic waveguides. The optical properties of atomic arrays were shown to diverge
heavily from that of disordered ensembles. Depending on its geometry, an array of NV
centres exhibits high reflectivity, which then can be used to build a monolithic optical
cavity around a single defect. We studied the robustness of collective effects under
various realistic imperfections, concluding that atomic arrays are a promising approach
to implementing cavity QED protocols with NV centres.
Through these results, our hope is that we have successfully introduced novel
avenues for research towards the development of light-matter interactions in the solid
state. This work can be built upon in many directions, some of which will be touched
upon in the following section.

8.2

Outlook

In this final section, we will describe avenues for further research, from technical
improvements to potential new directions.
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Increased broadband AFC efficiencies in Pr3+ :Y2 SiO5

The results presented in Chapter 4 showcase the power of an ultrafast laser for spectral
hole burning. However, the experiment in its current state is far from being optimised.
The properties of the atomic frequency comb, and thus the efficiency of the storage and
retrieval processes, are limited by three main factors. First and foremost is the quality
of the optical frequency comb generated by the burning laser. Due to fluctuations in
the dye jet profile as well as its thermal environment, the laser spectrum is unstable
which leads to a broadening of its features as well as a slow drift in centre frequency.
As a result, the transparency windows burnt into the atomic ensemble are wider than
the hyperfine state splitting, thereby reducing the AFC contrast. This effect can be
solved by actively stabilising the laser system, which would go a long way towards the
optimisation of the comb profile.
The AFC efficiency is also limited by the optical depth of the Pr3+ :Y2 SiO5 crystal.
This issue will be addressed by using stoichiometric samples with higher ion densities
or photonic structures such as waveguides or cavities allowing for more efficient lightmatter interaction.
A final limiting factor is the movement of the cryostat system caused by the
compression cycle. The presence of these vibrations means that different sub-ensembles
are spatially addressed at different times, according to a cycle which does not match
that of the experiment. One approach to solving this, inspired by Gundogan et al.[164],
is to synchronise the pulse sequences to the vibrations of the cryostat. This can be
done by building a Michelson interferometer where one mirror is attached to the cold
finger, allowing the collection of an optical signal in phase with the cryostat cycle
which can then be converted into a TTL signal used to trigger the experiment.

8.2.2

An ORCA quantum memory in Pr3+ :Y2 SiO5

As was detailed previously, the issue of spin-wave storage will be addressed by combining
the AFC and ORCA quantum memory protocols. This exciting approach has the
benefit of also being telecom-compatible through the 3 H4 ↔3 F3 at 1550 nm. Initial
characterisation work of the relevant two-photon transition recorded relatively low
absorption contrasts in a continuous-wave setup. Further measurements are required
to determine if this is due to weak oscillator strengths or to fast decay of the 3 F3 level
limiting its steady-state population. We plan to shortly shift towards a pulsed setup
allowing for dynamic spectroscopy of the system. Pulsed light will be provided at
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995 nm by a Ti:Sapphire laser and at 1550 nm by modulating the EDFA intput with
an EOM. Using this setup, the decay rates of the relevant states could be measured
with rephasing spectroscopy techniques [130, 131]. The higher peak power provided
by pulsed excitation will also lead to higher absorption contrasts. This setup is also
necessary for the implementation of the ORCA memory, which constitutes the next
step towards the realisation of the full storage protocol.

8.2.3

AFC light storage in nitrogen-vacancy centres

The broadband atomic frequency comb in Chapter 6 was prepared using a technique
similar to that implemented in Pr3+ :Y2 SiO5 . The experiment would greatly benefit
from the improvements to the laser and cryostat systems described above. The
implementation of the AFC protocol in NV centres first requires an investigation of
comb profiles as a function of burning frequency, time and power. This could not
be achieved at the time due to the low signal-to-noise ratio of the experiment. The
SNR was limited many factors, the first being optical power in the burn and reset
beams setting an upper bound on the probing window within a given pulse sequence.
Increased power for off-resonant excitation of the ensemble can be obtained by using
another laser specifically for this purpose instead of diverting power from the system
used to pump the dye laser. The most significant noise source was leakage of the AOMs
used for optical switching, which will be reduced in further experiments via additional
temporal filtering with cascaded modulators. Using a diamond sample with polished
facets will also be a requirement going forward, as the signal collection efficiency was
heavily limited by distortion of the optical mode. We also aim to account for cryostat
vibrations via the interferometric setup mentioned previously.
When atomic frequency combs with higher contrasts can be successfully prepared,
we can re-attempt the storage and retrieval of classical pulses on the zero-phonon
line of the ensemble. Applying the spectral hole burning technique with a pulse
train with a faster repetition rate would also make for easier observation of rephasing
echoes. Currently, the AFC structure has peaks separated by 80 MHz, meaning that
we expect an echo 12.5 ns after the read-in pulse is absorbed. This delay is comparable
to the excited state lifetime of the NV centre recorded at 12 ns [272]. This limits the
achievable rephasing efficiencies and can be solved by preparing an AFC with a larger
peak spacing.
Once AFC rephasing echoes have been observed in the system, the full protocol
including spin-wave storage can be implemented. This requires the preparation of a
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lambda-system in ensembles of NV centres, which can be achieved via the application
of an external magnetic field [226, 232].

8.2.4

Collective effects in arrays of solid-state defects

In Chapter 7, we presented theoretical results concerning light-matter interactions in
arrays of nitrogen-vacancy centre. This study is by no means exhaustive, and the rich
physical landscape of collective effects in atomic arrays is still far from fully explored.
We focused on a particular use case, where atomic mirrors are harnessed to demonstrate
strong-coupling between a cavity field and a single NV centre. A potential avenue for
further research includes applying such a system to schemes relying on strong coupling
to achieve high-fidelity readout of the NV centre spin state [273]. Furthermore, cavity
QED systems which do not quite reach the strong-coupling regime are also of interest
for quantum information processing applications. For example, this includes cavityinduced funnelling of emission into the zero-phonon line of the NV centre, thereby
increasing its Debye-Waller factor [213]. Another potential application is cavity-assisted
Raman single-photon generation. The photons emitted on the zero-phonon line of NV
centres have low indistinguishability properties due to dynamic effects such a spectral
diffusion. A cavity detuned from one arm of a lambda-system prepared in the NV
ensemble can assist the emission of single photons conditioned on the application of
an optical control field detuned the same amount from the second transition. The
properties of the single photons emitted in this way are determined by those of the
control field, leading cleaner emission and greater flexibility [274].
Another configuration, where the emitters resonant with a wavelength λ are separated by an odd multiple of λ/4 has only been mentioned in passing in our work.
In this case, the absorption of the system is maximised which is of interest for many
applications. However, the enhancement in absorption scales unfavourably with the
waveguide coupling, which is relatively low in NV centres due to their weak ZPL
emission. Using systems with a higher Debye-Waller factors such as silicon-vacancy
centres represents another avenue for research. In future work, we plan on modelling
the case of group-IV colour centres in diamond which have already been integrated
with nanophotonic devices to great effect [275].
NV centres were chosen as technology to fabricate arrays of defects already exists
through laser writing and AFM implantation techniques. This opens up the way for
an experimental investigation of the schemes investigated in Chapter 7. The first step
in this direction would be to observe high reflection coefficients induced by cooperative
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effects in these arrays. The results could then be compared with existing realisations
with trapped neutral atoms [256] in order to evaluate the performance of the system.
Finally, as the model we used relies on the system being weakly saturated, its optical
response is mostly linear in nature. By resorting to a more general formalism capable
of taking into account multi-excitation states, a new range of interesting phenomena
could undoubtedly be uncovered as hinted by initial studies by Asenjo-Garcia et al.
[245]. In particular, we have given little attention to the photon statistics of the light
emitted by the array throughout our investigations. The second order correlation
function g (2) of the output field for a system supporting more than one excitation could
lead to potentially interesting observations. Our model also implicitly assumes that
emitters cannot interact via light emitted into free space. This additional interaction
channel, which becomes prevalent when the distance between atoms is less a quarter of
their resonance wavelength, is certainly worth investigating in further work.
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