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Abstract

Since its conception three decades ago, quantum computation has evolved from
a theoretical construct into a variety of different physical implementations. In many
implementations, quantum optics is a familiar tool for manipulating or transporting
quantum information. Even as some individual components of quantum photonics
technologies have shifted from lab-based setups into commercial products, effort is
being devoted to the creation of quantum networks that would link these components
together to form scalable computation devices.

Here, I investigate optical phonons in bulk diamond, a previously overlooked
system, as a physical resource for the construction of these devices. In this thesis, I
measured the coherence properties of the diamond phonon, implemented a quantum
memory write-read protocol using far-detuned Raman scattering, and entangled the
phonon modes from two spatially separated pieces of diamonds in an adaptation
of the seminal quantum repeater protocol proposed by Duan, Lukin, Cirac and
Zoller (DLCZ). All of these experiments were conducted at room temperature with
no optical pumping, using ultrafast broadband pulses (sub 100fs) — this is made
possible by the unique physical properties of bulk diamond.

Quantum memories and the creation of entangled states are key ingredients
towards a working quantum network. By demonstrating that diamond can be used as
a bulk solid in ambient conditions to implement these complex quantum interactions,
I show that bulk diamond is a credible candidate for the construction of robust
integrated nanophotonics chips capable of operating at THz frequencies.

The quantum dynamics demonstrated here encompasses the motion of ∼ 1016

atoms, which is several orders of magnitudes larger than the excitations created in
other systems. This manifestation of quantum features at room temperature, in a
regime that is traditionally described classical physics, is of fundamental interest,
and highlights the need for further studies into the transition between quantum and
classical physics.
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Chapter 1

Introduction

1.1 Motivation

Humans’ evolutionary progress rests, to a large degree, on our ability to process

information [1]. Our ever increasing capability to generate information in recent

decades is, in turn, driven by our mastery of the computing technologies [2]. Com-

puters operate by flipping internal switches, whether they are transistors, vacuum

tubes or even mechanical hammers, between 2 different states, which we label |0〉

and |1〉, to execute instructions at great speed. However, it is worth noting that

despite all the technological innovations, each internal switch is fundamentally no

more powerful than a single bead from the humble abacus, first invented in Sumeria

around 4,500 years ago. As such, the classical computer can not implement any

algorithms that are more efficient than what their less sophisticated counterparts

can do.
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On the other hand, each qubit, which is the equivalent of a switch in a quan-

tum computer, can be in a superposition state |ψ〉 = c0|0〉 + c1|1〉 with amplitudes

c0, c1, and |c0|2 + |c1|2 = 1. In general, the amplitudes are complex numbers and,

for a classical computer to simulate an n-qubit quantum computation problem, 2n

complex numbers would have to be stored and then processed. Shor’s factorisation

algorithm [3], amongst others [4], leverage this property to provide an exponential

speed up over their equivalent, best known algorithms that can be implemented on

classical computers.

The first direct proof that quantum computers can be more than a theoretical

concept came in 1995, when Monroe et al. [5] implemented a controlled-NOT gate

on a single trapped ion, using the two lowest levels of the harmonic trap states

as the control qubit acting on the internal spin states of a 9Be+ ion. Three years

later, Jones and Mosca [6] implemented a quantum algorithm for the first time using

Nuclear Magnetic Resonance (NMR) techniques. There, they utilised two coupled

proton spin states as a test bed to solve Deutsch’s problem [7] of determining the

parity of a one bit function f : X → Y , where {X,Y } ∈ {0, 1}. The two spins

are placed, one each, into the superpositional states |ψ±〉 = (|0〉 ± |1〉)/
√

2 (where

{|0〉, |1〉} are the proton spin eigenstates), which act as the function input X. By

using the superposition states |ψ±〉, Jones and Mosca were able to determine the

parity with one rather than two queries (minimum required by a classical computer)

of any function f . Since then, quantum logical operations have been demonstrated

on multiple NMR qubits [8], though more recent efforts have mainly been directed
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at a growing plethora of other systems, as demonstrated by the implementations of

Grover’s search algorithm in trapped ions [9] and superconducting circuits [10], as well

as Shor’s algorithm in photonic chips [11].

In order for quantum computation technologies to function alongside, or even

replace, current computing architectures, spatially separated quantum computers

should have the ability to transmit and share quantum information. Just as the

internet has been a paradigm shift of transforming the standard computer from being

a standalone glorified typewriter to being the indispensable tool for banking and

keeping up-to-date with friends, quantum communications protocols have opened

up an entirely new range of capabilities for quantum technologies. This includes the

well known quantum key distribution protocol conceived by Bennett and Brassard in

1984 [12], which underlies the current generation of commercial systems that promise

unconditional security, and teleportation of arbitrary quantum states, first proposed

by Bennett et al. in 1993 [13] and demonstrated by Bouwmeester et al. four years

later [14].

Many quantum communication protocols, including the above examples, rely on

the ability to distribute entangled states across spatially separated network nodes.

When a multi-partite system is entangled, complementary measurements on each

particle produce correlated results in a manner which is inconsistent with classical

theories — a feature that Einstein dismissed as spukhafte Fernwirkungen (spooky

actions at a distance) [15]. In particular, quantum repeater protocols, such as the

famous DLCZ scheme by Duan et al. in 2001 [16], have the potential to distribute
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bi-partite entangled states across distant (inter-continental) nodes. Many variations

have been proposed since, and form an area of active research [17,18].

Key to entanglement distribution and, by extension, a quantum network, is the

ability to send quantum information, the flying qubit, across network channels, to

be processed at the nodes, in the form of stationary qubits. Due to its speed, pho-

tons represent a natural choice as the medium for a flying qubit. Indeed, Knill et

al. [19] have shown in 2001 that linear optics is a feasible approach towards quantum

computation, and the quantum memory, a device capable of storage and retrieval

of the flying qubit, plays an important role in scalable linear optical quantum com-

puting [20]. Quantum memories can improve single photon production rates (thereby

reducing the overhead for optical quantum computing [21,22]), synchronise multiple

single photon sources [23] as well as being a fundamental building block for quantum

repeater networks.

Early studies (from the 1960s) into quantum optics, where the creation/annihil-

ation operator formalism is central to the understanding of light-matter interactions,

mainly involved single or few atoms [24,25]. The weak interaction strengths in these

experiments can be ameliorated by placing the atom in a cavity [26,27]. In general,

however, addressing a single atom is a technically challenging task. An alternative

approach to enhancing the interaction strength is to use an ensemble of atoms [28–31].

Here, a single readin signal photon can interact with many atoms (e.g. ∼ 109 in a

recent demonstration by Reim et al. [32]) and the quantum state of the photon is co-

herently mapped into a collective excitation of the ensemble before being transferred



1.1 Motivation 5

into a readout photon.

Tremendous progress has been made in recent years on increasing storage effi-

ciencies and lifetimes in ultracold and hot atomic gases, rare-earth-ion (RE) doped

crystals as well as other systems [17,33]. However, they typically require significant

resource overhead in their preparation and utilisation, especially when cryogenic

techniques are employed. Significant technical challenges remain before these sys-

tems find their way into a practical quantum computational device.

In contrast, current computers are already capable of robust operations at room

temperature, and lithographic techniques allow features which are 32 nm and smaller

to be etched onto a chip [34]. It is therefore not unreasonable to expect a future

practical optical quantum computer to take the form of a nano-photonics device.

Here, the quest for a suitable solid in which quantum effects can be observed revolve

around two principle materials: silicon, a commonly utilised material for which there

already exist a wealth of fabrication techniques [35]; and diamond, whose stiff lattice

structure gives it extraordinary physical properties [36]. Defect centres in these crys-

tals, consisting of electrons sitting in vacant lattice sites that act as cavities to shield

it from the environment, hold one promising route to room temperature quantum

computation [37,38]. While bulk silicon is regularly used in waveguide research [39,40],

its defect centres, such as the oxygen-vacancy in silicon [41] and isolated vacancies in

silicon carbide (SiC), are less well characterised. Atom light interactions in silicon

based materials are still at a relatively early stage of development.

Diamond, on the other hand, is already well utilised in a broad range of ap-
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plications. For instance, the QCV SPS 1.01 is a commercial single photon source

that relies on diamond’s nitrogen-vacancy (NV) centres for stable room temperature

operations. As diamond consists of the same carbon atoms which make up the hu-

man body, nano diamonds are bio-inert and have been used as a fluorescent tracker

for real time bio-imaging applications [42]. Further, acoustic vibrational waves in

diamonds have long coherence lengths [43], leading to diamond having the highest

thermal conductivity of any naturally occurring materials. This means that bulk di-

amond is particularly adept in environments where high thermal loads are expected,

and is partly why diamond has been used as the lasing medium of mode-locked

picosecond lasers [44]. With so many proven abilities, it is most likely that diamond

will play an important role in the development of thermally robust nano-photonic

structures.

1.2 Thesis outline

This thesis is in five chapters. Chapter 1 discusses the importance of entangled

states and the role of the quantum memory in achieving scalable quantum comput-

ing. An introduction to various quantum memory protocols is given, alongside a

review of some experimental approaches towards practical entanglement distribu-

tion. Chapters 2 introduces the diamond phonon as a storage excitation, discusses

its role in the Stokes scattering process and its use as a spectroscopic tool for dia-

mond (TCUPS). A phonon excitation created by Stokes scattering can be read out

by anti-Stokes scattering, and chapter 3 analyses the Stokes/anti-Stokes photon pair

http://qcvictoria.com/New-Products
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to demonstrate nonclassical behaviour from bulk diamond. This experiment is then

adapted as a complementary spectroscopic technique on diamond (SAUCERS), and

the results are combined with TCUPS to gain new insights into the material prop-

erties of diamond. Extending the setup used for anti-Stokes scattering, chapter 4

reports the creation of the first macroscopic room temperature entanglement using

two spatially separated diamonds — where it turns out that the verification process

is arguably somewhat more complicated than the entanglement creation. Chapters

2 to 4 are all based on published papers. Finally, chapter 5 concludes this thesis

with an outlook on future work.

1.3 Quantum memories overview

A quantum memory functions by coherently mapping a readin signal photon state

into a medium excitation (a storage state), which is then read out again into a

readout signal photon. In order to preserve the coherence of the stored quantum

state, the storage state is usually a long-lived metastable state that is coupled via an

intermediate state to the ground state. Figure 1.1 illustrates a selection of quantum

memory protocols — Electromagnetically Induced Transparency (EIT), Controlled

Reversible Inhomogeneous Broadening (CRIB), Atomic Frequency Comb (AFC) and

far-detuned Raman memory — that are based on systems with this type of energy

structures, normally known as Λ systems.

For single atoms, each energy level represents an eigenstate of the electronic

wavefunction, and the memory lifetime is, in principle, only limited by the lifetime
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a) b)

c) d)

Figure 1.1 Illustration of various quantum memory schemes. In
all cases, the bold green arrow represent a strong classical control
pump, and the blue wavy arrow represents the weak signal field that
is stored and retrieved: a) In EIT, a control field induces a Stark shift
on the upper state |e〉 such that the medium becomes transparent to
the signal field, and the group velocity of the signal is also reduced.
Absorption of the signal into the storage state |s〉 is achieved by
adiabatically decreasing the pump intensity. CRIB b) and AFC c) are
both photon echo techniques. The resonant signal fields are absorbed
by the artificially broadened upper level |e〉. At time t = τ , the
applied broadening in CRIB is reversed and the manifold of states |e〉
rephase to emit the signal field at t = 2τ . For AFC, rephasing occurs
naturally at t = 2π/∆. A classical π pulse can transfer the excitation
from |e〉 to a meta-stable |s〉 to prolong the storage time. Finally, in
d), we show the Raman memory, where the signal is directly absorbed
into and later re-emitted from the state |s〉 via the far-detuned (∆ is
much greater than signal bandwidth) Raman interaction.



1.3 Quantum memories overview 9

of the excitation |s〉. The weak coupling from the photon field to atomic excitations

is a major technical barrier that has only just been overcome recently by Specht et

al. [27] with a high-finesse cavity, which led to a storage efficiency of 9.3%. Though,

once stored, the coherence time of the dipole trapped 87Rb atom was found to be

184 µs (compared to an input pulse duration of 0.7 µs).

As mentioned in the previous section, replacing the atom/high-finesse cavity

combination with an atomic ensemble is an experimentally straightforward approach

to strengthen the light-matter interaction. In this case, the ensemble contains many

copies of the Λ structure, and, instead of a single ground state (Fig. 1.1), |g〉, for

instance, now stands for the product of N individual ground states |g〉 ≡ |g1g2...gN 〉,

where gi represents the ground state of atom i. As a single signal photon is absorbed

during the readin process, a collective excitation is created such that the ensemble

is in a superposition of all combinations of 1 excited atom with N − 1 ground state

atoms. Instead of representing the meta-stable state of one single atom,

|s〉 ≡ 1√
N

N∑
i

ci|g1g2...si...gN 〉. (1.1)

The magnitudes and phases of the complex amplitudes {ci} are determined by the

propagation of light through the atomic medium and the positions of atom i within

the ensemble. The state in Eq. (1.1) is also known as a spin wave in the literature

since it takes a similar form to how disturbances to atomic alignments in a magnetic

material travel.
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To illustrate the increase in interaction strength with an ensemble over that of a

free space single atom, we start with an interaction Hamiltonian Ĥ1 and look at the

diagonal element 〈0, s|Ĥ1|1, g〉, where |1, g〉 describes the initial system with 1 signal

photon and ensemble ground state, coupled to a final state with 0 signal photon and

ensemble storage state Eq. (1.1). For a signal photon annihilation operator âs and

single atom-light coupling constant α (approximated as being equal for all atoms in

the ensemble),

Ĥ1 = α âs ⊗
N∑
i

|si〉〈gi|+ h.c. (1.2)

In the weakly interacting regime, all atoms interact equally with the light field,

and ci = 1 [45]. The effective coupling constant in this toy model is given by

〈0, s|Ĥ1|1, g〉 = α
√
N . From this, it is clear that the collective coupling strength

is enhanced over the single atom case by a factor of the square root of the number of

atoms, which can be extremely large for a typical atomic ensemble. Due to propa-

gation and high order effects, storage efficiencies do not scale simply as the effective

coupling constant. Efficiencies of the various memory protocols have been analysed,

for example, by Nunn et al. [46] and Gorshkov et al. [47]

1.3.1 EIT

In 2001, two groups, Liu et al. [48], and Philips et al. [28] separately demonstrated

working quantum memories for the first time using the well established technique

of Electromagnetically Induced Transparency (EIT) [49,50]. The storage process of

EIT can broadly be divided into 2 parts: first, a strong control field is applied on
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Figure 1.2 In the presence of a strong resonant control (solid lines),
a) a transmission window in the medium is opened within a normally
absorptive range of frequencies (dashed line representing resonance
without the strong control field). The inset shows a dressed state
picture of the lambda system shown in Fig. 1.1a — the resonant
signal field is transmitted by the medium in the presence of a strong
control pump (see text). b) A rapid variation is also introduced in the
refractive index around the resonance of the medium such that the
group velocity of a signal pulse is reduced. Normal absorption profile
and refractive index around the |s〉 −→ |e〉 transition are represented
by dotted lines.

the |s〉 −→ |e〉 transition with coupling Ωc (Fig. 1.1a), which dresses the excited

state such that the transmissive property of the medium is altered, and a weak

signal that is resonant with the |g〉 −→ |e〉 transition, coupling Ωp, is no longer

absorbed (Fig. 1.2). In the rotating frame, representing a linear combination of the

bare atomic eigenstates |ψ〉 = Ψg|g〉+ Ψs|s〉+ Ψe|e〉 by the vector (Ψg,Ψs,Ψe), the
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interaction Hamiltonian is:

ĤI = −~
2


0 0 Ωp

0 0 Ωc

Ω∗p Ω∗c −2∆

 , (1.3)

where ∆ represents a small (red) detuning of the Ωp,Ωc fields away from the ex-

cited state |e〉. We assume that the excited state does not decay in this simple

model. When operating as a single photon quantum memory, {Ωp,∆} ≈ 0, and the

eigenstates of ĤI , i.e. dressed states, are:

|a±〉 =
1√
2

(|s〉 ± |e〉), (1.4)

with the associated eigenvalues:

~ω± =
~
2

(∆±
√

∆2 + Ω2
p + Ω2

c). (1.5)

Thus a strong control field renders the medium transparent to the signal field

(Fig. 1.2a inset). At the same time, the dispersion of the medium is also changed,

so as to reduce the group velocity of the signal pulse [51]. The pulse length is si-

multaneously compressed and, as the control field is adiabatically switched off, the

group velocity of the signal photon reduces to zero. The energy of the portion of the

compressed signal which fits inside the storage medium is coherently transferred into

an atomic excitation. To retrieve the signal pulse, the control field is adiabatically
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turned back on at a user determined time, and the atomic excitation is coherently

transferred back into the photon field.

In practice, ∆ is chosen to be finite, but within a resonance limit of ∆ � dγge,

where d is the resonant optical depth of the ensemble and γge is the decay rate of

the |e〉 −→ |g〉 transition [45]. The detuning reduces collision induced fluorescence

during the storage and retrieval steps, thereby improving the signal to noise ratio (a

crucial criteria when experimenting at the single photon levels) [52]. Further, within

the resonance limit, EIT storage/retrieval efficiency is not particularly sensitive to

∆ [45,52–54], therefore EIT can be implemented even in mediums which have inho-

mogeneously broadened |e〉 without optical pumping. For example, while Liu et

al. used magnetically trapped sodium atoms, Philips et al. used rubidium vapour at

70− 90◦C, and both demonstrated roughly equal storage times.

The transparency window of EIT lies between ω± and scales with the pump

intensity [Eq. (1.5)] — though a more careful analysis shows that the window is

narrower for a given pump power in the presence of inhomogeneous broadening of

|e〉 [54] — thus defining a minimum signal pulse duration that can be stored. At the

same time, the compressed pulse must physically fit inside the storage ensemble,

thereby placing an upper bound on the duration.

In the initial single photon experiments, caesium (Cs) or rubidium (Rb) atoms

were held in a Magneto-Optical Trap (MOT) and used to store ∼ 0.1 µs signal

photons for typically 0.5 µs [55,56]. These demonstrations were later extended to

warm gases — e.g. Eisaman et al. measured a decay time of 1 µs for Rb gas using
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140 ns long pulses and a combined storage and retrieval efficiency of 10% [57]. A

problem with the warm gases is that the atoms can diffuse out of the interaction

volume in between the storage and retrieval processes, and this happens on the

timescale of µs. Doped solids, on the other hand, allow the relevant atoms (the

doping material) to be held in place like a ‘frozen gas’. As such, praseodymium (Pr)

doped in Y2SiO5 was the material first used by Turukhin et al. [58] to observe EIT

and a subsequent experiment by Longdell et al. measured the storage time to be

an astonishing 2.3 s [59] (compared to a 20 µs long signal pulse). However, the exact

energies of each Pr atom are highly dependent on the surrounding solid, contributing

to significant pure dephasing effects. In these experiments, the solids are held at

cryogenic temperatures and a rephasing pulse is applied in the middle of the storage

time. This represents a slight drawback on its use as a quantum memory since, to

maximise the potential of the medium, the user must then decide when the stored

signal will be retrieved before the storage step in order to know when to apply the

rephasing pulse.

1.3.2 CRIB/ Gradient Echo Memory (GEM)

In general, inhomogeneous broadening in the storage medium decreases the fidelity

of the retrieved signal. A class of protocols, called photon echo techniques, can, in

principle, use the inhomogeneous broadening instead to store optical pulses. Suppose

an ensemble of two level atoms absorbs a single photon on the |gi〉 −→ |ei〉 transition,
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the ensemble is in the state:

|e〉 =
∑
i

cie
iδit|g1g2...ei...gN 〉, (1.6)

where δi is the frequency shift of the ith atom due to inhomogeneous broadening.

Analogous to the Hahn echo technique in NMR [60], suitable application of π pulses

can effectively reverse the shifts such that δi −→ −δi half way through the storage

process and allow the atoms to rephase and emit the stored signal (providing the

storage time is much shorter than the lifetime of the medium). However, Ruggiero et

al. [61] have shown that the storage fidelity is very sensitive to the applied pulse area,

and the fluorescence noise following the application of the π pulse would significantly

degrade the signal to noise ratio. Further, after applying the rephasing pulse, the

population of the atomic ensemble would be inverted, leading to the emission of

amplified spontaneous noise [62], thus such a ‘traditional’ approach cannot work at

the single photon level.

Moiseev and Kröll proposed, in 2001, a technique that is now known as Controlled

Reversible Inhomogeneous Broadening (CRIB), which provides an alternative route

to reversing the shifts δi
[30]. The protocol is as follows (Fig. 1.3): to initialise the

ensemble, selective optical pumping creates a spectral hole within the absorption

profile of the medium and a narrow anti-hole at the centre. An external field induces

different Stark or Zeeman shifts on the atomic transitions so as to broaden the

anti-hole peak. The storage process is simply the resonant absorption of a signal
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Figure 1.3 CRIB memory protocol schematic. a) An inhomoge-
nously broadened state is selectively pumped, and an anti-hole is left
in the absorption profile. b) The signal field is resonantly absorbed
by the artificially broadened anti-hole. c) At time τ , the artificial
broadening is reversed, leading to photo-emission when the atoms
rephase at time 2τ .
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photon within the artificially broadened state |e〉 [Eq. (1.6)], during which each

atom accumulate phase at a different rate δi. By cycling the excitation through an

auxiliary state |s〉 with π pulses, followed by the reversal of the external E or B field

at time τ , the sign of the atomic shifts goes from δi −→ −δi, allowing the atoms

to rephase after a further time τ . This leads to a collective enhancement of photon

emissions from the atoms [17], producing a time-reversed copy of the signal pulse in

a well defined spatial mode in the reverse direction [30,63]. The first experimental

verification of CRIB was achieved in 2006 by Alexander et al. [63] using cryogenically

cooled europium (Eu) doped Y2SiO5 as the storage medium, storing 1 µs pulses for

∼ 10 µs with < 1% efficiency.

In early versions of the protocol, CRIB relied on the differential response of each

atom to the external field to attain the artificial broadening, and without the π

pulses — which introduce noise to the system — the signal is emitted in the forward

direction, with an optimal efficiency of 54% [64] due to re-absorption of the emitted

pulse by the ensemble. Hétet et al. [65] then proposed and demonstrated, in 2008,

a modification of the protocol which allows unit retrieval efficiency in the forward

direction, requiring no control pulses and using only 2 level absorbers. Key to the

modified protocol, Gradient Echo Memory (GEM) is that instead of relying on dif-

ferential atomic responses to an external field, a linear field gradient is applied along

the longitudinal direction such that the frequency shifts of the excited level scale

linearly with atomic positions along the axis of propagation. Each frequency com-

ponent of the signal is absorbed by a different slice of atoms along the ensemble, so
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the forward emitted signal is subsequently transmitted without resonant absorption.

Using cryogenic Pr doped Y2SiO5, Hétet et al. stored a ∼ 2 µs signal for ∼ 4 µs

with a combined efficiency of 15% — something of an improvement upon the original

CRIB experiment.

Figure 1.4 Schematic of Hétet et al.’s version of the GEM memory
protocol [66]. The storage state |s〉 is broadened by an applied field,
and the signal field is directly absorbed via a Raman transition.

Once absorbed into the broadened |e〉, the excitation can in principle be trans-

ferred to an auxiliary state |s〉 to extend the storage time, but in demonstrating

GEM in an atomic gas Rb (which has a Λ energy structure) for the first time, Hétet

et al. [66] introduced another modification — in the presence of a strong control beam

(Fig. 1.4), signal photon absorption is accompanied by coherent transfer of popu-

lation, via off-resonance Raman coupling, from |g〉 directly to a broadened |s〉. In

effect, the two hyperfine ground states |g〉, |s〉 act as a two level system through the
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Raman interaction. Signal pulses of 1 µs duration were stored and the retrieved echo

was observed to decay with a time constant of ∼ 1.5 µs — consistent with dephasing

time associated with atomic diffusion out of the interaction region.

One barrier against single photon operation with CRIB/GEM in a two-level

system is the fluorescence noise that results from excited state decay following the

optical pumping initialisation. For example, in erbium (Er) doped Y2SiO5, the ex-

cited state has a lifetime of ∼ 11 ms [67], thus rather problematic for observation of

CRIB interactions which typically evolve on µs timescales. Lauritzen et al. navi-

gated around this obstacle by stimulating decay into an auxiliary short-lived state,

thereby depleting the excited state population [68]. They observed the storage and re-

trieval of single photon level 200 ns pulses (stored for < 500 ns at 2.6 K) at telecoms

wavelength (1.5 µm) with 0.25% combined efficiency.

Compared to EIT, this class of photon echo techniques hold the advantage that

no a priori knowledge of the signal pulse shape is needed. This is contrary to EIT

and the far-detuned Raman absorption memory (discussed in section 1.3.4), which

require control pump profiles to be tailored to the signal field profiles for optimal

storage/retrieval [47,69,70]. As a comparison, Novikova et al. [71] saw an increase from

< 5% to 45% in EIT efficiency following pulse shape optimisation, while Hedges et

al. [72], Hosseini et al. [73] measured 69%, 87% respectively through careful choice of

material and an improved optical pumping configuration.

Requiring only two level absorbers and no optimised control fields, CRIB/GEM

is also arguably more flexible as a protocol, both in terms of the choice of medium
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as well as optical alignment. However, a major weakness of the protocol lies in

its need for a narrow absorption peak, which calls for extensive optical pumping,

effectively discarding a majority of the atoms from the storage/retrieval process and

thereby decreasing the overall efficiency. Aside from the more complicated pumping

configurations used in Hedges et al. and Hosseini et al.’s demonstrations, typical

efficiencies are < 1%. In addition, the stored signal bandwidth is limited by the

induced broadening, which must be smaller than the hyperfine splitting within the

involved states, and the full width at half maximum (FWHM) value of the anti-peak

feature, which sets an upper bound on the memory lifetime, cannot be narrower than

the homogenous linewidth of the atom. In practice, 1 µs pulses are stored for ∼ 3 µs

in typical implementations, and the time bandwidth product — given by ratio of

storage lifetime to the pulse duration — is only ∼ 3−4. This is equivalent to saying

that the memory is only capable of storing quantum coherence for 3-4 computation

cycles.

In light of the complexities of the experimental setups in CRIB and GEM pro-

tocols, the original photon echo approach, which utilises the full bandwidth of the

excited state, has recently gained renewed attention. I conclude this section with

a brief summary of two of these protocols, which are both backed up by proof of

principle demonstrations (reported in 2011 [74,75]). Like the traditional photon echo

approach, a signal is first absorbed by a two level atomic ensemble (Fig. 1.5a) and a

rephasing pulse inverts the ensemble population (Fig. 1.5b), but the atomic ensem-

ble is then left to evolve beyond its rephasing point, during which echo emission is
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a) b) c) d)

Figure 1.5 Both the HYPER and ROSE protocols can be imple-
mented on a two-level ensemble. The top halves of each panel depict
the sequence of signal absorption/emission [curly arrow in a), d)],
rephasing pulses [bold arrows in b), c)] and ensemble populations.
The lower halves represent the temporal evolution of phase φ for each
frequency component (ω) within the medium. The x-axis represents
the ‘rephasing point’ of the ensemble.

suppressed by experimental design. After this, a second rephasing pulse is applied

(Fig. 1.5c), and the emission of the echo is allowed to take place as the ensemble

evolves back towards the rephasing point. As the emission occurs after the second

rephasing pulse (Fig. 1.5d), the atomic ensemble is close to the ground state dur-

ing pulse retrieval, and amplified spontaneous noise is curbed, in principle allowing

single photon level operation.

To suppress echo emission, McAuslan et al. [75] applied an electric field gradient

across the ensemble to prevent rephasing via the Stark shift effect in the Hybrid

Photon-Echo Rephasing (HYPER) protocol, and Damon et al. [74] relied on phase



1.3 Quantum memories overview 22

mismatch between the emitted echo and the rephasing pulse in a physically thick

ensemble in the Revival of Silenced Echo (ROSE) protocol. The HYPER experiment

demonstrated the storage of a 1.8 µs long weak pulse for 120 µs with 2% storage

and retrieval efficiency using a helium cooled Pr doped Y2SiO5, while the ROSE

experiment stored a 3 µs weak pulse for 82 µs pulse in helium cooled Er doped YSO

crystal, with a storage and retrieval efficiency of 12%.

1.3.3 AFC
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Figure 1.6 In AFC, an inhomogeneously broadened line is optically
pumped to leave a regular series of absorption peaks, each of width γ
and separated by ∆, in the storage ensemble. The pre-programmed
storage time is determined by ∆, though it can be extended by trans-
ferring the stored excitation to a storage state (Fig. 1.1c).

Atomic Frequency Comb (AFC) is also a photon echo technique that is closely

related to CRIB. Whereas the efficiency of CRIB is inherently limited by the need

to discard many atoms during the initialisation step, AFC aims to use the inherent

inhomogeneous broadening to its advantage. Instead of initialising with one anti-hole
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peak in the absorption profile, the scheme, as proposed by Afzelius et al [76] in 2008,

calls for a regular series of N peaks, each of width γ and separated by ∆ in frequency,

i.e. a frequency comb (Fig. 1.6). Even though the absorption profile consists of

discrete peaks, an incoming signal pulse of bandwidth Γ is entirely absorbed when

N∆ � Γ � ∆. This can be understood by appreciating that the uncertainty in

frequency associated with a pulse is roughly its bandwidth, thus perfect absorption

is possible providing that there is sufficient density of atoms within the peaks. The

ensemble excitation is also of form Eq. (1.6), but here the frequency shifts δi are

discrete rather than continuous (as in CRIB), due to the frequency comb. Key to

AFC is that once stored, the atoms would rephase naturally at t = 2π/∆, leading to

collective emission into a well defined spatial mode. Optimal efficiency for a forward

emitted signal is also 54% due to reabsorption, and can approach unity for backward

emission, like CRIB, with the use of π pulses to cycle through a storage state.

The first AFC experiment by de Riedmatten et al. in 2008 [77] was also the first

demonstration of a solid light-matter interface at the single photon level. With

Neodynium (Nd) doped in YVO4, they stored two 20 ns pulses and demonstrated

coherence was preserved by interference measurements. The measured combined

storage and retrieval efficiency was < 0.5%. A study of the Maxwell-Bloch equations

by Bonarota et al. in 2010 concluded that the efficiency is sensitive to the shape of

the absorption peaks [78]. In particular, using square rather than sine shaped peaks

they demonstrated an increase of total efficiency from 10 to 17%, storing 450 ns

pulses for 1.5 µs in cryogenic Thulium (Tm) doped YAG. A similar experiment by
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Amari et al. increased storage efficiency to 35% in Pr doped Y2SiO5
[79].

Without transferring the excitation to a storage state, an AFC memory has a

predetermined storage time, essentially acting like a delay line. Afzelius et al. thus

proceeded to demonstrate the storage state transfer and stored 450 ns pulses for a

user-programmable period of ∼ 20 µs in cryogenic Pr doped Y2SiO5
[80]. In gen-

eral, to initialise an AFC ensemble, an auxiliary shelving state |aux〉 and nontrivial

optical pumping techniques are required. The means a 4-level system (Λ+|aux〉) is

needed to implement the full AFC protocol, thus restricting the choice of storage

medium — cryogenic solid crystals remain the predominant material in experimen-

tal demonstrations so far. Similar to CRIB, the maximum storage bandwidth of

AFC is bounded by the splitting between |g〉 and |s〉. With the exception of a recent

experiment where Saglamyurek et al. [81] stored 200 ps pulses, typical stored pulse

durations are ∼ 1 µs and a time bandwidth product of only ∼ 3.

1.3.4 Raman absorption

Raman absorption is possibly the most conceptually straight forward memory pro-

tocol. The Raman interaction is, in essence, the inelastic scattering of an incident

photon, where the photon exchanges energy with the scattered medium (Fig. 1.7).

First documented by Raman and Krishnan in 1928 [82], Raman scattering has been

studied extensively [83–85] and has found applications in a range of spectroscopic [86–88]

and lasing [89–91] techniques. Its use as a quantum memory was first proposed by

Kozhekin et al. in 2000 [31].
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a) b)

Figure 1.7 Different types of Raman scattering in atomic ensemble
with ground state splitting ωgs: a) In Stokes scattering, an incident
photon of frequency ωc, detuned from the |g〉 → |e〉 transition by ∆1,
scatters from the medium, and leaves with a reduced frequency ωs

(ωs = ωc − ωgs). The energy imparted into the ensemble promotes
one of the atoms into the storage state Eq. (1.1). b) When |s〉 is
populated, a photon of frequency ωc, detuned from |s〉 → |e〉 by
∆2, can undergo anti-stokes scattering, absorbing energy from the
medium and leaves with increased frequency ωas (ωas = ωc + ωgs).

In a Λ system with two ground states |g〉, |s〉 connected to an optical excitation

|e〉 (Fig. 1.1d), a strong control field, with frequency ωc, and a weak signal photon,

with frequency ωs, are incident on the storage medium. The two fields are in two-

photon resonance with the two ground states — i.e. the frequency difference ωs−ωc

is equal to the ground state splitting ωgs — and both are far detuned from the

optical transition by ∆. The setup is almost identical to EIT, but the dynamics are

different due to the large detuning ∆.

To illustrate, we start once again from the interaction Hamiltonian ĤI in Eq. (1.3),
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and also representing the general state |ψ〉 = Ψg|g〉 + Ψs|s〉 + Ψe|e〉 with the vec-

tor (Ψg,Ψs,Ψe), we obtain the following expression for the time dependent solution

Ψe(t) using the relation |ψ(t)〉 = eiĤI t|ψ(0)〉 (setting ~ = 1 for convenience):

Ψe(t) =
e−i ∆t

2

Ξ

[
i (ΩpΨg0 + ΩcΨs0) sin

Ξt

2
+ Ψe0

(
i∆ sin

Ξt

2
+ Ξ cos

Ξt

2

)]
, (1.7)

where Ξ =
√

∆2 + |Ωc|2 + |Ωp|2 and Ψg0,s0,e0 = Ψg,s,e(t = 0). In the far detuned

regime, ∆� {|Ωc| , |Ωp|} and the excited state population is approximately

|Ψe(t)|2 ≈
(
|Ψe0|∆

Ξ

)2

+ Small oscillatory terms. (1.8)

Equation (1.8) shows that: a) in the absence of decay, the excited population is

broadly a constant — the oscillatory terms scale as ∆−2 — and b) there is negligible

transfer of population from the ground states |g〉, |s〉 to |e〉.

It follows that we can take Ψ̇e = 0, and using ĤI |ψ〉 = id|ψ〉
dt , the state |e〉 can be

eliminated from the system of equations, and we end up with an effective Raman

Hamiltonian ĤRaman that directly couples the two ground states:

ĤRaman =
1

2∆

 |Ωp|2 ΩpΩ
∗
c

ΩcΩ
∗
p |Ωc|2

 . (1.9)

Figure 1.8 compares state population evolution under the full three level Hamil-

tonian ĤI [Eq. (1.3)] and the approximate two level version ĤRaman [Eq. (1.9)]. As

expected from the above analysis, starting with zero population, |e〉 remains almost
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Figure 1.8 Comparison of state population evolutions in time for
a) the full Hamiltonian ĤI and b) the approximate two level version
ĤRaman. Populations in the |g〉, |s〉, |e〉 states are drawn in blue, red,
yellow lines respectively in both graphs. All populations are in |g〉
initially, |Ωc| = 2 |Ωp| and ∆ = 3 |Ωc|.

empty throughout (yellow line in Fig. 1.8a) and the two level model (Fig. 1.8b)

captures the slowly varying envelope of the population transfer between |g〉 and |s〉

faithfully.

To summarise, the presence of a far detuned control field turns the Λ system

effectively into a two level system where |s〉 becomes a state that is energetically

ωgs + ωc above |g〉. A signal photon that is resonant with this virtual two level

structure can therefore be absorbed, simultaneously creating a unit of excitation in

the storage ensemble state |s〉. To retrieve the signal photon, a second control pulse

is applied on the medium after a user-determined interval, and the energy in the

medium excitation is coherently transferred into an anti-Stokes photon as shown

Fig. 1.7b.

Theoretical analyses of the Raman memory protocol in the literature take into

account propagation effects by combining Maxwell’s wave equation with the Hamil-



1.3 Quantum memories overview 28

tonian calculations outlined above [31,45,70]. The off-diagonal elements of the density

matrix associated with the optical transition |g〉〈e| act as a source term, the atomic

polarisation P (z, t), for the wave equation (z is the longitudinal coordinate, parallel

to wave propagation, and t is the time). Further, treating the signal as a quan-

tum field (the control field remains classical) and taking into account dephasing

γge,gs from the |e〉 −→ |g〉, |s〉 −→ |g〉 transitions respectively, the resulting set of

equations, known as the Maxwell-Bloch equations, govern the system evolution:

c

(
∂z +

1

c
∂t

)
A(z, t) = κP (z, t) (1.10)

∂tP (z, t) = −(γge + i∆)P (z, t) + iκ∗A(z, t)

+Ωc(z, t)B(z, t) (1.11)

∂tB(z, t) = −γsgB(z, t)− Ω∗c(z, t)P (z, t). (1.12)

Here, the complex conjugate quantities are denoted by ∗; A(z, t) =
∑

k âk exp{i[ωs(t−

z/c)] + ikz} is a linear combination of single photon annihilation operator âk with

wave vectors k (k = |k|); κ is the coupling associated with a single signal photon

to the optical transition; B(z, t) is the position dependent version of the spin wave

Eq. (1.1) — where the spatial positions of the atoms relative to the ensemble de-

termine the phase of superposition; and coupling Ωc(z, t) due to the control pulse

has a smoothly varying spatial and temporal profile. A 1D approximation is used

in Eqs. (1.10) to (1.12), which is valid providing the Fresnel number associated with

the optical setup is < 1 [92].
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Given a sufficiently large detuning, population of the intermediate state |e〉 re-

mains constant (see Fig. 1.8) and the optical polarisation also remains unchanged

over the time scale of the Raman absorption. Thus ∂tP ≈ 0 and Eqs. (1.10) to

(1.12) reduce to coupling between the optical and storage modes only

(
∂z − i

|κ|2

Π

)
A(z, τ) =

κΩ(τ)

Π
B(z, τ) (1.13)(

∂τ − i
|Ω(τ)|2

Π

)
B(z, τ) = −

(
κΩ(τ)

Π

)∗
A(z, τ), (1.14)

where we have transformed to a co-moving time coordinate τ = t−z/c; Π = ∆− iγge

is the complex detuning of the polarisation; and γgs ≈ 0, since decay from the

storage state is negligible during Raman interaction — in a warm gas experiment

led by K. Reim [32], my fellow graduate student in the Oxford quantum memory

group, atomic motion causes dephasing of storage excitation on a time scale of µs,

significantly longer than the interaction time of 300 ps.

In a theoretical investigation of the Raman interaction in an ensemble memory,

J. Nunn (also from the Oxford quantum memory group) found a linear map between

signal photon field A(z, τ) and medium excitation B(z, τ) from Eqs. (1.13) and

(1.14), characterised by a coupling parameter C = |κ|
√
LΩc,T / |Π| for an ensemble

of length L and integrated Rabi frequency Ωc,T =
∫∞
−∞ |Ωc(τ)|2 dτ . Analysing the

linear map with singular value decomposition (SVD) techniques, Nunn et al. [70]

have shown that it is convenient to decompose the spatial profile of B(z, τ) into

a set of orthonormal modes {φB,i(Cz/L)}, one of which (φB,1) is preferentially
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selected by the Raman interaction (i.e. easiest for an incident photon field to map

into). Incidentally, although it is experimentally challenging to implement, optimal

coupling into this φB,1 mode can be achieved by tailoring the control pulse profile to

that of the signal [45,70,71]. Further, the readout process is the reverse of the readin,

and the equivalent set of orthonormal modes for readout {φ′B,i(Cz/L)} is spatially

symmetric with respect to the readin modes, i.e. φ′B,i(Cz) = φB,i[C(1−z/L)]. Thus,

the readin and readout control pulses should propagate in opposite directions for

optimal storage and retrieval of the signal field.

On the other hand, the experiments described in this thesis are carried out within

a power regime that obviates the need for this potentially challenging reverse readout

configuration. By keeping the Raman interactions within the spontaneous limit (the

average number of Raman scattered Stokes/anti-Stokes per pump pulse is� 1) using

sufficiently weak control pulses, the coupling parameter C can remain low. Given

that the set of orthonormal modes φB,i are functions of the scaled spatial coordinate

Cz/L, B(z, τ) tends towards a flat function within the length of the ensemble.

Physically, this is consistent with the lack of stimulated emission/absorption effects

during the scattering process, and all of the atoms interact with the incident photon

field in the same manner. In this case, propagation effects can be ignored, and, for

instance, spontaneous Stokes scattering (Fig. 1.7a) in an ensemble can be described

without the Maxwell wave equation — simply by the Hamiltonian

ĤI,spont = gÂ†B̂† + g∗ÂB̂, (1.15)
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where g is the effective Raman coupling; Â, B̂ are the annihilation operators for the

Stokes photon mode and collective storage excitation respectively. Experimentally,

since B(z, t) created from spontaneous scattering is spatially flat, it is spatially

symmetric and readout efficiency is broadly independent of the readout direction

(forwards/backwards).

The far detuned nature of the Raman interaction means that this protocol is

the most robust, out of all the aforementioned protocols, against inhomogeneous

broadening of the excited state. As such, it is also most uniquely suited to im-

plementations in warm atomic gas and other easily accessible macroscopic systems

without the need for complicated cryogenic setups or technically demanding optical

pumping requirements. In 2010, Reim et al. [32] first demonstrated the Raman mem-

ory with warm Cs gas by storing 300 ps pulses for 12.5 ns with a total efficiency of

15%. The bandwidth of the stored photon is ultimately only limited by the ground

state splitting ωgs, which is 9.2 GHz for Cs, and the time-bandwidth product, in

this case, is ∼ 1000 — at least an order of magnitude larger than any other room

temperature quantum memory demonstrations. Subsequent experiments have seen

extensions of Raman memory operations into the single photon regime (as well as

storage time of µs) [93] as well as storage and retrieval of a polarisation qubit [94].

1.4 A practical entanglement distribution device

Finally, I would like to review some of the experimental realisations towards dis-

tributed entanglement generation. I have already mentioned entangled states as
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being a useful resource for quantum computation. Complementary measurements

on different parts of an entangled state yield correlated results which are inconsistent

with classical explanations (as shown by Bell in 1964 [95]). This quantum correlation

in turn enables scalable quantum computation to achieve exponential speed up over

the best known classical algorithms. Significant efforts have been devoted to creat-

ing and observing entanglement in a variety of systems over the last decade, each of

which has particular advantages.

For instance, tripartite entangled GHZ and W states have been created with

multiple trapped ions [96], other entangled states have been created between ions

and photons [97,98], as well as between different superconducting qubits [99]. In these

experiments, the individual ions/Josephson junctions act as single atom quantum

memories, capable, in principle, of storing coherence for seconds. However, the

resource overheads required for these systems are likely to prevent their use as any

robust, room temperature devices. In the following sections, I will highlight two

strands of research which hold relevance to this thesis, citing examples which are

more likely to be the basis of the quantum versions of a PC than the Colossus1.

1.4.1 Nitrogen-vacancy (NV) centres

On the other end of the spectrum, NV− centres in diamond provide a promising

route towards a solid-state room temperature device. In diamond, a carbon atom

within the lattice can sometimes be displaced by a nitrogen atom, which has one

1Colossus was the room-sized Enigma code-breaking vacuum tube computer used at Bletchley
Park during World War II.
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Figure 1.9 Structure of NV− centre. A substitutional nitrogen
atom donates an electron to a neighbouring vacant site to form the
well known point defect in diamond. If there is also a 13C atom next
to the vacancy, hyperfine structures would appear in the electronic
energy levels.

extra valency electron compared to carbon. If there happens to be a vacant lattice

site adjacent to the nitrogen atom, the extra valence electron will be confined within

this effective cavity in the lattice structure, so that discrete electronic energy levels

form (Fig. 1.9). Moreover, about 11% of the electronic wave function overlaps with

the neighbouring atoms [100], and hyperfine splitting of the electron levels develops

if there are nonzero nuclear spins within the overlap regions — 1.1% of naturally

occurring carbon atoms exist as 13C isotopes, with a nuclear spin of 1/2. Using

a mixture of optical and resonant microwave pulses, Dutt et al. [101] demonstrated

coherent transfer of qubit states between an NV centre electron and nuclear spin at
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room temperature. They also measured the coherence lifetime of the nuclear spin

to be ∼ 0.5 ms, which compares well against the µs lifetimes of typical warm atomic

gases.

Easily susceptible to localised crystal strain, no two NV centres are truly alike.

As well, coupled with the low single photon/particle interaction strength, creating

entanglement with NV centres through optical manipulations is therefore a challeng-

ing task. Steady progress in recent years has seen, for example, a proof of principle

experiment by Neumann et al. [100], in which the nuclear spins of two 13C nuclei

sharing the same NV centre were entangled. Further, by etching out cavity struc-

tures directly in diamond, Faraon et al. [102] enhanced the coupling strength to single

photons by a factor of 10.

The techniques developed in these and other experiments have culminated in

two recent parallel efforts in which two spatially separated NV centres were entan-

gled. In 2013, Dolde et al. [103] entangled the electron spins of two closely spaced

NV centres at room temperature. Spatially separated by ∼ 25 nm, the spins of

the electron pairs are coupled to each other predominantly via the magnetic dipole

interaction, creating 4 distinct energy eigenstates which are robust against envi-

ronmental noise. Application of a suitable resonant optical pumping sequence then

created the desired Bell state. On the other hand, Bernien et al. [104] were able to use

the Stark shift to tune the energy level of one NV centre against another at cryogenic

temperature, thereby creating an indistinguishable NV pair. Subsequent projective

measurements on the joint electron spin states created the resulting entanglement,
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which is distributed over an impressive 3 m in distance.

1.4.2 Atomic ensembles

a) b)
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Figure 1.10 Entanglement generation with the DLCZ protocol by
Raman scattering of pump light (green) and its verification: a) Sin-
gle Stokes photon (red) detected at either detector D1, D2 projects
ensembles L,R into a Bell State. b) Probability of anti-Stokes (blue)
detection at D3, D4 can be controlled by varying the relative phase φ
between the interferometer paths. 50:50 beamsplitters (BS) are used
to produce identical pump pulses and combine the spatial paths of
Raman scattered photons.

Due to its strong interaction with light, the atomic ensemble is a desirable testbed

for quantum optics implementations, and with this in mind, in 2001, Duan, Lukin,

Cirac and Zoller proposed the seminal DLCZ protocol [16]. It was devised as a means

to bypass the limited coupling associated with single particle quantum memories

(such as the aforementioned trapped ions and NV systems), and to achieve entan-

glement distribution using only linear optics tools.

In the DLCZ scheme, two spatially separated atomic ensembles are first entangled

via a joint measurement, and from there entanglement between more distant nodes

can be achieved through entanglement swapping and purification. Figure 1.10a
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shows the initial entanglement creation: a pump pulse is sent simultaneously into

each of the two ground state ensembles L, R. The pulses are sufficiently weak that

the average number of Stokes scattering event — the creation of a lower energy

photon, accompanied by one spin wave excitation in the ensemble (Fig. 1.7a) —

is much less than one. The beam paths of the Stokes fields are combined on a

subsequent beamsplitter (BS) and detected on the single photon detectors D1, D2.

When either of the detectors registers a click, there is no way, even in principle,

of determining from this detection event which ensemble is now excited. Quantum

mechanically, the two ensembles are now described by the generalised Bell state (the

interaction will be discussed again in greater depth in chapter 4)

|ψ〉LR =
1√
2

(
|01〉+ eiθ|10〉

)
, (1.16)

where |ij〉LR denote i(j) quanta of excitations in the L(R) ensemble, and θ is phase

shift associated with the relative path difference in the interferometer.

Equation (1.16) is a maximally entangled state, and to verify its existence, a

second pair of pump pulses is directed into the ensembles L, R. There is now a

finite probability of an anti-Stokes scattering event happening (Fig. 1.7b), in which

the joint medium excitation Eq. (1.16) is coherently mapped onto a higher energy

anti-Stokes photon, i.e. the entanglement is transferred from the medium to the

readout photon, which now exists in both arms of the interferometer. By adjusting

the relative phase delay φ in Fig. 1.10b and combining the anti-Stokes photon beam
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path with a BS, the probability of detecting the photon at detectors D3, D4 can

be controlled. This is in contrast to the classical description, where a photon can

only exist in the L or R arm, and it would be detected by D3, D4 50% of the time,

irrespective of any adjustments of φ.

One major advantage of the DLCZ scheme is that the entanglement creation is

heralded by the detection of a Stokes photon — once it is detected, the entanglement

is stored in the ensemble until retrieved at a later, user-determined time. This setup

was realised physically in 2004 by Matsukevich and Kuzmich [105], who demonstrated

quantum state transfer between the light field and two Rb atomic clouds held in

MOTs. In 2005, Chou et al. [106] created and verified entanglement in spatially

separated (3 m apart) cryogenic Cs ensembles as outlined above. As an asides, to

contrast with these DLCZ experiments, in 2007, Moehring et al. [107] were able to

entangle two individual Ytterbium (Yb) ions placed 1 m apart by interfering the

indistinguishable photons scattered from the atoms.

Following a slightly different approach towards distributed entanglement gener-

ation, in 2011, three groups, Zhang et al. [108], Saglamyurek et al. [81] and Clausen et

al. [109] entangled an atomic ensemble memory with a photon. In their experiments,

they generated a pair of entangled photons by down conversion, stored one of them

in a memory (EIT using Rb atoms in a MOT in Zhang’s case, and AFC using RE

doped solids for the other two) before retrieval and verified that the entanglement

survived the storage and retrieval process. At around the same time as the publica-

tion of the results in chapter 4 of this thesis, Usamani et al. [110] have extended this
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to include storage and retrieval of both constituents of the entangled photons from

spatially separated solids.

It is worth noting that, with the exception of NV centres, all of these entangle-

ment demonstrations require cryogenic conditions to operate. Also, in the case of the

AFC entanglement experiments, the ensembles are acting more as delay lines than

as true memories (though it has already been demonstrated, separately, that AFC is

capable of on-demand retrieval [80]). As yet, there is not a definitive demonstration

of a physical system which can be used in a scalable quantum computation device

that can operate in room temperature environment, and requiring only a modest

amount of overhead.



Chapter 2

Stokes Scattering in bulk

diamond

2.1 Optical phonons as a storage excitation

Atomic gases are isotropic, and consequently light-matter scattering interactions are

not dependent on the orientation of the atomic ensemble with respect to the incident

light. This contrasts with scattering in crystals, which have regular spatial features,

and the orientations of the atomic arrays with respect to the incident light determine

the range of allowed interactions as well as the nature of the excitation created

within the crystal. The crystal structure of diamond is formed by a convolution

of the face-centred cubic space lattice with the basis consisting of carbon atoms at

(0,0,0), and (1
4 ,

1
4 ,

1
4) relative to each lattice point and each carbon has 4 nearest

neighbours [111] in a tetrahedral configuration as shown in Fig. 2.1. The resulting
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structure has octagonal symmetry, i.e. is invariant under a set of reflections, rotations

and inversions that form the point group m3m (Oh) as well as the space group Fd3m

(O7
h), which consists of the point group, plus a set of translational operations which

leave the crystal invariant [112].

Figure 2.1 The diamond lattice comprises a stack

Being a regular array of carbon atoms, there exist multiple normal modes of

collective vibrational excitations, known as phonons, in diamond where all of the

atoms vibrate at the same frequency. In general, there are two different branches of

vibrations: i) acoustic phonons — where adjacent lattice sites vibrate in phase with

each other; ii) optical phonons — where adjacent lattice sites vibrate out of phase to

each other. By definition, acoustic phonons are travelling waves, carrying no energy

as the phonon momentum approaches zero, whereas optical phonons can exist as

an energetic standing wave vibration with zero phonon momentum. Energy and

momentum conservation ensures that only the optical modes in a typical solid are
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Figure 2.2 Phonon dispersion relations for diamond. The solid
lines are obtained from ab initio calculations and inelastic neu-
tron scattering data is plotted as dots [graph is obtained from [113]].
T(L)O(A) label the transverse (longitudinal) optical (acoustic)
phonon branches. The wave vector K is parallel to the [100] crystal
axis and its magnitude is in units of the maximal allowable Kmax

(the ‘Brillouin zone edge’) due to the finite lattice spacing.

coupled to the photon modes (whose range of momentum is typically much smaller

than that of the phonon) during a light scattering interaction in crystals (hence the

name) [111].

Figure 2.2 shows the dispersion relations of the different phonon branches in

diamond. Note that the optical phonon modes (LO and TO) are much higher

in energy compared to the acoustic modes at zone centre (i.e. K = 0), and the

dispersion curve is much flatter compared to the acoustic modes (LA and TA). This

brings about multiple advantages when considering optical phonon as a storage

excitation for a room temperature quantum memory:

1. The energy of an optical phonon scales with the square root of the linear
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coupling constant [111,112], and the extraordinary stiffness of diamond translates

to 40 THz (1,332 cm−1 in spectroscopic units) in this case. Optical phonon

occupation at room temperature is only e
− ~ω
kBT ∼ 0.17%, implying that the

optical phonon mode is well isolated from thermal noise. Therefore, unlike all

other systems (atomic gases, ions, NV centres etc.), ground state initialisation

by optical pumping is not required.

2. The ground and storage state splitting ωgs of a user programmable quantum

memory determines the maximum allowable bandwidth of a stored photon.

The ωph = 40 THz splitting in diamond compares well against the typical GHz

splittings for NV centres, atomic gas etc. A quantum memory with diamond

phonons would therefore be well suited for operations at high repetition rates.

3. When storing a broadband excitation, a range of phonon frequencies ∆ωph is

excited, leading to dephasing of the storage state. Assuming a zone centre

phonon is created using a 10 THz pulse (∆K ∼ 2× 105 m−1, typical ultrafast

solid-state laser bandwidth), and applying Taylor’s expansion to the optical

phonon dispersion

ωph(K) ≈ ωph(0) +WK2, (2.1)

with W ∼ 1.297× 10−6 m2/s for diamond [114], we can estimate the dephasing

time to be ∼100 µs. This is seven orders of magnitude greater than the pop-

ulation lifetime of the phonon (see chapter 3), and therefore pure dephasing

effects can be ignored as long as the storage excitation exists.
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4. One final advantage of using diamond phonon is that it is a bulk excitation. Its

coupling to an external light field can be increased just by using a thicker piece

of crystal, and the experiments in this thesis show that significant interaction

with light can be achieved with sub-millimetre thick crystals (compared to

the cm interaction lengths of typical atomic gas experiments) due to its high

Raman scattering cross-section.

Section 2.3 (with the exception of the last subsection) in this chapter is an edited

version of my published paper [115], for which I have carried out the experimental

measurements and data analysis. The theoretical discussions therein were developed

in conjunction with J. Nunn and B.J. Sussman (amongst other inputs from my fellow

co-authors on the paper).

2.2 Raman scattering selection rules in diamond

When light scatters from matter, certain transitions are allowed and others are

forbidden due to symmetries in the physical system. For example, the off-diagonal

element of a dipole operator d̂ = er̂ (where e is the electron charge, and r̂ is the

quantum mechanical position operator) describing an electronic transition from state

ψi to ψf is:

〈ψf |d̂|ψi〉 = e

∫
Vol

ψ∗f (r) rψi(r) d3r, (2.2)

where the integral is over a three dimensional volume. The function r in the integral

has odd parity, i.e. r→ −r changes sign on inversion of spatial coordinates, and for
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the integral to be non-zero, the functions ψ∗f (r), ψi(r) must likewise have different

parities. In general, symmetry arguments reveal whether a transition is possible

without knowledge of the precise form of the wavefunctions. Experimentally, the

polarisation selection rule provides an extra means to filter the pump from the

Raman scattered signal, or even, as in the later experiments in this thesis, to optically

resolve two Raman signals whose temporal separation is too small for electronic

gating.

2.2.1 Representation theory

a) b)
1 + - 2
3 - + 4

1 + - 2
3 + - 4

←→ 1 + + 2
3 - - 4

Figure 2.3 Basis of a) 1D and b) 2D irreducible representations
of the D4 group. The numbers x = {1, 2, 3, 4} label the vertices of
a square, and +[-] represent the result of the function on x, f(x) =
+1 [f(x) = −1].

In a crystal, the lattice configuration determines symmetry considerations, which

are described mathematically by representation theory — the representation of group

actions with linear algebra. Consider the function f(x) defined by f(1) = f(4) =

1, f(2) = f(3) = −1, where x labels the four vertices of a square (Fig. 2.3a), and we

label this function as state |φA〉 [in this case represented by the vector (1,−1,−1, 1)

in the function basis {f(1), f(2), f(3), f(4)}]. The dihedral group D4 contains the set

of reflections and rotations which leave a square invariant. A 90◦ clockwise rotation

about the centre is clearly an element, r, from this group, but applying the rotation
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on the function space (Fig. 2.3a) would produce a new function f(x)
r−→ f ′(x), with

f ′(1) = f ′(4) = −1, f ′(2) = f ′(3) = 1, or, |φA〉 −→ −|φA〉. Similarly, reflection

about a vertical or horizontal axis also give |φA〉 −→ −|φA〉, whereas 180◦ rotations

and reflections along the diagonals gives |φA〉 −→ |φA〉. For this particular ‘function

state’ |φA〉, we have found a 1D representation of the group D4, where each element

is represented by a 1D ‘matrix’ of either 1 or -1, acting on |φA〉.

There is also a 2D representation of D4: labelling the function on the LHS

(RHS) of Fig. 2.3b by |φB1〉 (|φB2〉), 90◦ clockwise rotation is described by the

orbit |φB1〉
r−→ |φB2〉

r−→ −|φB1〉
r−→ −|φB2〉

r−→ |φB1〉, or, more succinctly, by the 2D

matrix

 0 −1

1 0

. Likewise, reflection along the axis running through vertices

2, 3 is represented by

 0 −1

−1 0

. Both of these representations are examples

of irreducible representations of the group D4, i.e. within the space spanned by

the basis states associated with each representation, there exists no subspace that

is invariant under the action of all D4 elements. The trace of all these matrices

in the irreducible representations can be tabulated as a character table, which has

remarkable mathematical properties that can be used to reveal hidden symmetries

in a complicated system.

Table 2.1 is the character table of the octahedral Oh group. Each row (labelled

by A1g, A2g etc.) is associated with a different irreducible representation (known

as the character of the representation in the literature), and each column with a

different conjugacy class. Here the irreducible representations are classified using
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E 8C3 6C2 6C4 3C2=(C4)2 I 6S4 8S6 3σh 6σd

A1g 1 1 1 1 1 1 1 1 1 1

A2g 1 1 -1 -1 1 1 -1 1 1 -1

Eg 2 -1 0 0 2 2 0 -1 2 0

T1g 3 0 -1 1 -1 3 1 0 -1 -1

T2g 3 0 1 -1 -1 3 -1 0 -1 1

A1u 1 1 1 1 1 -1 -1 -1 -1 -1

A2u 1 1 -1 -1 1 -1 1 -1 -1 1

Eu 2 -1 0 0 2 -2 0 1 -2 0

T1u 3 0 -1 1 -1 -3 -1 0 1 1

T2u 3 0 1 -1 -1 -3 1 0 1 -1

Table 2.1 Character table for the Oh group. [116]

the Mulliken notation, details of which can be found in the standard group theory

texts [117,118]. The conjugacy class of each group element a is the set of operators

given by {gag−1 : g ∈ Oh}, where g−1 is the inverse of g, and gag−1 must be

a member of the same group by definition of a group [119]. Further, each element

in the group can belong to only one of these conjugacy classes, within which all

elements share the same trace under each representation. The labels for the classes

are written in the form nlSl, where nl is the number of elements within the lth

conjugacy class Sl [Sl = {E, C3, i, S4,...}].

It can be shown from Representation theory that the weighted inner product

of the vectors formed by each character (i.e. each row of the character table) with

itself is 1, and 0 between two different characters: If we label the characters in

Table 2.1 by χαk,Sl , where subindices αk identifies the irreducible representation
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(αk ≡ {A1g,A2g,Eg...}), and let N =
∑

l nl, then [119]

1

N

∑
l

nlχαk,Slχ
∗
αk′ ,Sl

=


0 if k 6= k′

1 if k = k′

, (2.3)

where the ∗ denotes a complex conjugate. Providing we can express an arbitrary

interaction/system as a vector, we can represent the symmetry operations using

the corresponding basis and calculate the traces of these operators. The traces

from this representation form a character which we could then ‘decompose’ into the

characters of the irreducible representations through the orthogonality relationship

Eq. (2.3) to determine the symmetry properties of the interaction. For instance,

the dipole operator is d = er ∝ (x, y, z), and, in this basis, the identity operation,

referred to as E in the literature (first column in Table 2.1) has trace 3; C2 is a 180◦

rotation, and one of the matrices in this conjugacy class is rotation around the z

axis,


−1 0 0

0 −1 0

0 0 1

, which has trace -1; and as would be expected from the fact

that the dipole operator does not have inversion symmetry, the inversion matrix,

I =


−1 0 0

0 −1 0

0 0 −1

 has a negative trace -3. Extending this calculation through

all of the conjugacy classes Sl, we obtain the characters χd,Sl , which decomposes

into χT1u,Sl only — in other words, the dipole operator obeys the same symmetries

represented by T1u in Table 2.1.
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From the dipole integral Eq. (2.2), we have shown that the dipole operator d̂

and the atomic transition |ψf 〉〈ψi| must have the same inversion symmetry in an

allowed transition. In representation theory this argument is extended to include

all symmetric operations: for an allowed transition, the same irreducible represen-

tation must appear in the decompositions of the interaction Hamiltonian as well as

the atomic transition [112,120]. For example, a cubic lattice is invariant under 90◦

rotations, and therefore any allowed interactions must also be invariant under 90◦

rotations, since rotation of the lattice or the incident beam around the lattice are

physically equivalent.

Having established that the symmetry of the dipole operator is equivalent to the

T1u representation, I now examine the symmetries of the transition from ground

state |ψi〉 to a phonon excitation |ψf 〉. The character of the transition χph,Sl can be

formed simply by [112]

χph,Sl = χ∗ψi,Slχψf ,Sl , (2.4)

where χψi,Sl (χψf ,Sl) is the character of the ground (excited) state. The character of

a phonon can be obtained by analysing the atom displacements within the primitive

cell (the smallest repeating unit in a lattice) [112]. In the ground state, all atoms

are stationary and therefore the ground state is invariant under all of the symmetry

actions contained in the Oh group — χψi,Sl is equivalent to the character of the

‘trivial’ representation χA1g,Sl . In this representation, χψi,Sl = 1 for all Sl’s, so,

χph,Sl = χψf ,Sl by Eq. (2.4). Similar to the above analysis for the dipole operator,

we can generate matrices for Oh group actions using 3nprim basis vectors to represent
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atomic displacements (3 spatial dimensions associated with each of nprim atoms in

the primitive cell). Calculating the traces of these matrices give the character of the

phonon excitation

χph,Sl = χT1u,Sl
+ χT2g,Sl

. (2.5)

The first term on the RHS is the acoustic phonon mode [121,122], which is a dipole

active mode, since it has the same irreducible representation (T1u) as the dipole

operator. This contrasts with the optical phonon mode, whose representation is

equivalent to T2g, and is therefore dipole forbidden. In the presence of two photon

fields (e.g. in Raman scattering), however, the character of the interaction Hamilto-

nian is

χHI ,Sl = χ∗d,Slχd,Sl (2.6)

= χA1g,Sl + χEg,Sl + χT1g,Sl + χT2g,Sl . (2.7)

Equation (2.7) is obtained using the orthogonality condition Eq. (2.3). Since the

irreducible representation T2g appears in both Eqs. (2.5) & (2.7), we can conclude

that the diamond optical phonon is Raman active. In fact, this is consistent with

the ‘rule of mutual exclusion’, which states that vibrational modes must either be

infrared or Raman active (but not both) in a centrosymmetric crystal (such as

diamond) [122,123].
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2.2.2 Raman cross section

The Stokes scattering process is shown schematically in Fig. 1.7a: in diamond, the

Λ structure is made up of |g〉 representing no phonons, an optical phonon as the

|s〉 storage state (such that ωgs = ωph), intermediated by the electronic conduction

band |e〉. In the macroscopic theory of light scattering, the Raman scattering cross

section (which expresses the strength of an interaction in terms of the scattered light

intensity) for a non-polar crystal such as diamond can be written as a function of

the Raman tensor Tij,k, and polarisation vectors εp, εs,Q for the pump, Stokes and

phonon fields respectively [122]

dS

dΩ
∝

∣∣∣∣∣∣
∑
ijk

Tij,kεp,iεs,jQk

∣∣∣∣∣∣
2

, (2.8)

where the LHS is the differential cross section — the change in beam energy, col-

lected within an elemental solid angle dΩ. The subindices i, j, k indicates the com-

ponents of the vectors along the {x, y, z} axes, which are defined to be parallel to

the principle axes of the face-centred cubic diamond structure.

To determine the form of the Raman tensor Tij,k, note that the optical phonon

modes represented by Q have an irreducible representation T2g by the arguments

in Section 2.2.1. For the optical phonon to be Raman active, the components of the

photon fields εp, εs must also combine such a way in Eq. (2.8) so as to contain the

same irreducible representation. As well as listing the characters of each irreducible

representation, character tables in the literature also list the basis functions that
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generates the associated representation. In this case, the vector formed by the func-

tion {yz, xz, xy} has characters χT2g,Sl
[116], and they are the only nonzero elements

in the Raman tensor [122]:

T̂x =


0 0 0

0 0 a

0 a 0

 T̂y =


0 0 a

0 0 0

a 0 0

 T̂z =


0 a 0

a 0 0

0 0 0

 . (2.9)

Figure 2.4 Diagrammatic representation of the Raman scattering
process.

The Raman cross section dS
dΩ can also be written in terms of quantised operators

from microscopic theory of Stokes scattering — a brief outline is given here as it

illustrates the physical mechanism behind the inelastic scattering process. Figure 2.4

shows the dominant mechanism for optical phonon creation. First, an incoming

pump photon with wave vector kp creates a virtual electron-hole pair in diamond

via the interaction Hamiltonian [112]

Ĥd =
e

m

∑
j

Â(rj) · p̂j (2.10)

that couples the quantised vector potential of the pump field Â(rj), with the mo-
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mentum p̂j of the jth electron at position rj . Lattice vibration (phonon mode with

wave vector kph) is then induced by the electron-hole pair via the deformation po-

tential Ξσ,βα contained within the Hamiltonian ĤEL (its full form can be found in

the literature [112])

〈β, nph + 1|ĤEL|α, nph〉 ∝
∑
σ,kph

Q.ξσ,kph

Ξσ,βα
d

, (2.11)

where ξσ,kph
is a unit vector pointing parallel to the relative displacement between

adjacent atoms in the primitive cell, σ represents the phonon branch, d is the lattice

constant, and the Left-Hand Side (LHS) describes a transition from an electron-hole

pair state |α〉 with nph phonons to electron-hole state |β〉 with nph + 1 phonons.

Subsequent recombination of the electron-hole pair produces a Stokes photon (wave

vector ks). Conservation of momentum ensures that

kp = kph + ks, (2.12)

and conservation of energy requires

ωp = ωph + ωs, (2.13)

where ωp,ph,s are the energies of the pump, phonon and Stokes respectively. The

intensity of the Stokes light is inverse to the transition rate, which can be obtained

from Eqs. (2.10), (2.11) using perturbation theory.
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2.2.3 Measurements of the selection rule

(100)
Crystal Axis

Φ

Polarizer

x

y

z

Figure 2.5 Schematic of the setup used to verify the polarisation
selection rule of Raman scattering. An H polarised pump (green)
is focussed into a diamond sample, and the intensity of vertically
polarised Stokes signal (red) is measured on an APD as the diamond
is rotated in the xy-plane.

The form of the Raman tensor Eq. (2.9) determines the selection rule of the

pump/Stokes polarisation. I test this using a simple setup shown schematically in

Fig. 2.5. A train of collimated (2 mm beam width) H-polarised, 80 MHz 60 fs pulses

centred at 808 nm from a home built Ti:sapphire oscillator is focussed, with a 5 cm

lens, into a diamond sample that is cut parallel to the the set of {100} faces [an

‘electronic grade’ Chemical Vapour Deposited (CVD) sample provided by Element

6 Ltd.]. Light is collected from the forward direction using another 5 cm lens and

the pump is rejected with dielectric filters, while a polarisation filter transmits the

remaining V-polarised Stokes light centred at 905 nm. The Stokes signal is coupled

into a single-mode fibre (SMF) and detected on a single photon sensitive Geiger-

mode Avalanche Photodiode (APD) (PerkinElmer SPCM-AQ4C). Intensity of the

V-polarised Stokes light is measured as the diamond is rotated through Φ in the

xy plane, perpendicular to the propagation axis of the pump light, and is shown in
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Fig. 2.6.

  2

  4

  6

  8

  10

30

60

90

120

150

180 0

Figure 2.6 Measured intensity of Stokes light that is orthogonally
polarised to the pump (in arbitrary units in the radial direction) as
a function of diamond rotation Φ (in angular direction). Plotted are
the measured values (crosses) and the theoretical curve (solid line).

Using the axes defined in Fig. 2.5, scattering cross section Eq. (2.8) and the

Raman tensor Eq. (2.9), the theoretical intensity variation as a function of Φ can

then be evaluated. Let

εp =


1

0

0

 ; εs =


0

1

0

 ,
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and rotation around the xy plane by R̂(Φ) =


cos Φ − sin Φ 0

sin Φ cos Φ 0

0 0 1

, then

I(Φ) ∝

∣∣∣∣∣∣
∑

k={x,y,z}

ε†pR̂(Φ)T̂kR̂
†(Φ)εs

∣∣∣∣∣∣
2

(2.14)

∝ a2 cos2(2Φ). (2.15)

The quality of the measured Raman scattering selection rule depends both on the

presence of defects in the diamond lattice [124,125], and photon noise coupled into the

APD — a mixture of imperfect pump filtering, fluorescence from the diamond and

stray photons entering the APD enclosure. Motivated by Eq. (2.15), the measured

values (marked by crosses) are plotted against a function of form A cos2(2Φ+B)+C

(solid line in Fig. 2.6), where the parameters A,B,C are found by least square fitting

to take into account of extra noise and an angular offset due to the mounting of

the diamond sample. About 200 mW of average pump power was incident on the

diamond sample, and each data point was measured for 60 s, with the dark counts of

the APD (measured over 5 mins) subtracted from the measured values. Figure 2.6

clearly shows the expected 4-fold rotational symmetry, while the ratio A/C obtained

from the fit is ∼ 12, indicating the experimental setup achieves a good level of stray

photon filtering and the diamond sample is free of obvious lattice defects.
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2.2.4 LO/TO phonon

One further point of interest that can be derived from the Raman tensor is the

proportion of excitation of the longitudinal optical (LO) versus the transverse optical

(TO) phonon given the geometry of the experimental setup. This has relevance

to photon storage since one might expect, for example, that a storage excitation

consisting of part LO and part TO to decay faster than the individual modes —

in the theoretical analysis by Klemens [126] the matrix element corresponding to an

optical phonon decaying into two acoustic phonons consists of a sum over all phonon

polarisations.

z

x

Figure 2.7 Geometry of Stokes scattering.

Consider the scattering geometry shown in Fig. 2.7. Let an incident pump, with

wave vector kp parallel to the z axis and polarised along the y direction scatter from

a diamond sample orientated with its principle axes parallel to x, y, z. A detector

collects Stokes light emitted at an angle θs from the z axis and polarised in the xz
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plane, such that the polarisation unit vectors are

εp =


0

1

0

 , εs =


cos θs

0

sin θs

 . (2.16)

Combining the conservation equations Eqs. (2.12), (2.13), the magnitude and direc-

tion of phonon wavevector are

|kph(θs)|2 =
1

c2

[
n2(λp)ω

2
p + n2(λs)(ωp − ωph)2

−2n(λp)n(λs)ωp(ωp − ωph) cos θs] , (2.17)

cos θph =
n(λs)(ωp − ωph)

c |kph(θs)|
sin θs, (2.18)

where the wavelength dependent refractive index n(λ) can be obtained from Selle-

meier’s equation for diamond (wavelength in µm) [127]

n(λ) =

√
1 +

4.3356λ2

λ2 − 0.10602
+

0.3306λ2

λ2 − 0.17502
, (2.19)

wave vectors |kp,s| = n(λp,s)ωp,s/c, and λp,s the pump, Stokes wavelengths are re-

lated by λ−1
s = λ−1

p − ωph/(2πc) in SI units.

Given that the Stokes field is detected at angle θs, the LO and TO phonon
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polarisation vectors are

QLO =


cos θph

0

sin θph

 , QTO =


sin θph

0

− cos θph

 . (2.20)

Inserting Eqs. (2.16), (2.20) into Eq. (2.8), for pump wavelength λp = 808 nm, the

contribution of the LO/TO modes to the Stokes scattering in the xz plane can be

calculated and is shown in Fig. 2.8a. At 30◦ < θs < 330◦, the cross sections in

a) b) c)
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Figure 2.8 a) Scattering cross section (radial direction in nor-
malised units) for the LO (red) and TO (blue) modes in diamond
as a function of Stokes emission angle θs. 2D intensity profile of
Stokes light b), c) scattered in the forward direction by LO and TO
phonons respectively (the xy-plane represents the spatial coordinates
of a collimation lens, and the intensity is plotted in the z direction).

Fig. 2.8a seem to indicate a pattern with 3-fold rotational symmetry, which may

seem surprising at first given the cubic structure of diamond. As it turns out,
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at large θs

[
sin2 θs

2 � {
∆n2

2n2(λp)
,
n(λs)∆nωph

2n(λp)ωp
,
n2(λs)ω2

ph

4n2(λp)ω2
p
}, where ∆n = n(λp)− n(λs)

]
,

taking the approximations ωp � ωph, and n(λp) ≈ n(λs) = np, Eqs. (2.17), (2.18)

simplify to:

|kph| ≈
2npωp
c

∣∣∣∣sin θs2
∣∣∣∣

θph ≈ θs
2
.

The differential cross sections for the LO and TO mode scales in this regime are

approximately dSLO
dΩ ∝ sin2 3θs

2 ,
dSTO

dΩ ∝ cos2 3θs
2 respectively, which are both 3 fold

rotationally symmetric functions.

In the experiments of this thesis, Stokes emission is collected in the forwards

direction (along z axis). From the symmetry of the setup, collecting Stokes light

emitted at an angle Φ from the xz plane is physically equivalent to rotating the

diamond by the same angle (Fig. 2.5) and detecting in the xz plane. So, we com-

bine the momentum conservation condition Eqs. (2.17), (2.18) with the angular

dependence Eq. (2.14) and, using the polarisation vectors Eqs. (2.16), (2.20), the

2D emission patterns of the LO/TO scattering can be calculated. Figure 2.8b(c)

map the emission profile of LO(TO) scattered light onto a planar lens placed in the

forward direction, with the intensity I(x, y) plotted along the z axis. Integrating
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Figure 2.9 Proportion of Stokes light scattered from the TO
branch as a function of collection angle.

the emission profiles over a circular area,

SLO,TO =

∫
dSLO,TO

dΩ
(θs,Φ) dΩ

SLO,TO(θ) =

∫ θ

−θ

∫ α(θs)

−α(θs)

dSLO,TO

dΩ
(θs,Φ) sin θs dθsdΦ,

where α(θs) =
√

tan2 θ − tan2 θs, the resulting cross section SLO,TO represents the

energies of the LO, TO scattered beams that are collimated by a lens which subtends

the half angle θ. Figure 2.9 plots the fraction of the total Stokes beam energy that

is scattered from the TO mode, STO/(SLO + STO), as a function of θ. In the single

photon experiments described in chapters 3 and 4, the Stokes beam is collimated by

a 5 cm lens, and approximately 2 mm of the beam is coupled to SMF, so θ ∼ 2.5◦,

corresponding to a fractional TO beam energy of < 5%.
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2.3 Transient Coherent Ultrafast Phonon Spectroscopy

The extraordinary physical properties of diamond and diamond-like materials con-

tinue to be an area of extensive research [100,124,128,129]. Recent advancement in syn-

thetic fabrication techniques has resulted in increased industrial and scientific appli-

cation [36,130,131]. A central source of diamond’s uncommon electronic and thermal

properties is its unique lattice and corresponding phonon features. A new spectral

technique has been developed to characterize phonon decay: Transient Coherent

Ultrafast Phonon Spectroscopy (TCUPS) [129]. TCUPS is a convenient, spectral

method for measuring phonon dephasing. Here, TCUPS is used to compare the

phonon lifetime of natural, CVD, and High Pressure High Temperature (HPHT) di-

amond. The measurements are highly precise and repeatable, showing a significant

variation between the CVD sample and the others.

Traditionally, the phonon lifetime has been indirectly measured via the inverse

of the first order Raman linewidth [86]. More recently, time-domain techniques have

been developed that directly probe the time evolution of sample reflectivity or

transmissivity, following impulsive phonon excitation with few-femtosecond laser

pulses [87,132]. While Raman spectroscopy employs steady-state fields and impulsive

scattering utilizes short pulse durations comparable to vibrational times, TCUPS

makes use of the intermediate, or transient regime [133], where the pulse durations

are comparable to the decay time of the phonon. Use of the transient regime reduces
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some experimental challenges of impulsive studies, since readily available Ti:sapphire

oscillators (of duration ∼80 fs) can be used. TCUPS is also applicable in the sponta-

neous limit, and thus avoids heating and the excitation of the large phonon popula-

tions that can alter the apparent decay rate in stimulated Raman experiments [134].

TCUPS can be understood from the perspective of the Young’s slits experi-

ment. In TCUPS two coherent and temporally separated broadband pump pulses

are inelastically scattered from the diamond lattice and the scattered Stokes light

is detected by an imaging spectrometer. At low power, strictly below threshold for

stimulated Raman scattering, only one Stokes photon is spontaneously produced per

pump pulse pair. The production of a Stokes photon from the first pump corresponds

to one pathway and the production of a Stokes photon from the second corresponds

to another. By detecting the Stokes photon on a slow detector, we project the Stokes

photon to a superposition of the two pathways, resulting in spectral fringes provided

that the two pathways are phase coherent. This mirrors the Young’s slits case where

the two pathways correspond to different spatial paths which a photon can take go-

ing through the slits. The spatial fringes in Young’s slits and the spectral fringes in

TCUPS arise irrespective of whether the photon itself was created coherently or not.

As pump pulse separation is increased, phonon coherence decays, thus ‘which-way’

(or rather ‘which-time’) information becomes available to the environment and the

Stokes spectral fringe visibility decreases.
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Delay

Longpass

Figure 2.10 Experimental setup. An oscillator pulse is split into
two time delayed pulses and focused through the diamond sample.
A bandpass filter removes background oscillator modes before the
diamond and a longpass filter rejects the pump and transmits the
Stokes before the spectrometer.

Conduction band

Zone centre

optical phonon

Stokes @ 906 nmPump @ 808 nm

1332 cm-1

Ground state

Figure 2.11 Stokes scattering transition in diamond. Ground state
phonons are excited with the incident 808 nm pump, via a Raman
transition, to the optical phonon mode, emitting an 906 nm Stokes
pulse.



2.3 Transient Coherent Ultrafast Phonon Spectroscopy 64

2.3.1 Experiment

In the experiment (Fig. 2.11), a pair of coherent pump pulses temporally separated

by a few picoseconds are incident upon the diamond. The first pump pulse sponta-

neously Raman scatters off the diamond to create a Stokes photon and an optical

phonon. Stokes generation from the second pulse is also spontaneously initiated by

the vacuum fluctuation and both Stokes pulses are incident upon a slow detector.

The two Stokes pulses are phase coherent with each other provided that they are

initiated within the coherence time of the phonon, in which case they can interfere

in a spectrometer to produce spectral fringes. As the pulse separation is increased,

the visibility of the fringes decreases, thus permitting a measurement of the phonon

dephasing time.

The pump is generated by a modelocked Ti:sapphire laser (Coherent Mira) of

80 fs duration, centered at 808 nm, is propagated through a Mach-Zehnder inter-

ferometer with an adjustable delay. Spectral fringes are created at the final beam

splitter as a result of the interference, and the fringe spacing as a function of carrier

wavelength, λ0, and time difference T , is given by ∆λ = λ2
0/(cT ). Care is taken to

minimise phase fluctuations through the interferometer and in this experiment, no

measurable phase drift is observed in the pump spectral fringes over the time scales

of the measurements.

The pump pulses are then focused with a 50 mm AR-coated lens down to an

area ∼ 600 µm2 through up to 0.5 mm of diamond (i.e., Fresnel number ∼ 0.1). A

30 cm spectrometer coupled to a Charge-Coupled Device (CCD) camera is used to
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observe the spectral fringes of the Stokes light. The spectral fringe visibility is then

measured as a function of the delay on the interferometer, which is tuned from 2 to

11.5 ps.

To obtain the coherence lifetime of the phonons in the diamond, I record the

decay in spectral fringe visibility of the Stokes light with increasing temporal delay.

Factors such as mechanical imprecision in the translation stage used in the interfer-

ometer and finite pixel widths of the CCD camera are also sources of fringe visibility

reduction. The fringes are well sampled by the CCD at all delays. Other errors are

mitigated by normalising the visibility of the Stokes light fringe visibility against

that of the pump.

Diamond is a face-centered cubic lattice, with two carbon atoms per unit cell.

The space group is Fd3m (O7
h) and the crystal group is m3m (Oh). There is a

triply degenerate optical phonon mode with vibrational symmetry T2g (Γ+
5 ). The

first order Raman shift is 1332 cm−1. The samples were all polished with faces on

〈100〉 such that polarization selection rules produce output Stokes light orthogonally

polarized to the input [112].

The Stokes-to-pump-photon ratio is of order 10−12. A cooled CCD camera was

used (iXon du-897). To reduce noise from the laser oscillator, bandpass filters are

utilised to eliminate high order spectral frequencies (Fig. 2.10). Visibility measure-

ments at each time delay are taken over a period of 100 seconds.
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Figure 2.12 Cross polarised images of different diamonds at 10×
magnification: a) CVD; b) natural IIa; c) HPHT.
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2.3.2 Results

Three different types of diamonds were investigated. The first was a single crystal

diamond plate (3×3×0.5 mm) synthesized by Chemical Vapour Deposition (CVD).

The manufacturer (Element 6) specifications are that the impurity level is < 1 ppm

N and < 0.05 ppm B with a low dislocation density at < 104 cm−2 (Fig. 2.12a).

Whilst the cross polarised image reveals irregular birefringence patterns caused by

local stress and strain, there are no significant straight line features associated

with dislocations. The second sample was a natural type IIa slab of dimensions

3×3×0.25 mm. Such samples, whilst typically pure, with a N and B concentration

of less than 1 ppm, have high dislocation density of order ∼ 108 − 109 cm−2 [135].

Indeed imaging under cross polarizers (Fig. 2.12b) reveals a dense network of dis-

locations, which appear as alternating dark and bright stripes. The last sample

studied was a high pressure, high temperature diamond (3.2×3.2×0.42 mm), yellow

in colour, with a N concentration of between 10 and 100 ppm (Fig. 2.12c). This

sample showed similar dislocation density to the CVD, if not lower. The yellow and

black parts in Fig. 2.12c represent different growth sectors of the diamond where the

crystal lattice orientations are different from each other. Ultraviolet photolumines-

cence images of the diamond samples have shown that both the nitrogen impurities

and dislocations are uniformly distributed in the 3 samples.

Figure 2.13 shows the Stokes fringe visibility as a function of pump delay time

(given on the left of each column). As expected, the spectral fringes in the Stokes

spectrum are observed with fringe visibility decaying exponentially with pump delay.
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A least squares fit to the function A0 +A1 cos[A2λ+A3] (where Ai’s are the fitted

numbers and λ is the wavelength) was applied to the data and the extracted fringe

visibility, defined as A1/A0, is plotted as a function of delay time in Fig. 2.14 for

each of the 3 various diamonds in one run of the experiment.
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Figure 2.13 Stokes spectral fringe visibility as a function of pump
delay (on the left of each column). For clarity, we have plotted half
of the data generated from one run of TCUPS measurement, and we
have used different “Counts” scales for the left (2 to 6ps) and right
(7.4 to 11.4ps) columns. The spectral fringes in the Stokes spectrum
are observed with fringe visibility decaying exponentially with pump
delay. The blue dots represent actual data and the red lines are the
least square best fit lines used to calculate the visibility of the spectral
fringes.

From the data in Fig. 2.14 the phonon decoherence time may be deduced for each

sample. The lifetimes are summarised in table 2.2, which also shows the correspond-

ing FWHM linewidths. It should be noted that each piece of diamond was measured
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Figure 2.14 A plot of spectral fringe visibility versus path delay
set by the interferometer. These are typical runs obtained from the
3 diamonds.

five times, non-sequentially, and the combined lifetime values have a variance of less

than 0.2 ps. In order to achieve such repeatability, care has to be taken to ensure

that the focusing lens following the diamond is well positioned to collect the Stokes

light and that it is brought sharply into focus as it enters the spectrometer.

For comparison, the phonon linewidths have also been measured with the tra-

ditional Raman spectroscopy technique by P. Spizzirri, one of my co-authors in the

associated publication [115]. A 532 nm Continuous Wave (CW) pump was used in

conjunction with a Renishaw inVia microscope, and the first order Raman spectra

are shown in Fig. 2.15 — a detailed discussion of the linewidth function is found

in [136,137]. As expected, the CVD sample has a narrower linewidth than the other

two samples, at ∼2.1 cm−1 and 2.4 cm−1 (±0.07 cm−1) respectively. To enable
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Diamond TCUPS
Type Lifetime Error Linewidth Error

ps ps cm−1 cm−1

CVD 7.0 ±0.2 1.5 ±0.07
IIa 5.7 ±0.2 1.9 ±0.07
HPHT 5.7 ±0.2 1.9 ±0.07

Table 2.2 Diamond decoherence times and linewidths, as measured
by TCUPS and conventional Raman spectroscopy. The errors, in
both cases, correspond to the standard deviation of the lifetimes from
5 separate measurements on each diamond.

direct comparison of linewidths, the spectroscopic data were fitted to a Lorentzian

linewidth function, though the absolute linewidth values obtained from curve fit-

ting processes vary significantly depending on the form of the function being used.

Factors such as the response function of the Renishaw spectrometer and a finite

pump bandwidth require full characterisation of the setup and further processing of

spectroscopic data. This is beyond the scope of the current work. However, it is

worth noting that both TCUPS and the Raman spectroscopic measurements showed

identical differences in phonon linewidths within the accuracy of both techniques.

2.3.3 Theory

The first control pulse is inelastically scattered from the optical phonon of the di-

amond, creating Stokes light. The second pulse then inelastically scatters off the

diamond to create a second Stokes pulse; there exists a definite phase relation be-

tween the two Stokes pulses which is limited by phonon decoherence time. The

main source of decoherence in this picture is the anharmonic decay of the optical

phonon [126].
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Figure 2.15 The first order Raman spectra of the diamond sam-
ples. The CVD sample showed an intensity offset due to the presence
of a broadband background fluorescence.

Due to collective enhancement arising from the coherence and geometry of the

excitation pulse, Stokes light is principally scattered from one phonon mode into

one optical mode in the forward direction [138]. Consequently, the dynamics can be

understood in terms of a single phonon mode operator B̂ and a signal optical mode

operator Â, as shown below.

Effective Hamiltonian

In complete analyses of the Raman interaction [45,70,139,140], propagation effects of

the Stokes light are taken into account by using Maxwell’s wave equation, where the

excitation of the medium acts as a source term. Both the Stokes light and excitation

in the medium are decomposed into longitudinal and transverse modes. The analysis

here can be simplified for two reasons, which allow the theoretical modelling of the

full 3D interaction to be restricted to one longitudinal and transverse mode. The
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single longitudinal mode behaviour arises from the linearity of the Raman scattering

in the spontaneous limit (in my experiment, the probability of Stokes generation is

∼ 0.1% per pulse). Consequently every atom in the medium interacts with the

input field in the same way and therefore the propagation effects, responsible for

the various longitudinal modes, can be ignored [138] (see section 1.3.4). Furthermore,

as the Fresnel number of the optical setup in my experiment is smaller than 1, all

higher transverse modes can also be ignored [140].

With the rotating wave approximation, the Raman Hamiltonian is given by

Ĥ(t′) = κEP (t′)Ê†S(t′)B̂†(t′) + H.c. (2.21)

where ~ is again set to 1 for convenience, t′ is the co-moving time t′ = t− z/c, z is

the distance along pump beam propagation, EP (t′) is the classical pump, and Ê†S(t′)

is the Stokes mode operator. The phonon creation operator is given by B̂†(t′) and

κ represents the coupling responsible for the Stokes creation, which is the product

of various matrix elements associated with the different exciton-phonon interactions

in Stokes generation [112].

To understand the spectral characteristics of the generated Stokes light, I re-write

Eq. (2.21) in terms of ẼP (ω), ˆ̃E†S(ω), ˆ̃B†(ω), the Fourier transformed quantities of

EP (t′), Ê†S(t′), B̂†(t′) respectively assuming the phonon to be sharply peaked at ωph
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[B̂†(t′) = ˆ̃B†(ωph) exp{−iωpht
′}]

Ĥ
(
t′
)
' κ

∫ ∫
ẼP (ω) ˆ̃E†S(ω′)B̂†ei(ω−ω′−ωph)t′dωdω′

+H.c. (2.22)

For brevity I now take B̂† to mean ˆ̃B†(ωph). This is followed by integration over z

to give an effective Hamiltonian treating the whole ensemble as a single system

Ĥeff = gŜ†B̂† + H.c. (2.23)

where Ŝ =
∫

Ω(ω)â(ω)dω is the superposition annihilation operator for Stokes light

[â(ω) is the individual Stokes mode annihilation operator],

Ω(ω) =
ẼP (ω)√∫ ∣∣∣ẼP (ω′)

∣∣∣2 dω′
(2.24)

is the normalised pulse envelope, the effective coupling in the frequency domain

is [70,141]

g = κ

√∫
|EP (ω)|2 dω. (2.25)

Here, κ ∝ ∆−2 [112], where ∆ is the detuning of the pump away from the intermediate

exciton state which is at 5.2 eV above the ground state [142]. Since the detuning ∆ is

much larger than the bandwidth of the pump pulse, I take g to be constant. Starting

from Eq. (2.23), I provide both the Heisenberg and Schrödinger pictures to explain
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the presence of spectral fringes in the Stokes spectrum and the decay of these fringes.

Heisenberg picture

Stokes generation The sequence of Stokes generation and phonon decay is anal-

ysed in a piecewise manner (Fig. 2.16). By ignoring dephasing effects during the

short duration of the pump, the equation of motion of the operators obtained from

Eq. (2.23) are

˙̂
S(t) = igB̂†(t) (2.26)

˙̂
B(t) = igŜ†(t). (2.27)

After time t = τ , the pump duration, the solutions are given by

Ŝ†(τ) = cosh(gτ)Ŝ†0 − i sinh(gτ)B̂0 (2.28)

B̂(τ) = i sinh(gτ)Ŝ†0 + cosh(gτ)B̂0. (2.29)

Ŝ0, B̂0 are the annihilation operators for Stokes photon and phonon respectively at

t = 0. I then obtain the Stokes spectrum by calculating the expectation value of

the operator â†(ω, τ)â(ω, τ). Note that the Heisenberg equation of motion for the

Stokes photon annihilation operator can also be obtained from Eq. (2.23)

˙̂a(ω, t) = igΩ∗(ω)B̂†(t) (2.30)

â(ω, τ) = iΩ∗(ω)
{
−i [cosh(gτ)− 1] Ŝ0 + sinh(gτ)B̂†0

}
. (2.31)
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The solution given in Eq. (2.31) requires the solution given in Eq. (2.29). Thus the

Stokes spectrum is

I(ω) =
〈
â†(ω, τ)â(ω, τ)

〉
(2.32)

= |Ω(ω)|2 sinh2(gτ)
〈
B̂0(ω)B̂†0(ω)

〉
(2.33)

= |Ω(ω)|2 sinh2(gτ), (2.34)

assuming there is negligible phonon population in the thermal state. For small

coupling gτ the spectral shape of I(ω) is proportional to the spectrum of the pump

light |EP (ω)|2.

Phonon decay In between the two pump pulses, the effects of phonon dephasing

are included by adding a phenomenological decay term:

˙̂
B(t) = −ΓB̂(t). (2.35)

A full quantum treatment would include a Langevin operator in Eq. (2.35) to main-

tain commutator relations for B̂ such that
〈

[B̂i(t), B̂
†
i (t)]

〉
= 1 for all times. Alter-

natively the normally ordered operator may be used when calculating expectation

values for the same effect [129,141].

The solution after time t = T , the delay between the two pump pulses, is given

by

B̂(T + τ) = B̂(τ)e−ΓT . (2.36)
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Pulse sequence For the last part of the pulse sequence, the Stokes generation is

once again governed by Eqs. (2.28) & (2.29). Since the pump pulses are temporally

separated, I assume that the second Stokes generation is initialised by B̂(T + τ) in

Eq. (2.36) only.

Figure 2.16 Evolution of the phonon. (a) Phonon is spontaneously
created by a pump pulse and evolves as Eqs. (2.28) & (2.29). (b) The
phonon decays for time T via Eq. (2.35). (c) A second pump pulse
scatters off B̂(T + τ).

To differentiate between Stokes and phonon modes involved in the first and sec-

ond pulses, I use subscripts i ∈ {1, 2}, thus, Ŝ1(t), B̂2(t) denote the Stokes operator

during the first pulse and phonon operator during the second pulse respectively.

From the above arguments, I also write the initial phonon operator of the second

pulse as B̂0,2 = B̂(T + τ) = B̂1(τ)e−ΓT . Using this notation, the signal detected by

the spectrometer is represented by the operator

âD(ω) =
1√
2

[
â1(ω, τ) + â2(ω, τ)eiωT

]
. (2.37)
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In terms of the initial operators, the Stokes spectrum is given by

I(ω) =
〈
â†D(ω)âD(ω)

〉
(2.38)

= |Ω(ω)|2 (gτ)2
〈
B̂0,1B̂

†
0,1

〉
+ |Ω(ω)|2 (gτ)2e−ΓT cos (ωT )

〈
B̂0,1B̂

†
0,1

〉
+O

[
(gτ)4

]
. (2.39)

Motivated by the fact that the Raman interaction is in the weak coupling sponta-

neous regime, I only keep terms that are up to second order in the effective cou-

pling (gτ). The first term represents spontaneously scattered Stokes light from both

pulses. Spectral fringes are generated by the second term, which decays. The expo-

nential factor represents the decay of coherence, which is measured in this experi-

ment. Assuming negligible thermal phonon population, I calculate the expectation

values of the operators to give

I(ω) ' |Ω(ω)|2 (gτ)2
(
1 + e−ΓT cosωT

)
. (2.40)

Even though there is no stimulation at the lowest order, the Stokes pulses are co-

herent within the lifetime of the phonon.

Standard diamond lifetime measurements in the literature [134,143,144] involve the

direct measurement of phonon lifetime, which in the operator language is given by

〈
B̂†(T )B̂(T )

〉
∝ e−2ΓT

〈
B̂†(0)B̂(0)

〉
. (2.41)
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The Raman linewidth in frequency space is given by Γ = 2/T2 where T2 is the

coherence lifetime [145]. In cm−1, the linewidth is δν = (πcT2)−1.

It has been shown (see [146,147] and references therein) that the anharmonic phonon

self energy, the term in the Hamiltonian describing phonon-phonon interactions and

is the main cause of phonon decay, is a frequency dependent term. This implies that

the spectral fringe visibility would not decay exponentially with pump pulse sepa-

ration. However, note that in the single phonon regime and at room temperature,

the experimental data fit the predicted exponential decay curve (Fig. 2.14) well, and

the more sophisticated modelling of phonon decay which includes such frequency

dependence can be ignored.

Schrödinger picture

In the Heisenberg picture, I have derived the evolution of the joint photon-ensemble

system by calculating the time evolution of the operators and deriving the expec-

tation values. It is worthwhile to contrast the solutions with those obtained from

the Shrödinger picture. For short pulses, the unitary operator Û corresponding to

evolution of the initial (vacuum) state by the Hamiltonian Eq. (2.23) can be pertur-

batively expanded up to first order,

Û(τ) = eiĤτ (2.42)

⇒ |ψf 〉 '
(

1 + iĤτ
)
|0〉 (2.43)
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where the initial vacuum state |0〉 is connected to the final state |ψf 〉 via the Raman

interaction. The higher order terms, including the stimulated emission, are not

included.

Denoting operators associated with the first and second pulse with the subscripts

1, 2 respectively, the two pulse interaction is written as

|ψf 〉 = Û2(τ)Û1(τ) |0〉 (2.44)

'
[
1 + igτ

(
Ŝ†2B̂

†
2 + Ŝ†1B̂

†
1

)]
|0〉 . (2.45)

As in the Heisenberg treatment, I obtain the Stokes spectrum by taking the expec-

tation value of the operator â†D(ω)âD(ω) in Eq. (2.37), this time, with state |ψf 〉.

The detected signal is

I(ω) = 〈ψf |
1

2
(â†1â1 + â†2â2) + R

{
â†1â2eiωT

}
|ψf 〉 (2.46)

= (gτ)2 |Ω(ω)|2
[
〈0| 1

2
(B̂1B̂

†
1 + B̂2B̂

†
2) |0〉

+ cos(ωT ) 〈0| B̂1B̂
†
2 |0〉

]
. (2.47)

As before, I take the normally ordered operators and use the same arguments in

section 2.3.3 to relate B̂1 and B̂2, after which I(ω) becomes (2.40).

The utility of the Schrödinger picture is that it emphasizes the analogy with

Young’s two-slit experiment. After the full TCUPS interaction, the joint photon-

ensemble state |ψf 〉 is given by Eq. (2.45), where the subscripts denote the two
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pathways for Stokes photon generation. The state |ψf 〉 contains a coherent superpo-

sition of the two pathways and spectral fringes in the Stokes spectrum appear after

the two pathways are allowed to interfere in a slow detector. It is also useful to note

that the Raman Hamiltonian is of the same form as that of parametric down conver-

sion [148]. In this sense, the generated state is expected to be a two-mode squeezed

state which can be used to entangle the optical phonon and the Stokes photon.

2.3.4 Experimental conditions

TCUPS is a robust tool for investigating material properties at the picosecond time

scale, and allows a high degree of freedom in the choice of experimental parame-

ters. The theoretical analysis above assumed three main conditions: spontaneous

Stokes generation, pump pulse duration within the transient regime for the medium

excitation, and single mode interactions.

In order to avoid any stimulated scattering, the effective Raman coupling strength

g should be kept low. The measured rate of Stokes photon generation in my experi-

ment corresponds to gτ ∼ 10−2. A low coupling strength could be achieved providing

the peak field strength of the pump pulse is not too strong and the Raman detuning

from the exciton state, ∆, is large (see Fig. 2.11). For diamond, the conduction

band is 5.5 eV above the ground state, which corresponds to 225 nm [149]. This is

energetically well above the pump pulse photons in my experiment.

As well as keeping the parameter gτ small, a short pulse serves to keep the

Raman interaction within the transient regime. The coupled equations Eqs. (2.26)
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& (2.27) model the Raman interaction in the absence of any dephasing effects. In

this case, the phonon coherence lifetime can be as short as 5 ps, which limits pump

pulse durations to less than 500 fs.

For accurate results, both pump pulses must address the same single excitation

mode in the diamond. By maintaining the Fresnel number of the confocal setup at

< 1, only one transverse mode is excited in the diamond. This therefore sets an

upper limit to the spot size that could be sampled in the diamond. In my measure-

ments, the focused spot size was arbitrarily chosen to be 600 µm2 and I have found

that T2 lifetimes measured on different spots on the diamond are identical within the

accuracy of TCUPS. I anticipate, however, that measurements made with a more

tightly focused spot size and sampling volume may be more sensitive to local vari-

ations in the diamond samples. Thus, if the sample contains uneven concentration

of dislocations and impurities, then T2 measurements would be location specific.

2.3.5 Discussion

The anharmonic decay time of diamond at zero temperature and pressure has been

calculated as 10.5 ps (1.01 cm−1) [150]. This calculated lifetime is based upon the

spontaneous decay of an optical phonon into two acoustic phonons. The observed

widths of the literature, however, vary considerably from 1.2 cm−1 to 4.75 cm−1 [86,87,134,143,144].

The large variance is due to a number of factors including: spectrometer limitations,

source linewidths, isotopic mass defects, nitrogen impurities, cyrstal boundaries, and

stress gradients [124].
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Here, TCUPS has been used to differentiate the optical phonon lifetimes of CVD,

HPHT and natural (IIa) diamonds. The results in table 1 reveal a somewhat unex-

pected difference between the three type of diamond samples that would normally

be difficult to observe using more standard Raman scattering techniques. The CVD

sample consistently shows a longer lifetime than either the natural or HPHT samples.

Two obvious sources of phonon scattering in diamonds are impurities (most notably

N) and dislocations. Despite the fact that the type IIa sample is clear and contains

a low level of N, whereas the HPHT sample is yellow containing up to 100 ppm of N,

there appears to be very little difference in the phonon lifetime. On the other hand,

the CVD sample, with an N concentration of the same order of magnitude as the

IIa sample, shows a lifetime approximately 20% longer. The dislocation density is

much higher in the IIa sample than the single crystal CVD. A tentative conclusion

might therefore be that reducing the dislocation density results in an increase in

the lifetime and might be a more important factor in phonon scattering than the N

impurities.

It is noteworthy that the present technique is sufficiently sensitive to reveal

such differences. Measurement of the absolute peak width in Raman scattering is

often subject to much higher errors than the 0.07 cm−1 achieved here. It is also

noteworthy that the present technique samples a comparatively large volume of the

sample (∼ 10−4 mm3) as compared to micro-Raman sampling whilst avoiding issues

resulting from the presence of hot phonons.

While the decoherence time of diamond is long for phonon modes in solids,
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it is short in comparison to many other molecular, atomic, and nuclear degrees of

freedom. Nevertheless, diamond’s large Raman shift allows for easy spectral filtering

and the convenience of working with a room temperature solid. As noted, the Raman

interaction Hamiltonian can be used to create a two-mode squeezed state between

the optical phonon and the Stokes photon. In TCUPS this phonon coherence was

created and measured using femtosecond pulses. Whilst the absolute lifetime of the

phonon is short, it is still 2 orders of magnitude longer than the interaction time

needed to create the excitation, and one can also in principle perform many coherent

operations within the phonon lifetime. Thus there is the interesting possibility that

diamonds and their phonon modes might be useful for implementations of quantum

information protocols.

2.3.6 Notes on experimental apparatus

As mentioned earlier, mechanical imprecision of the translation stage in the interfer-

ometer and finite pixel size of the CCD camera adversely affects the accuracy of the

measured visibility of the Stokes spectral fringes. The full alignment procedure for

the translation stage will be detailed in section 4.2 since it is a recurring component

in all of the experiments in this thesis. For the moment, I would like to discuss a

few issues that arose from using the Andor spectrometer.

Figure 2.17 shows the drop off in the visibility of the pump spectral fringes

with optical delay — due to a mixture of beam walk-off and limited spectrometer

resolution, as will shortly be explained. The visibility is obtained via the same least
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Figure 2.17 Pump spectral fringe visibility as a function of optical
delay, used for normalisation in the TCUPS experiment.

square fitting process used for the Stokes pulse (marked by crosses). At the time

of the experiment, I only had access to a standard Thorlabs 50:50 BS, which has a

highly polarisation dependent reflectivity, for use in the interferometer. As a result,

the first pump pulse had more than twice the energy of the second, limiting the

maximal achievable visibility in the spectral fringes.

In the Andor spectrometer, a reflection grating maps different frequency com-

ponents of the incident light into a range of reflection angles, and a CCD camera

records this distribution of light, where each pixel records the total intensity emitted

within a small spread of frequencies. The output recorded on a computer is therefore

a version of the ‘true’ incident spectrum that has been discretised both in frequency

space as well as intensity [through the analogue-to-digital (A/D) conversion process
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during signal readout]. This process leads to a degradation of the measured spectral

fringe visibility at high pump pulse separations (when the peak-to-peak separation

of the spectral fringes is smaller). To obtain an analytical expression for this ef-

fect, I evaluated the following two integrals to obtain an estimate of the ‘discretised

visibility’ Vdis:

Imax =

∫ w

−w

∫ λmax+δ+w
2

λmax+δ−w
2

[A0 +A1 cos (A2λ+A3)]dλdδ (2.48)

Imin =

∫ w

−w

∫ λmin+δ+w
2

λmin+δ−w
2

[A0 +A1 cos (A2λ+A3)]dλdδ (2.49)

Vdis =
Imax − Imin

Imax + Imin
. (2.50)

Imax represents the total power incident on a pixel of spectral width w (integration

over λ) around one of the maxima in the spectral fringe (at wavelength λmax) — the

intrinsic spectral distribution reflected from the grating is given by the integrand.

Each spectral intensity maxima can also be centred on different spots within the

pixel, and in a typical measurement, multiple peaks appear, thus a second integral

in Eq. (2.48) over δ represents the averaging of all the discretised maxima signals.

Imin calculates the equivalent averaged discretised minima signal around the minima

points λmin.

Using Eq. (2.50), the discretised visibility is

Vdis =
A1

D0
sinc

A2w

2
sincA2w, (2.51)
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Figure 2.18 Numerical simulation of the effect of finite pixel size of
the CCD on the measured spectral fringe visibility. The green line is
an interpolated curve for the sampling points denoted by the crosses.

where A2 is a function of optical delay T , and the spectral width w is found by

fitting against the measured data in Fig. 2.17 (red line). The fitted width w is

around 5 times the actual pixel size of the CCD. This is probably due to a mixture

of charge leakage between adjacent pixels in the CCD and coupling of higher order

pump modes into the spectrometer.

As well as the analytical solution, I simulated the finite pixel effect by generating

a set of discretised spectrums by numerical integration and applied the least square

fitting methods employed for the experimental data. Figure 2.18 shows the resulting

simulated visibility drop off as a function of optical delay using the fitted w obtained

from the analytical solution, assuming that both pump pulses have the same energy

(therefore achieving unit visibility at short optical delays). Note that the interpo-

lated curves in Fig. 2.17, 2.18 share similar features, and in particular, the ‘wobble’
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of the fitted data around the theoretical curve in Fig. 2.17 is most likely due to in-

accuracies (though insufficient to affect the measured lifetimes significantly) caused

by the curve fitting algorithm rather than any beam walk off due to misalignment

of the translation stage. It should be noted, however, that the phonon lifetimes are

not significantly affected by the use of the theoretical (red) or interpolated (green)

lines in Fig. 2.17 as the normalisation curve.



Chapter 3

Anti-Stokes readout in diamond

3.1 There’s something about the phonon...

In the previous chapter, I have analysed the Stokes scattering process which leads

to the simultaneous creation of a Stokes photon and an optical phonon, where an

incident pump photon scatters from the crystal and transfers energy from the photon

field into a lattice vibrational mode. This chapter deals with what happens when

a second, classical probe pulse scatters from the phonon. Here, the energy transfer

can be reversed — a probe photon can absorb the energy from the existing lattice

vibration and leaves with increased energy in a process that is normally referred to

as anti-Stokes scattering (see Fig. 1.7 for a comparison between the two scattering

events). A classical analogy to this second type of scattering can be found in the

manner in which a ball thrown against a vibrating wall can sometimes bounce back

with a higher energy. Observing many of these events where the ball bounces back
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with more energy, one may learn about the nature of the vibration. In the case

of diamond, since the lattice vibration is created initially by Stokes scattering, one

may learn about the phonon by analysing correlations between Stokes and anti-

Stokes photons created from the scattering of a pump-probe pair. The Raman

scatterings described in this thesis take place in the single photon regime, where the

phase information created in a single quanta of phonon is coherently transferred to

a single anti-Stokes photon. Through the scattering mechanism, the results from

the main experiments reported in this and the following chapters reveal correlations

between the ant-Stokes photon and the bulk vibrational mode of diamond — through

observations of photon-phonon pair productions, as well as the manipulation of the

relative phase between the anti-Stokes modes from two spatially separated diamonds

prepared in a Bell state — that defy classical explanations.

Section 3.6 in this chapter is an expanded version of my published paper [151],

for which I have carried out the experimental measurements (with assistance from

my co-author M. S. Sprague) as well as the accompanying data analysis (unless

explicitly stated otherwise). It has been significantly re-written here to better link

with the various themes I have tried to develop in this thesis, most of which were

omitted from the paper due to length constraints.

3.2 Theory of Stokes/anti-Stokes production

A signature of the phonon creation and anti-Stokes readout event described above is

the generation of a heralded anti-Stokes photon (its emission from the probe pulse
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is accompanied by an emission of a Stokes photon from the pump pulse). In this

section we extend the Schrödinger picture analysis of section 2.3.3 to describe this

correlated Stokes/anti-Stokes production, providing the mechanism to measure the

population, as distinct from the coherence, lifetime of the diamond optical phonon.

Following the same arguments which lead us to conclude that contributions from

the higher order transverse and longitudinal spatial modes are negligible given the

experimental setup, we incorporate an anti-Stokes generating term to the Stokes

scattering Hamiltonian of Eq. (2.23) as a pair of pump-probe pulses scatter from

a diamond lattice. For effective coupling strengths gα (α = {S,A}), Stokes and

anti-Stokes annihilation operators Ŝ, Â, and phonon annihilation operator B̂, the

interaction Hamiltonian for the Raman process (with index i = {1, 2} denoting the

pump-probe sequence) is

Ĥi = ~gSŜ†i B̂
†
i + ~gAÂ†i B̂i + h.c. (3.1)

This single (phonon) mode dynamics is valid in the low power and transient regime,

where the pump pulse duration is several phonon oscillatory periods. The second

term in Eq. (3.1) represents the absorption of a phonon accompanied by the emis-

sion of an anti-Stokes photon, and the couplings gα’s are functions of pump-probe

detunings from the intermediate level in the Raman interactions. Since all interac-

tions are far detuned from the conduction band, we simplify the theoretical analysis

by approximating gS ∼ gA = g.
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We use unitary operators Ûi = exp[−iĤiτ/~], for pulse duration τ , to calcu-

late the evolution of the vacuum state during the pump-probe sequence [where the

phonon mode decays freely, according to Eq. (2.35), between the pump-probe inter-

actions represented by Û1, Û2],

|ψf 〉 = Û2Û1|0〉 (3.2)

'
[
1− igτ

(
Ŝ†2B̂

†
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†
1

)
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(
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†
2Ŝ
†
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†
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†
1B̂
†
1 + Ŝ†22 B̂

†2
2

+Â†2B̂2Ŝ
†
2B̂
†
2 + Ŝ†21 B̂

†2
1 + Â†1B̂1Ŝ

†
1B̂
†
1

)]
|0〉. (3.3)

The higher order (gτ) terms are negligible in the low power regime. In TCUPS

the coherence time is obtained from the expectation value of the Stokes photon

operator 〈ψf |â†SDâSD|ψf 〉, where T is the pump-probe separation, and âSD = (âS1 +

âS2eiωT )/
√

2 is a superposition of the annihilation operators for the Raman scattered

Stokes photons from the pump (âS1) and probe (âS2) pulses. It follows from Eq. (3.3)

that spectral fringe visibility decay is due to the term

〈â†SDâSD〉 ∝ 〈0|B̂1B̂
†
2|0〉 = e

− T
T2 , (3.4)

whose magnitude decreases exponentially with storage time T between the pump-

probe sequence, with a coherence lifetime of T2.

On the other hand, the phonon readout process can be detected by a pair of

APDs, each capturing either a Stokes or anti-Stokes photon. The probability of

obtaining a coincidence detection within a pump-probe pair, Pc, is obtained by
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calculating the expectation value of the photon operators 〈ψf |Â†2Â2Ŝ
†
1Ŝ1|ψf 〉.

Pc = |gτ |4 〈0|B̂1Ŝ1B̂
†
2Â2(Â†2Â2Ŝ

†
1Ŝ1)Â†2B̂2Ŝ

†
1B̂
†
1|0〉 (3.5)

= |gτ |4 〈0|B̂1B̂
†
2B̂2B̂

†
1|0〉 (3.6)

In evaluating Eq. (3.5) we have used the bosonic commutation relations of the pho-

tonic and phononic operators Ŝi, Âi and B̂i such that, for example, [Âi, Â
†
i ] = 1. The

term containing the phonon operators on the Right-Hand Side (RHS) of Eq. (3.6)

also decays exponentially with a time constant T1 (known as the population lifetime

in the literature), in general different from the T2 decay constant in Eq. (3.4) — as

will be shown in the following section.

3.3 Population and coherence lifetimes

Phonon decay can be modelled as a 2 level system coupled to the environment,

and the master equation in Lindblad form [152] describes the evolution of a quantum

system, ρ̂sys, coupled to a thermal bath. It is given by:

dρ̂sys

dt
= − i

~

[
Ĥ, ρ̂sys

]
+
∑
ν

{
L̂ν ρ̂sysL̂

†
ν −

1

2
L̂†νL̂

†
ν ρ̂sys −

1

2
ρ̂sysL̂

†
νL̂ν

}
. (3.7)

In the absence of coupling to the environment, the first term on the RHS of Eq. (3.7)

describes the unitary time evolution of ρ̂sys under the system Hamiltonian Ĥ. Cou-

pling to the environment gives rise to the summation terms, and {L̂ν} is a set of
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jump operators representing the different effects of this coupling on ρ̂sys.

We can use Eq. (3.7) to show the relationship between T1 and T2 in the presence

of population and coherence decays. Let {|s〉, |g〉} ≡ the excited phonon and ground

states respectively, and state density elements written as ρ̂ij ≡ 〈i|ρ̂sys|j〉, where

{i, j} ∈ {s, g}. The free evolution of phonon is given by Ĥ = ωgs|s〉〈s| for a phonon

energy of ωgs = ωph, and population decay process is given by L̂1 =
√

Γ1|g〉〈s|, where

Γ1 = 1/T1. We also include the effect of phase jumps by the operator L̂2 =
√

Γ∗|s〉〈s|

and find that the phonon population and coherence evolutions are governed by,

respectively,

dρss
dt

= −Γ1ρss (3.8a)

dρsg
dt

= −iωgs −
Γ1

2
ρsg −

Γ∗

2
ρsg. (3.8b)

The solutions of Eq. (3.8) are ρss(t) = ρ(0)e−t/T1 ; ρsg(t) = ρsg(0)e−t/T2 , and the

the relation

2

T2
=

1

T1
+

1

γ
, (3.9)

where γ = 1/Γ∗, the pure dephasing time, follows. T1 and T2 are referred to as

the population and coherence lifetimes in the literature respectively. In the absence

of any phase jumps, the Raman linewidth is purely lifetime broadened, such that

γ =∞, and T2 = 2T1. Conversely, loss of phonon phase coherence due to L̂2 process

shortens T2, and T2 < 2T1. To see how these two lifetimes are related to the TCUPS

and heralded anti-Stokes measurements, we first note that by equating |s〉 = B̂†1|0〉,
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the LHS of Eq. (3.4) can alternatively be written as Tr{B̂†2ρ̂sys(T )}. TCUPS is

therefore a measurement of the ρsg element in the density of state ρ̂sys (associated

with T2). In contrast, the term on the RHS of Eq. (3.6) in the heralded anti-Stokes

detection can be expressed as |gτ |4 Tr{B̂†2B̂2ρ̂sys(T )}, thus only the diagonal rather

than the off-diagonal element of ρ̂sys is measured here (associated with T1). Recent

spectroscopic studies performed on optical phonon lifetimes suggest, for example,

that T2/T1 ∼ 0.1 in graphene and graphite [153].

3.4 Anti-Stokes polarisation selection rule
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Figure 3.1 Measured intensity (radial direction, in arbitrary units)
of anti-Stokes light orthogonally polarised to the pump as the dia-
mond is rotated through 180◦ (in angular direction).

Anti-stokes scattering is subject to the same symmetry constraints as Stokes

scattering. As in section 2.2.3, we focus H-polarised pump into a diamond sample

(Fig. 2.5), and measure the intensity of V-polarised anti-Stokes light as the diamond

sample is rotated around the axis of the pump propagation. A polar plot of the
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intensity as a function of diamond rotation (Fig. 3.1) shows, unsurprisingly, the

same 4-fold rotationally symmetric pattern seen in Fig. 2.6 for the Stokes light.

Each data point represents a measurement made over 1 minute and the dark count

of the APD has been subtracted from the plotted values. The maxima intensities in

Fig. 3.1 should be centred on 0◦, 90◦, 180◦ in the ideal optical geometry. The angular

offset indicates that the diamond axis has been aligned at an angle with respect to

its mount — this has been corrected for in subsequent measurements.

Due to the low thermal occupancy of diamond optical phonon, which is why the

excitation has been identified as a promising practical resource in the first place, the

intensity of the scattered anti-Stokes beam is around three orders of magnitude lower

than the Stokes beam. Thus the choice of spectral filters is critical to ensure that

the anti-Stokes signal is measured accurately. Semrock dielectric filters are found

to have the necessary transmissive properties without introducing significant levels

of extra fluorescence noise (in contrast to alternative brand filters) to single photon

level measurements — the extinction ratio of the pump is estimated to be ∼ 10−18

from the manufacturer’s specifications. Still the ratio of the maximum to minimum

intensities in Fig. 3.1 is found to be ∼ 4.6 from curve fitting, and significantly lower

than the equivalent ratio for Stokes light, since contributions from the remaining

filter and diamond fluorescences form a larger fraction of the scattered anti-Stokes

intensity than to the Stokes intensity.
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3.5 Raman coupling strength

3.5.1 Measurement

Ultimately, a useful quantum memory must be able to store a single excitation, and

the theoretical analysis in this thesis has been developed on the assumption that

the effective Raman coupling for the Stokes and anti-Stokes fields is small, such that

|gt| � 1 (approximating gS ≈ gA = g) — in other words, in the spontaneous Raman

scattering regime. To fully test the transition between that and the stimulated

regime, I measured the scattered Stokes and anti-Stokes intensities using pump

pulses from an oscillator as well as an amplifier. The oscillator is the same Coherent

Mira system used in section 2, with the Stokes and anti-Stokes light coupled into

separate SMFs and detected by APDs. For the second part of the measurement, the

Mira is used to seed a Coherent RegA system (regenerative amplifier), generating a

train of 80 fs at 250 kHz repetition rate. Typical pulse energies of the RegA system is

two orders of magnitudes greater than those from Mira, producing brighter Raman

signals. As a result, for ease of experimental setup, I detected the Raman signals

using the same free space coupled spectrometer and cooled CCD camera in section

2. To increase its sensitivity, I utilised the hardware-binning mode of the camera

whereby multiple pixels of the CCD sensing element detect signals collectively.

Figure 3.2a shows the scaling of Stokes and anti-Stokes intensities with oscillator

pulse energy, which is close to the linear growth as expected from spontaneously

sourced Raman signals. Each data point represents the number of counts registered
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Figure 3.2 Measured Stokes (red crosses) and anti-Stokes (blue
circles) intensities as a function of pump pulse energy. Calculated
signal intensities [see Eq. (3.12) and the accompanying text] have
been re-scaled and drawn as the solid fitted lines on the plots. An
oscillator pumps the diamond in a) and the signals are measured
on APDs, whereas the signals generated from an amplified pulse are
measured by a cooled CCD in b).

by an APD within a minute. In contrast, the power scaling of signal intensities in

Fig. 3.2b is reminiscent of exponential growth due to stimulated scattering. Here,

to measure the signal intensities, a hardware binning function of the CCD camera

has been utilised in which all of the accumulated charges within several pixels of the

CCD are jointly transferred into the built-in A/D convertor within the camera for

signal readout at the end of exposure period. Effectively, a user-defined collection

of pixels act as a super-pixel, providing a straightforward way of increasing the

signal-to-noise ratio, at the cost of reduced spatial and spectral resolution as well

as decreased dynamic range of detection. Each data point in Fig. 3.2b represents a

measurement spanning 30 s, and the hardware binning capability enables accurate

signal acquisitions without the need to engage the electron multiplying gain mode of
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the camera, which minimises noise contribution from the A/D conversion process,

but amplifies stray photon noise.
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Figure 3.3 The Stokes to anti-Stokes intensity ratios from Fig. 3.2
are displayed as functions of a) oscillator and b) amplifier pulse en-
ergy. The fitted lines are obtained from re-scaling theoretical calcula-
tions and the errors on each points are calculated assuming Poissonian
errors on the measured data.

3.5.2 Numerical model

To model the power scaling of the Raman signals, I wrote a script to calculate the

temporal evolution of the joint Stokes/anti-Stokes/phonon state density ρ̂S,A,B(t)

(where the subscripts represent the Stokes, anti-Stokes and phonon modes respec-

tively) using the Raman Hamiltonian in Eq. (3.1), where

ρ̂S,A,B(t) = e−iĤtρ̂S,A,B(0)eiĤt. (3.10)
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The Stokes annihilation operator, for example, is implemented as a matrix of the

form

Ŝ =



0 1

0
√

2

. . .
. . .

0
√
ns

0


(3.11)

in the photon number basis, where ns is the maximum Stokes photon number in-

cluded within the model. The phonon initially is in a mixed state of the form

ρ̂S,A,B(0) = |0〉S〈0| ⊗ |0〉A〈0| ⊗ (pn
∑

n |n〉B〈n|), and the Boltzmann distribution

is used here to approximate the Bose-Einstein statistics, which describes ensem-

bles of indistinguishable bosons such as the phonon, to evaluate the probabilities

pn’s of finding n phonons in the ensemble. This approximation is valid as long as

the mean number of phonons in the ensemble (〈n〉 � 1, as evidenced by the low

anti-Stokes scattering rate measured) is much lower than the number of degener-

ate phonon modes [154]. In the 1D approximation, the degeneracy is lower-bounded

by the ratio of the phonon wave vector bandwidth ∆K (∼ 2 × 105 m−1, as men-

tioned in chapter 2) to the spacing between adjacent phonon modes in wave vec-

tor space, δK = 2π/L ∼ 2 × 104 m−1 (L is the length of the diamond sample)

— in our case, 〈n〉 � ∆K/δK, and therefore it is highly unlikely for multiple

phonons to occupy the same state, obviating the need for Bose-Einstein statistics.

To obtain the reduced state density of the Stokes mode ρ̂S(t), for instance, I imple-
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mented a partial trace procedure with the matrix M̂k,l = 1S ⊗|k〉A⊗|l〉B, such that

ρ̂S(t) =
∑

k,l M̂
†
k,lρ̂S,A,B(t)M̂ †k,l. The probability of obtaining a Stokes photon, PS ,

can then be calculated as a function of the Raman coupling parameter PS(gt), as

PS(gt) = Tr{Ŝ†Ŝρ̂S} (3.12)

— anti-Stokes probability PA(gt) can be calculated likewise.

Equating the measured signal intensities in Fig. 3.2 with the ‘true’ intensities

emitted from the diamond would require thorough characterisation of detection and

coupling efficiencies. Instead, I used the measured intensities to calculate the Stokes

to anti-Stokes ratio PS/PA in Fig. 3.3, taking into account of the differential re-

sponses of the detectors at the Stokes and anti-Stokes wavelengths. Fitted onto the

data is the theoretically calculated function PS
PA

(gt =
√
βεp), where εp is the pump

pulse energy, and we have used Eq. (2.25), which states that g is proportional to

the magnitude of the pump electric field. Two approximations to the parameter β

are found by least squared fitting into the oscillator (a) and amplifier (b) data —

β = 4.6 × 10−7 and 3.7 × 10−7 respectively. Both values for β imply that a 1 nJ

pulse (typical energy for the oscillator used in the experiments within this thesis)

corresponds to |gt| ∼ 0.05, which is well within the spontaneous scattering regime.

The Hamiltonian in Eq. (3.1) assumes the operators can operate in an infinite

dimensional Hilbert space. This is obviously impossible to model with a mere clas-

sical computer, and for the numerical modelling here, I have included 24 dimensions
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Figure 3.4 Population of Stokes number states from numerical
modelling. Mean number of Stokes photon increases with pump pulse
energy: |gt| = 0.05 (dotted purple), 1 (blue), 1.5 (red) and 2 (green).

in each Stokes, anti-Stokes and phonon mode (making e.g. ns = 23). As the Raman

coupling g increases, the finite dimension constraint would prevent accurate simula-

tion of stimulated processes (which requires ever higher number states to be included

in the model). Figure 3.4 shows the diagonal elements of the Stokes state density

ρ̂S for different Raman couplings g. Up to |gt| = 1.5, the Stokes population is well

behaved, but at higher coupling strengths, e.g. |gt| = 2, non-physical features (the

zig-zag distortions in the figure inset) become more pronounced as the mean Stokes

photon number is increased. Both the oscillator and amplifier scatter from the dia-

mond with a coupling strength |gt| < 1, therefore the chosen ns in this simulation is

large enough to avoid these non-physical artefacts, and the fitted curves in Fig. 3.3

are likely to be reasonably accurate representations of the true Stokes/anti-Stokes

ratio.
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3.6 Experimental demonstration of nonclassical motion

in bulk diamond

For several centuries, Newton’s theories of force and motion have proven to be highly

adept at describing the behaviours of every day object, until the experiments of the

early twentieth century reveal phenomena in the atomic and sub-atomic world that

defy classical predictions. A range of theories have since been developed, which, to-

gether, form a framework that is commonly referred to as quantum mechanics. The

concepts of wave function amplitudes, quantum superpositions and entanglements

etc. have been remarkably successful for the understanding of many of these previ-

ously unexplainable phenomena. However, standard quantum mechanics is agnostic

to the size of the system, and the question of why these exotic quantum features are

not found in the macroscopic world is an active area of research [155,156], although

a broader consensus holds that thermalization with a classical environment neces-

sarily destroys coherence [157]. Indeed, by carefully controlling the coupling to the

environment, quantum features can in principle be demonstrated with macroscopic

opto-mechanical resonators that are cooled to the ground state [158].

Due to the stiff lattice of diamond, its vibrational modes are particularly ener-

getic, thus the probability of having a thermally initiated optical phonon at room

temperature and pressure is low. At the same time, it is far from any electronic

transitions — diamond phonon is therefore naturally well isolated from the envi-

ronment in ambient conditions and obviates the need for the technically challenging
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state preparations required in opto-mechanical resonator experiments. Furthermore,

there are already proven, working bulk diamond waveguides/cavity structures [102],

alongside proven abilities of interfacing with ultrafast pulses — making a diamond

based THz micro-photonic device an intriguing proposal [40]. Therefore, the obser-

vation of non-classical dynamics in bulk diamond is a matter of both scientific and

technological interest.

3.6.1 Cauchy-Schwarz inequality and quantumness

The arrival of quantum theory forced the re-examination of many fundamental con-

cepts and led to the development of quantum optical theory, which was both spurred

on by and led predictions to counter intuitive phenomena that are incompatible with

the classical electromagnetism. Correlation measurements became the principle tools

in demonstrating the classical and quantum natures of light. Interference observed

from the mixing of two different field amplitudes and correlations observed in two

different intensity fluctuations yield complementary information (quantified, respec-

tively, by g(1) and g(2)) on the light source and has practical applications, most

famously in the field of astronomy, where the Michelson and Hanbury-Brown-Twiss

interferometers [159–163] are still the current tools of choice [164].

In this experiment, a pump-probe pulse pair scatters from bulk diamond: the

pump pulse spontaneously create a Stokes photon, which heralds the simultaneous

generation of a phonon in the diamond, and the probe pulse annihilates the phonon

to create an anti-Stokes photon. The coincident arrival of the herald (Stokes) and
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readout (anti-Stokes) photons at two separate APDs signals the occurrence of the

pump-probe scattering. This pump-probe scattering sequence can alternatively be

viewed as an implementation of the quantum memory protocol, where the Stokes

photon and phonon are generated as a correlated pair of excitations during the pump

scattering, and the phase information contained in the phonon is then coherently

transferred into the anti-Stokes photon during the probe scattering. As such, the

anti-Stokes has readout the phase information that was created in the spontaneously

scattered Stokes photon.

From the APD detections, I calculate the corresponding g(2) for the Stokes and

anti-Stokes intensities and compare it with classical bounds to deduce the presence of

a quantum process. The quantum memory readout interaction generates correlated

Stokes/anti-Stokes photons, which is quantified by g
(2)
S,A and is defined as

g
(2)
S,A(T) =

PS,A(T)

PSPA
, (3.13)

where T is the temporal separation between the pump-probe pulses. The probabili-

ties of Stokes and anti-Stokes detections are PS , PA whilst the coincident detection

of the two, PS,A, depends on T. A key characteristic of classical light is that the

second order cross-correlation, g
(2)
S,A(T) is bounded by the Cauchy-Schwarz inequal-

ity [g
(2)
S,A(t)]2 ≤ g

(2)
S,S(0)g

(2)
A,A(0), where {g(2)

S,S(0), g
(2)
A,A(0)} are the auto-correlations of

the Stokes and anti-Stokes beam respectively. Assuming thermal statistics for both

beams, the auto-correlations are given by g
(2)
S,S(0) = g

(2)
A,A(0) = 2 [165,166].
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3.6.2 Pump preparation
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Figure 3.5 Pump pulses from a home built oscillator are filtered
spectrally, spatially, as well as by polarisation to ensure the there are
no stray photons leaking into the detectors in the experiment.

At spontaneous scattering level of pump power, the rate of anti-Stokes production

in diamond is very small, and SMFs — acting as spatial filters — are required for

coupling light into the APDs to minimise contributions from thermal photon noise.

Measurements suggest that the ratio of anti-Stokes to pump photons is ∼ 10−14,

and the SMFs are 2 m further down the beam path from the diamond (Fig. 3.7).

From these considerations, it can be seen that the spectral and spatial filtering of

the pump beam is critical to the measurement.

The pump-probe pulses in this experiment are derived from a home-built Ti:sap-

phire oscillator, which generates a train of pulses centred at 808 nm, with ∼ 18 nm
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FWHM, and a repetition rate of 78 MHz. Figure 3.5 shows the 3 steps filtering

process applied to the pump pulses before they are directed into the experiment.

Although the Stokes and anti-Stokes wavelengths are at more than five times the

measured bandwidth of the oscillator away from the pump, I found that, in the

absence of spectral filtering before the diamond, there is an overwhelming amount

of pump light at these wavelengths to render the Raman signals invisible to an Andor

spectrometer. Therefore, the beam is first spectrally filtered by 3 bandpasses with

nominal centre wavelength of 830 nm (transmission window width of 40 nm), which

are then tilted with respect to the pump beam path by different degrees, such that

the transmission window of each filter is centred on a different wavelength. The

overall effect of the 3 filters is to introduce a lower transmission edge at 795 nm

and an upper transmission edge at 820 nm. From the manufacturer’s specifications,

the transmission at the Stokes and anti-Stokes wavelengths is around 10−18. As an

asides, I found the pump leakage problem to be just as severe when testing with

commercial oscillator systems (Coherent Mira and the Newport Mai-Tai), and this

is therefore unlikely to be a problem that is particular to the home built oscillator.

For spatial filtering, the pump then passes through a telescope setup with a

pinhole placed at the common focal plane of the two focussing lenses. Normal lens are

constructed out of dispersive materials and lead to chromatic aberrations when used

to focus broadband pulses (Fig. 3.6). Instead, I used two antireflective (AR) coated

Thorlabs achromatic lenses of different focussing lengths, such that the outgoing

beam is comparable to the spatial mode defined by the SMFs used in the experiment
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Figure 3.6 Chromatic aberration with a normally dispersive fo-
cussing lens. The red component of the incoming broadband sauce is
focussed further away from the lens than the blue component of the
incident light.

(around 2 µm in width). The pinhole is 15 µm is diameter, chosen to be around

twice the expected spot size of the focussed beam, w0, using the formula

w0 =
fλ

πd
, (3.14)

for focussing distance f , wavelength λ and incoming beam width d (assuming it is

well collimated). Compared to standard dispersive lenses, the achromats led to an

increase of SMF coupling efficiency of 10% for the pump beam in the experiment,

while the pinhole rejects typically 15-20% of the incident pump power.

Finally, zero-order Quarter-Wave Plate (QWP) and Half-Wave Plate (HWP)

compensates for any ellipticity and rotations of the pump polarisation. In conjunc-

tion with a subsequent Polarising Beamsplitter (PBS), which is useful for polarisa-

tion purification, the pump beam power transmitted into the experiment can also

be controlled. The beam path through the polarisation control arm is around 1.5 m,

and on a day-to-day basis, aligning the beam through 2 irises placed at either end of
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the arm can greatly aid the alignment process through the rest of the setup, which

consists of another 3 m of so of optical path.

3.6.3 Experimental setup
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Figure 3.7 Raman quantum memory and decoherence measure-
ment in diamond. A strong write pulse simultaneously creates a
Stokes photon and an optical phonon. After a delay time T , a
read pulse then either scatters an additional Stokes photon (coher-
ence measurement), or maps the phonon into an anti-Stokes pulse
(quantum memory). For the coherence measurement, the read and
write pulse polarisations are aligned parallel and a flip mirror di-
rects the Stokes pulses to a photon counting spectrometer. For the
quantum memory, the read pulse is cross-polarised with respect to
the write pulse, enabling separate detection of the Stokes and anti-
Stokes photons with Geiger-mode APDs. The Stokes anti-Stokes
cross-correlation is calculated from the rate of coincident detection
events. (a) Simplified diamond level structure, showing Stokes and
anti-Stokes scattering processes. (b) Data showing the measured
spectral interference of the Stokes scattering probes the coherence
of the phonons.

From the pump preparation setup (Fig. 3.5), the pump pulse is then directed into

a Mach-Zehnder interferometer with an adjustable delay (controlled by a Newport

MFA-CC motorised linear translation stage) and a HWP set at 45◦ to the pump



3.6 Experimental demonstration of nonclassical motion
in bulk diamond 109

polarisation in one of the arms. This results in an orthogonally polarised pump-

probe pair with an adjustable temporal separation between them.

Figure 3.7 shows the layout of the main experiment. The pump-probe pulses

from the interferometer are focused with a 50 mm, AR coated achromatic lens down

to ∼600 µm2 at the surface of the diamond and the signals were collimated by

an identical lens. The crystal axis is kept parallel to the plane of polarisation of

the pump-probe pulses through the entire experiment. In this geometry (c.f. sec-

tion 2.2.3) the Raman scattered signals (both Stokes and anti-Stokes) generated by

the pump and probe are orthogonally polarised. A set of Semrock notch filters, two

centred at 830 nm and one at 808 nm, all of which with 20 nm spectral width, then

rejects the 808 nm light (transmission of ∼ 10−12 at the pump wavelength).

The remaining Stokes and anti-Stokes photons are split into separate spatial

paths using a 785 nm shortpass filter, and they are then coupled by SMFs into

single photon counting APDs operating in Geiger mode. A Field-Programmable

Gate Array (FPGA) is set up, and controlled by a LabView program, to count the

APD outputs and to perform coincident measurements. By placing polarisation

filters in front of the fibre couplers, we can ensure that only Stokes scattered from

the pump and anti-Stokes from the probe pulses were detected by the APDs. To

further improve signal to noise ratio, a 900 nm longpass is placed in the Stokes path

and a 740 nm bandpass (25 nm width) is placed in the anti-Stokes path, just in front

of the fibre couplers.

From the FPGA I obtain the joint probability PS,A of detecting both a Stokes and
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anti-Stokes photon in coincidence, and the ‘singles rate’ PS (PA), the unconditional

probabilities of detecting a Stokes (anti-Stokes) photon from a pulse. Contribution

from APD dark counts are subtracted from the raw unheralded counts for the eval-

uation of PS/PA — dark count rates have been monitored over a 12 hours period,

compared to 10 mins recording time for signal acquisition. Accidental coincidences

resulting from random joint detections of uncorrelated Stokes and anti-Stokes pho-

tons are subtracted from the raw coincident counts. Since less than 1% of the

detected anti-Stokes result in a coincident detection, the probability of accidental

coincidences Pacc is calculated as

Pacc =
NSNA

RT
(3.15)

for dark count subtracted Stokes (anti-Stokes) counts NS(NA), repetition rate of the

experiment R and total detection period T .

3.6.4 Observation of Cauchy-Schwarz violation

To verify the non-classical nature of the state of the diamond crystal during storage,

I evaluate the normalised cross-correlation of the Stokes and anti-Stokes fields, given

by g
(2)
S,A = PS,A/PSPA. To do this, a variable electronic delay Tel is added between

the output of the anti-Stokes detecting APD and the FPGA. The pump-probe

separation is kept at 1 ps, while Tel is varied. Classically, the cross-correlation

is upper bounded by the Cauchy-Schwarz inequality [167] g
(2)
S,A ≤

√
g

(2)
S,Sg

(2)
A,A, where

the autocorrelation functions of the Stokes and anti-Stokes fields appear on the



3.6 Experimental demonstration of nonclassical motion
in bulk diamond 111

-15 -10 -5 0 5 10 15
0.99

1

1.01

1.02

1.03

1.04

1.05

1.06

Electronic delay (ns)

g(2
)

S,
S

Figure 3.8 Auto-correlation function g
(2)
S,S. The value of g

(2)
S,S at

zero electronic delay is within classical bounds (< 2).

right hand side. Figure 3.8 shows that the measured values of the autocorrelation

function g
(2)
S,S < 2 (at zero electronic delay), which is indicative of the classical photon

statistics in the Stokes field when considered on its own.

The autocorrelation values for the Raman scattered fields bounded g
(2)
S,S = g

(2)
A,A =

2 (when the Stokes and anti-Stokes fields have thermal photon statistics), so that

measured values of g
(2)
S,A exceeding 2 are indicative of a true quantum memory. As

shown in Fig. 3.9 (with Tel on the x axis), for T = 1 ps we observe values up to

g
(2)
S,A ≈ 5.1 [bold line, peak (a)], establishing that non-classical states are being stored

and retrieved from the optical phonon modes in our diamond crystal. On the other

hand, at Tel = −12 ns, anti-Stokes signals generated from a probe pulse is delayed

until their arrivals at the FPGA coincide with the Stokes signals generated from

the pump pulse in a subsequent pulse pair [peak (c)]. Here, Stokes and anti-Stokes

signals arise from independent processes, and therefore show no more coincidences
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Figure 3.9 Non-classical correlations in the quantum memory. The

bold line shows the measured cross correlation g
(2)
S,A for T = 1 ps. (a)

Violation of the Cauchy-Schwarz inequality g
(2)
S,A < 2 confirms non-

classical operation. (c) The experiment is repeated at our laser repe-
tition rate of 78 MHz, so that when the electronic delay is increased
to 12 ns, accidental coincidences are measured between a write from
one read-write sequence and a read from the subsequent read-write
sequence, and no violations are observed. As a reference, the cross
correlation is recorded when the read and write pulses are swapped
(dashed line). Only accidental coincidences are observed [(b) & (d)].
The inset pulse sequences illustrate which pulses are being gated for
a given electronic delay. Red pulses represent Stokes emission and
blue pulses represent anti-Stokes emission.

than expected from Poissonian statistics. Each data point in Fig. 3.9 represents

the total number of coincident Stokes/anti-Stokes detections in 10 minutes. The

width of the peaks in Fig. 3.9 is around 5ns, which matches up with the coincidence

window used in the FPGA.

As a check, I ran the measurement again, but this time, setting the polarisers in

front of the fibre couplers to detect anti-Stokes generated from the pump and Stokes

from the probe pulses only, shown as the dashed trace in Fig. 3.9. In this case,
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all of the Raman signals are either initiated spontaneously, or from the background

thermal phonon population. Thus, the peaks (b) and (d) also exhibit coincidences

in line with values expected from Poissonian statistics.

The measured value of g
(2)
S,A in Fig. 3.9 should be compared against the expected

measured value in the presence of photon noise. In section 3.5.2, I have started to

develop a model calculating the expected photon statistics of the Stokes and anti-

Stokes fields individually to fit the measured power scaling behaviour. Here, the

relevant quantity is the probability of joint Stokes/anti-Stokes detection PS,A given

by

PS,A = Tr{Ŝ†ŜÂ†Âρ̂S,A}, (3.16)

and the reduced Stokes and anti-Stokes state ρ̂S,A = TrB{ρ̂S,A,B} (for brevity, I now

drop the dependence on the optical delay T , and it is to be understood that only

Stokes photons from the pump and anti-Stokes from the probe pulses are detected).

Chou [168] had previously calculated an analytical expression for the cross-correlation

function using Eq. (3.16), assuming both perfect readout and the ensemble initially

being purely in the ground state, and found that

g
(2)
S,A = 1 +

1

p
, (3.17)

where p = tanh |gt| / cosh |gt| (for pump duration t). The behaviour in Eq (3.17) can

be understood by considering that only heralded anti-Stokes are produced at low

pump energies (p → 0), whereas the readout anti-Stokes can stimulate emission of
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other uncorrelated anti-Stokes photons at larger pump energies (therefore g
(2)
S,A → 1).

To include the effects of coupling and detection noise in the APDs, I extend the

reduced state ρ̂S,A with two auxiliary photon modes |ψ〉FS ,FA = |α, β〉 which are in

the coherent state, and let the pump scatter from a mixed thermal phonon state as

before in section 3.5.2. Given that the mean time between successive detections of

Stokes photon (∼ 1 µs) is much longer than the dead time of the APDs (50 ns),

shot-to-shot noise should be independent of each other and obey the Poissonian

statistics given by the coherent states. The detection of a photon in the Stokes

channel now corresponds to the projection operator Π̂†SΠ̂S = Ŝ†Ŝ + π̂†S π̂S , where

π̂S is the annihilation operator for noise photon mode FS , such that π̂S |α〉FS =

α|α〉FS . Likewise, detection of a photon in the anti-Stokes channel corresponds to

the projection operator Π̂†AΠ̂A = Â†Â+ π̂†Aπ̂A, where π̂A is the annihilation operator

for the anti-Stokes noise mode FA. The unheralded and joint detection probabilities

are therefore given by

PS,A = Tr
{

Π̂†SΠ̂S ρ̂S,A ⊗ |α, β〉FS ,FA〈α, β|
}

(3.18)

PS = Tr
{

Π̂†SΠ̂S ρ̂S ⊗ |α〉FS 〈α|
}

(3.19)

PA = Tr
{

Π̂†AΠ̂Aρ̂A ⊗ |β〉FA〈β|
}
. (3.20)

The expected measured cross-correlation in the presence of noise can then be

evaluated as

g
(2)
S,A =

〈n̂S,A〉+
∣∣α2β2

∣∣+ |α|2 〈n̂A〉+ |β|2 〈n̂S〉(
〈n̂S〉+ |α|2

)(
〈n̂A〉+ |β|2

) , (3.21)
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Figure 3.10 Theoretical prediction of cross-correlation function

g
(2)
S,A drop off in the presence of coherent state noise. The x axis

represents the ratio of the mean photon number of the coherent noise
state to the mean number of scattered Stokes photon per pulse.

where the number operators n̂S = Ŝ†Ŝ, n̂A = Â†Â and n̂S,A = Ŝ†ŜÂ†Â. In the limit

of zero noise photons, {α, β} → 0, and Eq. (3.21) tends to the result in Eq. (3.17) —

conversely, when the stray photons are dominant, the value of g
(2)
S,A tends to 1. Figure

3.10 illustrates the drop off in the measured g
(2)
S,A as more stray pump photons, for

example, are coupled into the APDs. For the purpose of this illustration, β = α, and

the Raman coupling |gt| ∼ 0.1, where the predicted g
(2)
S,A ∼ 60 for zero photon noise

— smaller than what would be predicted from Eq. (3.17) due to the phonons being

in the thermal rather than ground state initially. Note that the measured g
(2)
S,A drops

off rapidly with small increments of stray photon noise — allowing 2% of the light

detected at the Stokes APD channel to be stray noise decreases the expected g
(2)
S,A

from 60 to just over 10. This emphasises the need for quality spectral and spatial

filtering in this experiment.
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3.6.5 Quantum memory interaction

Having measured the g(2) and verified nonclassical motion of the diamond phonon, I

then use the diamond as an on-demand optical quantum memory. The experiment

is identical to the g(2) measurement, save for the use of an adjustable optical delay

T between the pump/write pulse and the probe/read pulse instead of the fixed

T = 1 ps used previously. As before, the polarisers in front of the fibre couplers

are set to transmit Stokes scattered from the write pulse and anti-Stokes from the

read pulse. The variable electronic delay, Tel, is now fixed to be at 0 ns, so that

the various channels in the FPGA are synchronised and are detecting Stokes and

anti-Stokes production from the same pump-probe pairs. The optical delay T is

controlled by the motorised stage in the interferometer, and the probability PS,A of

coincident detection of the heralding Stokes and readout anti-Stokes is measured as

a function of the variable optical delay from 1 . T . 11 ps.

Figure 3.11b plots the normalised probability PS,A against T. The rate of cor-

related Stokes/anti-Stokes production falls exponentially with T, and as explained

in section 3.3, this experiment measures the population lifetime T1, and not the

T2, of the diamond phonon. Comparing the intensities measured by the SMF cou-

pled APD against a free-space coupled Andor spectrometer, and taking into account

of manufacturer’s specifications, I estimate the combined collection and detection

efficiency η in this experiment to be around 1% for both Stokes and anti-Stokes

channels. This suggests we are operating in the spontaneous scattering regime, with

a scattering rate of PS/η ≈ 0.1 Stokes photons per pulse. This is in line with the
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Figure 3.11 Population and coherence of non-classical phonons
versus read-write delay. (a) The spectral fringe visibility of Stokes
light monitors phonon coherence, with decay time T2. (b) Normalised
PS,A coincidences between write Stokes and read anti-Stokes counts
measuring population decay time T1. Solid lines are exponential fits.
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power scaling of the Raman signals measured in section 3.5 — the probability that

the write pulse generates more than one phonon is therefore small.

For a write/read delay of T = 3 ps (i.e. time-bandwidth product B & 20), we

find that PS,A ≈ 9 × 10−9. Noting the identity PS,A = PA|SPS, where PA|S is the

conditional probability that an anti-Stokes photon is detected, given the detection

of a Stokes photon, we estimate the memory retrieval efficiency — that is, the

conditional probability that an anti-Stokes photon is emitted, given that the memory

was successfully charged — to be ηret = PA|S/η ≈ 0.1%. The retrieval and collection

efficiencies could be significantly increased in an integrated photonic architecture,

to which diamond is well suited [102].

The above results show how the excitation of an optical phonon mediates the

exchange of correlations between Stokes and anti-Stokes fields that are stronger than

can be explained through any classical mechanism. But perhaps the spatial extent

of the excitation quickly becomes localised, through the dephasing of neighbouring

regions within the crystal. To test the global coherence of the optical phonons, I

supplemented the quantum memory experiment with a TCUPS measurement. As

detailed in section 2, TCUPS probe the coherence of the phonon mode, which for

this purpose provides a diagnostic alternative to full quantum state tomography [169].

The general layout of both experiments shares many similarities, and as shown in

Fig. 3.7, I have combined the two experiments into one setup — from the phonon

readout configuration, one only has to rotate one of the pump-probe pulses such that

they are polarised in the same plane, and then use a flip mirror after the diamond to
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by-pass the photon-counting detectors, directing the Stokes light into a spectrometer

to measure the spectral fringe visibilities.

As shown in Fig. 3.11, both the Stokes spectral fringe visibility and the Stokes/anti-

Stokes cross-correlation g
(2)
S,A decay as the read-write delay T is increased. The

coherence lifetime T2 of the optical phonon mode determines the lifetime of the

Stokes fringes, while the population lifetime T1 determines the lifetime of the cross-

correlations. The lifetimes satisfy the inequality T2/T1 ≤ 2 (c.f. section 3.3), with the

ratio decreasing as pure dephasing processes decohere the phonons. From repeated

measurements, T2 ≈ 6.9 ps and T1 ≈ 3.6 ps, which gives a ratio T2/T1 = 1.9 ≈ 2, sug-

gesting that spectral diffusion and inhomogeneous broadening of the optical phonons

can be neglected. From this we infer that the phonons remain coherent across the

diamond crystal for as long as they survive. This agrees with the results of previous

theoretical [170] and experimental [171] studies of Raman scattering in diamond, which

concluded that the dominant decoherence mechanism for the optical phonons is the

Klemens channel [126], in which optical phonons decay into pairs of acoustic phonons

with equal and opposite momenta due to anharmonic coupling. Indeed, calculations

based on this mechanism alone predict T2 ≈ 11 ps [170], which is close to our mea-

sured value. Interestingly, it is in principle possible to engineer diamond crystals

with alternating layers of carbon-12 and carbon-13, by careful manipulation of the

atmosphere during chemical vapour deposition [172]. A super-lattice of these two iso-

topes exhibits acoustic band structure [173], and it would be possible to engineer a

diamond with gaps in the acoustic phonon dispersion relation placed appropriately
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Figure 3.12 Schematic of the collective optical density of the 3
notch filters used for pump rejection after the diamond.

to forbid the Klemens channel decay. Such an approach could extend the coherence

time of a diamond quantum processor, while retaining the ability to operate at room

temperature. Modification of the phonon lifetime might also be achieved through

controlled injection of the acoustic phonons into which the optical modes decay, as

well as by changing the isotopic purity of the sample [174,175].

3.6.6 Experimental considerations

Spectral filtering

I have already discussed in section 3.6.2 the critical role of spectral and spatial

filtering. In particular, transmission at the Stokes and anti-Stokes wavelength is

10−18. As well as the bandpasses before the diamond, three notch filters after the

diamond reject the pump light, and Fig. 3.12 shows, schematically, the effective

Optical Density (OD) of the notch filter block after angle tuning (using the Andor
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spectrometer to observe pump leakage). The Optical Density is defined as

OD = − log10 T , (3.22)

for transmission T . Here, I would like to briefly discuss two of the other parameters

I have considered in setting up the experiment.

Pump focussing

Spontaneous Raman scattering in a ground state ensemble creates a distributed

excitation known as the Dicke state [Eq. (1.1)]. When interacting with a coherent

light field, the light scatters from each atom with a position dependent phase, and the

atoms in a Dicke state act cooperatively as a phase array. This mechanism is known

to be responsible for phenomena such as superradiance [176,177]. Here, this collective

enhancement effect leads to emission of the Stokes light into a well defined spatial

mode, whose transverse profile and intensity is dependent on the Fresnel number

of the scattering geometry in the diamond [138,178]. There are several approaches

towards the calculations of the Stokes spatial profile, but in general, Stokes emission

from an ensemble is peaked in the forward direction and broadly matches up with

the pump profile. Instead of calculating the optimal focussing geometry from first

principle, I have therefore opted for the trial-and-error approach and made some

measurements.



3.6 Experimental demonstration of nonclassical motion
in bulk diamond 122

Lens

Diamond

Iris

d
To CCD

Figure 3.13 Setup to measure Stokes-to-pump ratio as a function
of d.

For pump wavelength λ and crystal length L, the Fresnel number is

F =
πw2

0

λL
, (3.23)

where w0 is the spot size of the beam, and is calculated from Eq. (3.14). Figure

3.13 shows the setup with which I measured the ratio of Stokes to pump photons as

a function of Fresnel number, controlled by adjusting the width of an iris in front

of the diamond. The Stokes intensity is measured on the Andor spectrometer and

the pump photon number is estimated from power incident on a power meter placed

after the iris. The result is plotted in Fig. 3.14, which shows that changing the

Fresnel number by two orders of magnitude has only a moderate effect (∼ 30%)

on the Stokes-to-pump ratio, which should otherwise be a constant value in the

spontaneous power limit (section 3.5). F ∼ 0.1 in both the TCUPS and quantum

memory experiment.
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Figure 3.14 Ratio of Stokes to pump photons as a function of
Fresnel power.

Fibre coupling

The main role of the SMFs is to act as spatial filters, coupling in Stokes and anti-

Stokes photons that scattered off from the same phonon mode. In earlier iterations

of the experiment I have used multi-mode fibres (MMFs) instead of SMFs, and

found that the APDs were detecting many more photons at the Stokes and anti-

Stokes wavelengths. As a result, coincidences due to the phonon readout interaction

were overwhelmed by accidental coincidences due to the uncorrelated singles counts,

and g
(2)
S,A was only ∼ 1.1. The source of the uncorrelated photons is likely to be a

mixture of stray photon noise from fluorescence, other higher order processes etc. and

interaction with more than one phonon mode (the theoretical discussion in section

3.2 assumes that both Stokes and anti-Stokes couple to the same mode).

After scattering through the diamond, the pump beam is collimated to a width
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of ∼ 2 mm. For optimal coupling into the SMF, I used an 18.4 mm aspheric lens

(Thorlabs C280TME) for Stokes collection, which gives a spot size of 2.5 µm in

the focal plane from Eq. (3.14). This is comparable to the typical width of a SMF.

Typical coupling efficiency of the pump beam is around 75% (without spatial filtering

this number drops to ∼ 60%). By adjusting the width of an iris placed in front of a

spectrometer, I have found the anti-Stokes beam width to be larger than the width of

the C280TME aspheric lens. For the experiment, I have therefore used an achromat

lens (focal length, 30 mm; optic width, 25 mm) for fibre coupling instead. Typical

coupling efficiency for the pump beam is ∼ 40%, but it increased the coupling of

(correlated) anti-Stokes into the fibre by 20% compared to the aspheric.

3.6.7 Directional emission

The Stokes pulse is detected along the write beam direction. The read pulse prop-

agates along the same direction and so, by symmetry, the anti-Stokes emission is in

the forward direction. From modelling done by M.R. Sprague, taking into account of

the broadband nature of the signals, and off-axis pointing of the k-vector in a Gaus-

sian beam, it is found that the process is not perfectly phasematched: the anti-Stokes

retrieval efficiency ηret = αηret,ideal is reduced through imperfect phasematching by

a factor α = sinc2(∆kL/2), where L = 0.5 mm is the crystal length and ∆k is the

phase mismatch between the wavevector of the anti-Stokes photon and the sum of

the wavevectors of the phonon and the read pulse; ∆k is non-zero due to normal

dispersion in the diamond. The crystal is short enough that α > 0.5 for all frequen-
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cies in the anti-Stokes pulse propagating on-axis, but α drops rapidly for off-axis

scattering. Therefore the retrieved anti-Stokes photons are partially phasematched

across their entire bandwidth in the forward direction, but not phasematched in

other directions.

3.7 Stimulated Anti-Stokes Ultrafast Correlated Exci-

tation Radiation Spectroscopy

Previous studies of optical phonon lifetimes include Raman spectroscopy [86], Impul-

sive Stimulated Raman Spectroscopy (ISRS) [179], as well as TCUPS, the technique

explored in this thesis [115,129]. In Raman spectroscopy, a steady state laser is Raman

scattered from a diamond sample, and the linewidth of the scattered spectrum is

directly measured on a spectrometer. ISRS utilises a femtosecond laser to probe

the change in reflectivity of the crystal due to the induced lattice vibration, and

the phonon dephasing time is extracted from the temporal evolution of the reflected

intensity. TCUPS, on the other hand, measures the decay in coherence via the spec-

tral interference pattern of the Stokes field generated from a pump-probe pulse pair

(section 2). All three methods measure the phonon coherence lifetime T2.

The quantum memory experiment in this chapter is therefore also the first di-

rect measurement of the T1 lifetime of diamond in the literature. As a spectroscopic

tool, it has been referred to by my research group as Stimulated Anti-Stokes Ul-

trafast Correlated Excitation Raman Spectroscopy (SAUCERS). As well as allow-
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ing for easily interchangeable setups, by sharing similar experimental techniques to

TCUPS, SAUCERS also inherit the advantages of the former experiment: namely,

access to lifetime information without perturbations from hot phonons, and rela-

tively quick measurements with readily available commercial equipments. Apart

from the published results [151] described in this chapter, I have also measured the

coherence and population lifetimes of other diamond samples to test the technique’s

ability to distinguish the various types of diamonds.

3.7.1 Diamond samples

In this study 3 diamond samples are tested for their lifetimes. Figure 3.15 show the

UV Photoluminescence (PL) images as obtained from a DiamondView instrument.

The first is an electronic grade CVD sample used in the previous quantum memory

readout experiment. It has < 5 p.p.b. (parts per billion) nitrogen impurity and

dislocation density of around 103−4 cm−2. PL images (Fig. 3.15a) show sparsely

populated blue lines signifying the presence of dislocations, which is known to emit

a characteristic broadband light (A-band) centred at 435 nm [142,180].

The second sample is another CVD, specified by the manufacturer (Element 6)

to also have a dislocation density of < 104 cm−2, but a higher nitrogen impurity of

< 1 p.p.m. (parts per million). Here, the PL image (Fig. 3.15b) appears uniformly

red, indicating the presence of evenly distributed nitrogen vacancy (NV−) centers

which emit at 638 nm [142]. The dislocation features appear when observed under a

bi-refringent microscope — see Fig. 2.12 and images in [181].
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a)

b)

c)

Figure 3.15 UV photoluminescence images of (a) electronic grade
CVD, (b) non-electronic grade CVD and (c) natural IIa diamond.
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The final sample is a natural IIa diamond with a high purity (N impurity of

< 1 p.p.m., which is high for a natural sample, though short of the standards

of a fabricated CVD diamond). These diamonds are known to have a very high

dislocation density. Figure 3.15c shows that the A-band emission is once again the

dominating feature under PL imaging. With a dislocation of 109 cm−2, the straight

line features are much more densely packed compared to sample the electronic grade

CVD.

3.7.2 Measured lifetimes
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Figure 3.16 Population and coherence lifetimes of diamond
phonons. a) Normalised coincidence counts between herald and read-
out signals as a function of pump-probe delay in SAUCERS. The
decay time is associated with population decay of diamond phonons.
Each data point is obtained from 10 mins of measurement time. b)
Spectral fringe visibility decay, due to phase decoherence of phonon,
as observed from the spectrometer in TCUPS.

Figure 3.11a,b show one run measuring, respectively, the population and co-

herence lifetimes of the diamond samples. Averages and standard deviations from



3.7 Stimulated Anti-Stokes Ultrafast Correlated Excitation Radiation
Spectroscopy 129

Diamond T2 T1 T2/T1

Mean (ps) Error (ps) Mean (ps) Error (ps) Mean Error

CVD-1 6.9 <0.4 3.6 0.2 1.9 0.2

CVD-2 6.6 <0.2 3.7 0.2 1.8 0.1

Natural IIa 5.2 <0.2 3.2 0.2 1.6 0.1

Table 3.1 Decoherence and population lifetimes of optical phonon.
Means and errors of T1, T2 are obtained from 5 non-sequential mea-
surements of each diamond sample, from which the means and errors
of T2/T1 are calculated.

5 different measurement runs on each sample are summarised in Table 3.1. The

natural IIa sample consistently has the shortest decay times in both measurements.

These measurements show T2/T1 ∼ 1.8 for diamond phonons. This is consis-

tent with a Raman line that is predominantly lifetime broadened, as modelled by

the L̂1 process (c.f. section 3.3). The main mechanism responsible is the Klemens

channel [126], whereby an optical phonon decays into two acoustic phonons of equal

energy. In a typical lattice structure there are multiple sources of inhomogeneous

broadening, as modelled by the L̂2 process. Compared to most solid state systems,

our diamond samples showed minimal inhomogeneous effects. However, the natural

IIa sample, with a dislocation density several magnitudes larger than the others, has

a lower T2/T1 ratio, and one may tentatively argue that this is due to of defects in-

duced stress/strain in the lattice structure. Another known source of inhomogeneity

is the isotopic constitution of 12C/13C in diamond [182]. Previous experimental and

theoretical studies [174,175] have shown that, at low concentrations, a 1% rise in 13C

density increases the linewith by 5%. Without detailed knowledge of the diamond

fabrication process and in the absence of a systematic experimental study, the pos-
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sibility of a link between isotopic purity and our measured T2/T1 ratios cannot be

entirely dismissed.

The spectrometer and CCD are important components in their differing roles as

the accuracy limiting detector in both traditional Raman spectroscopy and TCUPS.

Due to the finite pixel size of CCDs, typical spectral resolutions of commercially

available spectrometers are of same order as Raman linewidths of diamonds, directly

limiting measurement accuracy (see Fig. 2.15 for instance, which contains only half

a dozen sample points within the Raman linewidth). In TCUPS the coherence time

is obtained from the visibility of spectral fringes imaged on a CCD. As such, even

though the spectrometer does not have sufficient resolution for the direct sampling

of the Raman linewidth, accurate T2 times could still be obtained from TCUPS

through analysis of the spectrally broad features in the Stokes spectrum.

Low power pump-probe measurements are subject to thermal noise, fluorescence

and higher order interactions, all of which are detrimental to signal-to-noise ratio.

SAUCERS sidesteps these issues by utilising the quantum memory interaction and

detection of the resulting quantum Stokes/anti-Stokes correlations. In the exper-

iment, the number of correlated anti-Stokes generated by the readout interaction

is typically 10 times larger than the contribution from the correlated anti-Stokes

generated by the aforementioned noise [calculated from Eq. (3.15)]. Thus TCUPS

and SAUCERS provide shot noise limited accuracy without the need of a high

power pump, as in ISRS, which introduces problems associated with hot phonons

creations.



Chapter 4

Diamond Entanglement

From a quantum-information perspective, the power of a quantum state lies in the

existence of coherence (the off-diagonal elements in the state density) across differ-

ent modes, which can easily be suppressed by coupling to an external environment,

as shown theoretically in section 3.3, or even by insufficient isolation from external

noise, as in section 3.6.4. Therefore, despite the irrelevance of physical size of the

system (whether measured by spatial extent or by number of particles) in the theo-

retical formulation of quantum mechanics, in practice, demonstration of the fragile

quantum effects have been mostly limited to few-particle systems [96–98]. Experi-

ments that demonstrate quantum features in larger systems [106,183,184] require even

larger resource overheads to achieve the necessary careful isolations from the envi-

ronment, and these molecular, superconducting systems (for instance) hardly qualify

as a typical object in the every day world, making the construction of scalable and

practical quantum computational devices from these systems a daunting challenge
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with today’s technologies.

Ultrafast pulses provide a route to probing quantum coherences in large systems

before they are suppressed by the environment, and quantum behaviours have re-

cently been revealed in bio-molecules using ultrafast pump-probe techniques [185,186].

As well as proving compatible with broadband techniques, diamond’s vibrational

modes are already well isolated from the ambient environment and provide the ideal

workbench to showcase the same quantum features on a physical scale that is sev-

eral orders of magnitudes larger than before — roughly 1016 atoms lie within the

medium excitation for the given beam size [Eq. (3.14)]. The set of experiments

in the previous chapters demonstrate that individual samples of bulk diamond are

capable of exhibiting quantum behaviour at room temperature, and phonon modes

are capable of preserving coherence, albeit for a short space of time. In this chap-

ter, I describe an experiment where I verified the creation of a quantum state —

the maximally entangled Bell state — that is distributed over two spatially sepa-

rated pieces of bulk diamonds. This experiment is based on the well-known DLCZ

scheme [16], and combines the general procedures used in the pioneering atomic gas

experiments [56,105,106,187] with the techniques developed so far in this thesis.

The spirit of my final published paper [188] is distributed throughout this chapter.

Once again, I have partnered with M. S. Sprague for the experimental measurements

and analysis. As well, contributions from my fellow co-authors are directly acknowl-

edged within the relevant sections.
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4.1 The experiment

4.1.1 Setup

A pump pulse first passes through the pump preparation step detailed in section

3.6.2 and is then rotated into a diagonally polarised pulse by use of a zero-order

HWP. This is followed by a bi-refringent quartz crystal with its optical axis aligned

at 45◦ to the pump polarisation, projecting the diagonally polarised pulse along two

orthogonally polarised basis — as defined by the ‘fast’ and ‘slow’ axes of the crystal

— and adds a temporal delay between between them. This splits each pulse into

a cross-polarised pump-probe pair with a fixed 350 fs temporal separation. From

here, the pump-probe pulses are directed into the main experiment shown in Fig. 4.1,

which is an amalgamation of the two entanglement creation and verification steps

shown in Fig. 1.10.

A custom made non-polarising 50:50 beamsplitter from CVI (BSNP-808-50-025)

splits the pump-probe pulses into two spatial modes, and a HWP placed immediately

behind one of the output ports rotates the pulses by 90◦. The pump-probe pair in

each arm are focussed with a 5 cm focal length achromatic lens through a 0.25 mm

thick diamond plate 3 mm by 3 mm in size. An 800 nm longpass filter after each

diamond separated the 900 nm Stokes and 735 nm anti-Stokes photons into two

spatial modes, and the Polarising Beamsplitters PBS1, PBS2 combined separately

the Stokes herald and anti-Stokes signals from each diamond into the same spatial

modes. Notch filters (the same combination detailed in section 3.6.6 consisting of
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Figure 4.1 Schematic of the experimental layout for generating
entanglement between two diamonds. A pump pulse is split by the
beamsplitter BS and focused onto two spatially separated diamonds.
Optical phonons are created by spontaneous Raman scattering, gen-
erating the orthogonally polarised heralding Stokes fields sL, sR [see
inset (A): |n〉 represents phonon number states in diamond]. Po-
larisation beamsplitter PBS1 combines the spatial paths, and the
half-wave plate HWP rotates and mixes the fields on PBS3, which
are then directed into the single photon detector Ds. A probe pulse,
with programmable delay, coherently maps the optical phonon into
the orthogonally polarised anti-Stokes fields aL, aR [see inset (A)],
which are similarly combined and mixed on PBS2, PBS4, and de-
tected on the detectors Da+, Da−. The relative phase ϕa between
the fields aL,R is controlled by a sequence of quarter- and half-wave
plates (see text). Rejected pump beams from PBS1,2 are used to sta-
bilise the interferometer. Displacements of neighboring atoms from
their equilibrium positions are anti-correlated in the optical phonon
mode [see inset (B)], with a vibrational period of 25 fs in diamond.
Inset (C) shows one of the diamond samples, with a coin for scale.
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2× 830 nm and 1× 808 nm filters) remove the remaining 805 nm light. The Stokes

and anti-Stokes modes are then mixed with a HWP (45◦ to the signal polarisation

planes) and PBS3, PBS4 to erase the ‘which way’ information. One output port

from PBS3 (Stokes) and two output ports from PBS4 (anti-Stokes) are coupled into

SMFs and detected with APDs. The coincidence detection window was 5 ns and the

dead time 20 ns, compared to a pulse separation of 12 ns. Due to the low probability

of excitation (10−3 probability of Stokes creation per pulse), the dead time of the

detector can be assumed to have negligible effect on the count rates.

4.1.2 Theory

To see how entanglement is created and verified in the described sequence of events,

I now use the Schrödinger picture to show the evolution of the joint state of the

ensembles after each event, assuming idealised interactions where at most one exci-

tation is created per scattering pulse — effects of higher-order interactions will be

discussed after the presentation of the main result of the experiment. After the first

pump pulse scatters in each arm, to first order in the Raman coupling gSt (pump

pulse duration t), the joint Stokes and phonon state is

|ψs〉 ≈
[
1− igStŜ

†(ts)B̂
†(ts)

]
|vac〉, (4.1)

using the Hamiltonian Eq. (3.1), where |gSt|2 � 1 is the scattering probability and

|vac〉 = |vacopt〉 ⊗ |vacvib〉 is the idealised initial joint optical/vibrational vacuum

state containing no photons and no phonons — I will later also numerically evaluate
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the predicted results using a thermal phonon state; Ŝ and B̂ are the bosonic anni-

hilation operators for the Stokes and phonon modes, respectively, evaluated at the

time ts when the pump pulse exits the diamond. Equation (4.1) describes an entan-

gled state consisting of optical and material modes that is analysed with the phonon

readout experiment in the previous chapter. The joint state of the two diamonds is

given by |Ψs〉LR = |ψs〉L ⊗ |ψs〉R.

After PBS1, the Stokes signal from the two diamonds are cross-polarised, and

the combination of the HWP and PBS3 act as a beamsplitter for the two Stokes

modes, which interfere on PBS3 with relative phase ϕs. Detection of a Stokes photon

at a detector Ds behind PBS3 corresponds to application of the measurement [189]

Ê = 1vib ⊗ 〈vacopt|Ŝ(t′s) (tensor product of 1vib, the identity operator acting on the

vibrational states with the projection operator 〈vacopt|Ŝ(t′s) acting on the photon

states), where t′s is the time at which the Stokes photon strikes Ds. Tracking the

evolution of the Stokes operator through the optical setup Ŝ(t′s) = ŜL(ts)+eiϕsŜR(ts)

(neglecting normalisation, global phases for brevity from now on and denoting op-

erators for the two ensembles by the subscripts L,R), the ensemble state is

Ê|Ψs〉LR = [B̂†L(ts) + e−iϕsB̂†R(ts)]|vacvib〉LR, (4.2)

where |vacvib〉LR is a shorthand for |vacvib〉L ⊗ |vacvib〉R. Equation (4.2) shows that

the motion of the carbon atoms in the two diamonds are maximally entangled at ts,

containing a single phonon excitation distributed across the two crystals.
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Observing a Stokes-scattered photon at Ds therefore allows us to infer the pres-

ence of entanglement between the diamonds. The purpose of the probe pulse is

then to coherently transfer the entangled phonon state into the anti-Stokes mode

for entanglement verification. In this case, readout occurs at T = 350 fs after ts,

which is short compared to the coherence lifetime of 7 ps. Phonon readout (with

probability |gAt|2 � 1) during probe pulse scattering is equivalent of transforming

the phonon operator, B̂ → B̂ − igAtÂ, so that the joint state of the diamonds and

anti-Stokes modes is

|Ψa〉 = {B̂†L(ta) + e−iϕsB̂†R(ta)− igAt[Â
†
L(ta) + e−iϕsÂ†R(ta)]}|vac〉, (4.3)

where Âi is the annihilation operator for an anti-Stokes photon with the subscript i =

{L,R} denoting its operation on the left or right ensemble, and ta = ts +T . The anti-

Stokes modes are combined spatially on PBS2, and interfered, with a controllable

phase ϕa, by means of a HWP and PBS4. The numbers of anti-Stokes photons, N±,

that are detected emerging from the two output ports are given by

|〈vac|Â±(t′a)|Ψa〉|2 ∝ |gAt|2 sin2[(ϕa + ϕs + π ± π)/2] (4.4)

where Â±(t′a) =
[
ÂL(ta)± eiϕaÂR(ta)

]
and t′a is the time at which anti-Stokes pho-

tons are detected.

Equation (4.4) shows that the probability of detection of a heralded readout

anti-Stokes at detectors Da+, Da− should vary sinusoidally with ϕa and in anti-
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phase with each other. In fact, under these idealised pump-probe interactions, any

finite visibility in the fringes of the intensity function N±(ϕa) is sufficient to prove

the existence and a direct measurement of coherence between the diamonds — this

is no longer true, however, when the effects of high-order interactions are considered,

and in this experiment, entanglement is only verified after measurements of the rate

of high-order scattering events (see later section on concurrence). To see this, let

the detection of a Stokes photon at detector Ds signal that at most one phonon has

been created between the two diamonds, from Eq. (4.2), the joint state density for

the two phonons can be written as

ρ̂B,LR =

 p01 d

d∗ p10

 , (4.5)

where p01(p10) is the probability of creating a phonon in diamond L(R) and is esti-

mated by the probability of detecting an anti-Stokes photon in coincidence with the

heralding Stokes from each diamond; d represents the coherence between the two

modes [168]. Detecting the readout anti-Stokes field in the Â± basis is then equiva-

lent to applying a phase shift followed by a Hadamard/beamsplitter transformation
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directly on the phonon modes

ρ̂B,LR →

 1 1

1 −1


 eiϕa 0

0 1


 p01 d

d∗ p10


 eiϕa 0

0 1


 1 1

1 −1



=

 p01 + p10 + deiϕa + d∗e−iϕa · · ·

· · · p01 + p10 − deiϕa + d∗e−iϕa

 , (4.6)

where the phase offset in Eq. (4.4) is absorbed into d. Intensities of the anti-Stokes

signal at Da± are given by the diagonal terms in the state density (4.6), which results

in fringe visibility

Vρ̂ =
2d

p01 + p10
. (4.7)

4.2 Experimental techniques

In order to observe the signatures of entanglement in this experiment, alignment

procedures had to be developed to overcome the challenges of bringing Raman signals

generated independently from two diamond samples, and too weak to be measured

by conventional sensors, into focus within a common volume ∼ 1 µm3 in size for

fibre coupling at 2 m or so further down the beam path. Further, the signals are

around 100 nm away from the pump, and therefore have significantly different beam

propagation characteristics — in terms of both focussing and temporal properties.

At the same time, the phases ϕs, ϕa required independent stabilisation and control,

since phase fluctuation leads to suppression of the time-averaged diagonal term in the

state density, as demonstrated in section 3.5.2, in which case the intrinsic visibility
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[Eq. (4.7)] of the intensity fringe [Eq. (4.4)] would would not be observed.

4.2.1 Alignment of translation stage

All of the experiments in this thesis contain at least one interferometer. In TCUPS

and the phonon readout experiment, an unbalanced Mach-Zehnder interferometer

generates an adjustable temporal delay between the pump-probe pulses, and in this

entanglement experiment, one is placed in between the BS and diamond R to match

the arrival times of Stokes pulses at PBS1, another between diamond R and PBS2

to synchronise the timing of the anti-Stokes pulses.

L

BS

Webcam 1

Webcam 2

2m

M1

M2 M3

M4

Translation stage

Figure 4.2 Schematic of alignment procedure for a translation
stage, illustrating beam displacement (green solid and dotted lines)
due to imperfectly aligned mirrors (M1-4) in the trombone line.

As shown in Fig. 4.2, a retroreflector (comprising M3,4) is mounted on the stage

and used in a trombone configuration to generate a programmable optical delay.

Mirrors (M1-4) need to be adjusted to produce minimum beam displacement as the
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translation stage is shifted in the indicated direction. This ensures that both the

pump and probe pulses address the same volume inside the diamond and scatter

from the same phonon mode as well as maintaining fibre coupling efficiency for the

signals further down the beam path. For the alignment process, webcam 1 is used

in conjunction with a BS to monitor the beam in the near field, and webcam 2

monitors the beam displacement in the far field (around 2 m away).

Let the direction of the beam paths between {M1,2; M2,3; M3,4} be represented

by the vectors {v12; v23; v34} respectively and express the outgoing beam vout as

a function f(v12,v23,v34) of the three ‘legs’ in the trombone, then, after initial

alignment of mirrors, to first approximation

vout ≈ vout,0+

(
a(L)δṽ12 ·

∂

∂v12
+ b(L)δṽ23 ·

∂

∂v23
+ c(L)δṽ34 ·

∂

∂v34

)
f(v12,v23,v34),

(4.8)

where vout,0 represents the ideal outgoing, non-displacing beam and the tilde denotes

a normalised version of the vector. Inspection of the geometry of the trombone

would suggest that the ratios a(L)/b(L), c(L)/b(L) are greatest as the translation

stage is set furthest away from M1,4, and least when closest to M1,4. Therefore, the

logical approach to mirror alignment is to first set the stage at either extreme of its

translation and note the beam displacements on the two webcams, then, pick a ‘best

guess’ of vout,0 by marking out the median beam positions on both cameras. For one

iteration, adjust mirror pairs M1,2 to align the beam towards the median positions

on camera when the stage is set away from M1,4, and adjust M2,3 when stage is set
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closest to M1,4. Repeat until the beam displacement cannot be further minimised.

Then, start a second iteration, adjusting mirror pair M3,4 instead of M1,2. This

alignment process assumes that the stage translates perfectly linearly. Given the

physical scale of the optical setup, the stage itself should have less than 1 mrad

of angular deviation or so (the Newport MFA stage chosen for the entanglement

experiment has a specified deviation of <200 µrad).

At the end of the alignment1, an SMF placed 2 m away from M4 saw a decrease

of 5% in the coupling efficiency of the pump beam as the translation stage travels

through its entire range of 25 mm. Further corroboration of the accuracy of the

translation stage alignment can be found in the visibility drop off test in section

2.3.6.

4.2.2 Fibre coupling

The entanglement experiment setup splits the pump-probe pulses into two ensem-

bles, and the pump focussing in the two arms much match down to µm precision

in order for the Raman signals from the diamond to converge exactly at the fibre

tip with roughly matched coupling efficiencies. Key to the alignment procedure is

the use of a fibre coupler with a micrometer driven actuator, such as the Thorlabs

MAX250D/M fibre coupling package. Since the focussing distance of the aspheric

lens in the fibre coupling system is wavelength dependent, the ability to record the

relative focussing positions of the pump, Stokes and anti-Stokes signals save signifi-

cant time from the day-to-day alignment procedure.

1In addition, after an unhealthy quantity of Thorlabs lab-snack.
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To optimise SMF coupling, I start with the pump beam in one of the L/R arms

and ensure that it is well collimated by the lens after the diamond, and couple it

into all of the SMFs without the ensuing notch and spectral filters. With no further

adjustments on the SMFs, the pump beam form the other arm is also coupled by

adjusting only the position of collimating lens after the diamond and the mirror tilt

in the subsequent beam path. Once completed, this sets both collimating lens to

their final positions, and no further adjustments are required for the remainder of

the experiment.

Spectrometer

CCD

Acromat lens

f

Figure 4.3 Free space coupling into Andor spectrometer.

Next, the pump beam from one of the arms is diverted and focussed into the free-

space coupled Andor spectrometer instead of the SMF. Optimising the in-coupling

intensity sets the optimal position for the lens (at distance ‘f’ from the entrance slit of

the spectrometer in Fig. 4.3), and since all of the focussing optics in the experiment

are achromats (except for the fibre coupling aspherics, which are not involved in

this step), I can position the diamond at the focal point within the confocal setup

(Fig. 4.1) by optimising the in-coupling of the Stokes signal into the spectrometer
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(using suitable filters to reject the pump light). This step is repeated for the other

diamond, after which the Stokes signal from the diamonds are individually coupled

into the SMF, guided into the APD for detection, and the count rate is optimised

with minor adjustments of the diamond position, and fibre tip position in the fibre

mount.

At the conclusion of the Stokes coupling procedure, the anti-Stokes fields from

both diamonds should automatically be focussing at the same point, and coupling

can be optimised by adjustments of the relevant fibre tip positions. As mentioned

above, the Stokes and anti-Stokes signals are separated with a 800 nm longpass filter,

which I have found from experience is an easily bent piece of optic when mounting

— the curvature alters the reflected beam such that the coupling efficiency at the

SMF does not exceed 40% (otherwise at 70-80%). The induced astigmatism is not

obvious to the eye, and it may require multiple attempts of careful mounting to

solve the issue.

4.2.3 Pulse synchronisation

For interference to be observed, the Stokes and anti-Stokes from both diamonds

must arrive at the detectors simultaneously. This is achieved by first taking out the

bandpass filters in the pump filtering setup (Fig. 3.5), allowing pump light to leak

through at the Stokes and anti-Stokes wavelengths and couple into the SMFs. This

pump leakage is then detected on the spectrometer, and zero delay is found for both

paths by moving the translation stages until the spectral fringe spacing increases to
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infinity.

At this point, with the spectral filters re-inserted into the pump filtering setup,

Stokes and anti-Stokes pulses from the two diamonds are overlapping partially in

time. However, for my initial measurements, the readout anti-Stokes were observed

to interfere with a low visibility, and further improvements leading to the results

that will be shown later in the following sections were obtained by fine tuning the

temporal overlap of the pulses. The fringe visibility was optimised by displacing the

translation stages in a 2D search — it was ultimately found that the temporal overlap

for the Stokes signals was perfect, but the anti-Stokes from both diamonds arrived

with a relative delay of around 40 fs after performing the pump synchronisation

procedure.

4.2.4 Phase stabilisation

A pair of retroreflectors mounted on piezoelectric transducers are inserted, one each,

into the Stokes and anti-Stokes beam paths before PBS1,2 and they are controlled

via a feedback loop to stabilise the relative phases ϕs,a between the signal fields

from the two arms. While most of pump is transmitted by the 800 nm longpass

filters and shares common paths with the Stokes field, significant portion of the

broadband pump (bandwidth ∼ 20 nm) is also reflected alongside the anti-Stokes.

Thus, as indicated in Fig. 4.1, pump light exiting from the unused ports of PBS1,2

is then directed into two signal acquisition setups for phase stabilisation. Within

each is a polariser aligned to mix the cross-polarised pump signals from the L/R
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arms, followed by a photodiode that detects the interfered signal intensity (used as

the feedback signal). For the anti-Stokes path, an extra narrow bandpass filter (5nm

bandwidth) is inserted after PBS2 to lengthen the pump pulses since the temporal

separation (c.f. above section on pulse synchronisation) would otherwise significantly

reduce the observable interference component in the intensity signal.

At each detector, the pump interference generates an intensity component Iint(φLR) ∝

sinφLR that varies sinusoidally with the relative phase φLR between the pump pulses

from the L/R arms. The intensity signal is then passed into a computer, which gen-

erates a control output signal u(t) to the piezo controllers by use of a Matlab script

— u(t) is evaluated by

u(t) = K0e(t) +K1

∫ t

0
e(t′) dt′ (4.9)

following conventional PI controller protocol. Here, the error signal e(t) is the differ-

ence between the acquired intensity and the user defined set point, which is chosen

to be Iint(nπ) where n is an integer and İint(φLR) is greatest; K0, K1 are proportion-

ality constants that are increased incrementally, through a trial and error approach,

just before the output signal is induced into continuous oscillations.

Fast silicon (Si) photodiodes (Thorlabs DET10A/M) were used as the detectors

for the pump, which turned out to be an inconvenient choice since a time averaged

signal is required to generate error signal in Eq. (4.9). Instead, the 1 ns rise time of

the photodiodes means that the output signals from them are pulsed in time, due
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Figure 4.4 Evolution of relative pump phase φLR with the stabil-
isation feedback loop (created by M.R. Sprague) running.

to the pulsed nature of the pump itself. Data acquisition is achieved by passing

the current signals from the photodiodes into a BNC connector block (National

Instruments BNC-2110) that is connected to a DAQ card (National Instruments

PCI-6221 M series) in the computer. To obtain a time averaged response, the BNC

cable running from the photodiode is connected to the connector block through a T

junction, where a high impedance (∼MΩ) resistor terminates the unused port. The

resistor is thus added in parallel to the current source, acting as a lowpass filter [190]

as well as amplifying the voltage acquired by the DAQ card. Figure 4.4 shows that

with the stabilisation script running, the relative phase of the pump φLR can be

stabilised to ∼ 1.7◦. Since the pump light share common paths with the Stokes and

anti-Stoke signals up to PBS1,2, after which the Stokes and anti-Stokes fields from

the L/R arms share common paths amongst themselves, phase stabilisation on the

pump light ensures stability of ϕs, ϕa.
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4.2.5 Anti-Stokes phase control

The implementation of the control loop can in principle be used to stabilise ϕa at

various values within a 2π period (taking into account of the wavelength dependence

in the phase of the pump and anti-Stokes signal) rather than at one particular

set point. However, in the experiment I have used a more elegant solution based

on an implementation of the Pancharatnam-Berry phase [191,192], as proposed by

N. Langford [193] to step through ϕa and profile the function N±(ϕa).

Following the pulse synchronisation procedure, the anti-Stokes state after PBS2

is [c.f. Eq. (4.3)]

|ψa〉 =
1√
2

(
|H〉+ eiφa |V 〉

)
, (4.10)

where the cross-polarised components |H〉 (horizontal), |V 〉 (vertical) represent con-

tributions from the R, L diamonds respectively. |ψa〉 is a single qubit state and can

be represented as a point on the Bloch sphere, and it turns out that a sequence of

QWP-HWP-QWP can implement an arbitrary rotation around the z axis (running

through the |H〉, |V 〉 points).

According to Pancharatnam and Berry’s theory, an arbitrary state that evolves

adiabatically along a closed loop on the surface of the Bloch sphere gains a ‘geomet-

ric’ phase, given by the solid angle subtended by the enclosed surface. To implement

a rotation around the z axis, the states |H〉, |V 〉 (basis states of the z rotation) must

also gain a phase and brought back to its original positions on the Bloch sphere after

evolution by the set of wave plates. Therefore, Langford [193] suggested the following
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application of wave plates for a z rotation:

R̂z(θ) = Ûλ
4

(π
4

)
Ûλ

2

(
−π

4
− θ

4

)
Ûλ

4

(π
4

)
(4.11)

=

 e−i θ
2 0

0 ei θ
2

 , (4.12)

where θ is the angle to be rotated around the Bloch sphere; Ûλ
4
(ζ)
[
Ûλ

2
(ζ)
]

represents

rotation by an QWP (HWP), with the major axis aligned at ζrad to the vertical.

To summarise, the ‘phase control’ in Fig. 4.1 consists of a QWP-HWP-HWP

combination, with both QWP set at 45◦ to the anti-Stokes polarisations, and each

10◦ rotation of the HWP corresponds to adding 40◦ in phase between the anti-Stokes

modes from the two arms.

4.3 Results

4.3.1 Anti-Stokes interference

Figure 4.5 shows the measured sinusoidal oscillation in the heralded anti-Stokes

detections at the two detectors N± as ϕa is varied for a set ϕs. As well as gener-

ating heralded readout anti-Stokes photons, the pump-probe process also produces

uncorrelated anti-Stokes, thereby limiting the cross-correlation g
(2)
S,A for the Stokes

and anti-Stokes fields from a single diamond (section 3.6.4). For this entanglement

experiment, these uncorrelated anti-Stokes photons limit the maximum attainable
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Figure 4.5 Coincidence between herald and read-out photons. The
visibility is V = (61±3)% for N+ and V = (55±3)% for N−. The dif-
ference in visibility between the measurement sets we attribute to the
different rate of accidental coincidences between the two detectors.
Error bars on the plot are estimated from the standard deviation of
a Poissonian process.
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visibility in the N± fringes, which can be evaluated to [168]

Videal =
g

(2)
S,A − 1

g
(2)
S,A + 1

(4.13)

for two samples with identical g
(2)
S,A’s and are purely in the ground states initially.
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Figure 4.6 The maximum attainable visibility in the anti-Stokes

intensity fringes from two diamonds with different g
(2)
S,A’s.

The cross-correlations g
(2)
S,A for the two diamonds in this experiment were mea-

sured to be 11.4 and 7.2. To obtain the maximum achievable visibility for these two

diamonds, I first evaluated the reduced Stokes and anti-Stokes state density ρ̂S,A

from the joint Raman signals and phonon state ρ̂S,A,B using the same procedures

detailed in section 3.5.2, assuming both photon fields are in the vacuum state and

thermal phonon state initially. The tensor product of the reduced state with itself

then forms the joint Raman signal state for the two arms ρ̂LR = ρ̂S,A ⊗ ρ̂S,A after
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pump-probe scattering. Representing the detection of a Stokes photon at Ds by

Ŝ†+Ŝ+, detection of anti-Stokes photon at Da+(Da−) by Â†+Â+(Â†−Â−), and coin-

cidence detections at Ds, Da± by Ŝ†+Ŝ+Â
†
±Â±, the visibility of the intensity fringes

N± can be evaluated

Vtheory =
〈
(
Ŝ†LŜL + Ŝ†LŜR + Ŝ†RŜL + Ŝ†RŜR

)(
Â†LÂR + Â†RÂL

)
〉

〈
(
Ŝ†LŜL + Ŝ†LŜR + Ŝ†RŜL + Ŝ†RŜR

)(
Â†LÂL + Â†RÂR

)
〉
. (4.14)

Using Eq. (3.21) in the noiseless limit α = β = 0, Eq. (4.14) is shown in a 2D plot

as a function of g
(2)
S,A for the two diamonds in Fig. 4.6. The predicted maximum

visibility is evaluated to be 66% for this experiment — lower than the 75% value

reported in the published account of this work [188] due to the use of an initial ther-

mal rather than vacuum phonon state. Within this context, the measured fringe

visibility of (61±3)% (for N+) implies that the alignment procedure developed dur-

ing the course of this thesis has been successful at producing a good mode-overlap

between the Raman-scattered modes interfered from the two diamonds. In addition,

the effects of spontaneous emission of anti-Stokes photons, phonon decoherence, and

scattering into higher order spatial modes, which would otherwise generate uncorre-

lated photons and limit the measured visibility, have been minimal, and corroborates

with the various assumptions and arguments laid out in the thesis.

Although it has not been necessary to do so for this experiment, the effects of

stray photon and fluorescence noise can be included by following the general pro-

cedure in section 3.6.4. First, augment the joint Raman signal state with noise
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states ρ̂LR ⊗ |αLβLαRβR〉LR〈αLβLαRβR|, where αL,R(βL,R) are the coherent state

amplitudes for the Stokes(anti-Stokes) modes in the L,R arms respectively. Since

the noise photons from the two arms do not necessarily have good temporal overlap,

they would not contribute to the interference effects and the measurement opera-

tors corresponding to these modes are π̂†S+π̂S+ = 1
2

(
π̂†SLπ̂SL + π̂†SRπ̂SR

)
, π̂†A+π̂A+ =

π̂†A−π̂A− = 1
2

(
π̂†ALπ̂AL + π̂†ARπ̂AR

)
, where π̂S+,L,R(π̂A±,L,R) are the annihilation op-

erators for the Stokes(anti-Stokes) fields at the Ds(Da±) detectors, L and R arms

respectively. Therefore, with the noise contribution, the expected visibility would

be

Vnoise =
[
〈Ŝ†+Ŝ+

(
Â†LÂR + Â†RÂL

)
〉+

(
|αL|2 + |αR|2

)
〈Â†LÂR + Â†RÂL〉

]
/
[
〈Ŝ†+Ŝ+

(
Â†LÂL + Â†RÂR

)
〉+

(
|αL|2 + |αR|2

)
〈Â†LÂL + Â†RÂR〉(

|βL|2 + |βR|2
)
〈Â†LÂL + Â†RÂR〉+

(
|αL|2 + |αR|2

)(
|βL|2 + |βR|2

)]
.

(4.15)

Equation (4.15) is highly dependent on the precise ratio of the relative amount of

noise contribution at the Stokes and anti-Stokes wavelengths from the two arms. It

is included here for completeness since it would only be useful with a much more

thorough noise characterisation that has been done or required in this experiment.
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4.3.2 Concurrence

Under ideal circumstances, the detection of a single Stokes photon at detector Ds is

associated with the diamond ensemble state according to Eq. (4.2) and ensures that

any finite fringe visibility signifies the presence of coherence between the diamond

ensemble by Eq. (4.7). However, the APD is not a photon number resolving detec-

tor, and a detection click at Ds may very well herald the creation of a separable

phonon state of form B̂†LB̂
†
R|vacvib〉LR through a second order interaction in |gSt|.

Transforming the phonon operator B̂ → B̂ − igAtÂ as before to represent readout,

the resulting state

|Ψ′a〉 =
(
B̂†L − igAtÂ

†
L

)(
B̂†R − igAtÂ

†
R

)
|vac〉 (4.16)

is also separable and likewise generates an interference pattern when detected in the

Â± basis. As a result, the measured visibility in Fig. 4.5 must exceed a threshold

value, Vthresh, to ensure that the contributions from higher-order interactions are

sufficiently small compared to the single anti-Stokes interactions. Further, since

the phonon-to-photon readout mapping is a local operation (acting separately on

each diamond) that cannot increase entanglement [106], the photon entanglement is

a strict lower bound to the phonon entanglement.

Entanglement produces correlations between different degrees of freedoms which

surpasses what is allowed by classical physics [194], but the degree by which the classi-

cal bounds are exceeded can be quantified in various ways [18,195]. The entanglement
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of formation is one such measure, which aims to solve the problem by quantifying

the number of maximally entangled Bell states that are needed to form an arbitrary

bipartite state. Like many other quantifications of entanglement, entanglement of

formation is a function requiring a non-trivial minimisation over all possible pure

state decompositions of the state density. Fortunately, Wootters [196] has obtained

an explicit formula that obviates the need for the minimisation step via the quantity

concurrence C(ρ̂), which is given by

C(ρ̂) = max {0, λ1 − λ2 − λ3 − λ4} . (4.17)

The set of {λi} are the eigenvalues of the matrix

√√
ρ̂ ˆ̃ρ
√
ρ̂ in decreasing order, and

ˆ̃ρ = (σ̂y ⊗ σ̂y) ρ̂∗ (σ̂y ⊗ σ̂y) is the spin-flipped version of the complex conjugate of

the state density ρ̂. The concurrence is zero for any separable state and increases

monotonically towards 1 for maximally entangled state (i.e. concurrence for a set

of state densities arranged in order of increasing entanglement preserves the given

order).

To verify that the higher order terms are insufficient to generate the fringe vis-

ibility in Fig. 4.5, I measure the rate of two phonons scattering events (where two

anti-Stokes are detected given the detection of a heralding Stokes photon) to esti-

mate the high order term in the state density. Concurrence is then calculated from

this extended density matrix, including the two phonons term, as a witness to the

existence of entanglement. Let |nm〉 represents the generation of n(m) anti-Stokes
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lo
g
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n
m

Figure 4.7 Density matrix of the heralded anti-Stokes modes. The
density matrix elements are p00 = 1 − 2.3×10−5, p01 = 1.2×10−5,
p10 = 1.1×10−5, d = 7.0±0.3×10−6, p11 = 2.0±1.1×10−11. The di-
agonal element probabilities are maximum likelihood estimates, mea-
sured with no interference between the anti-Stokes modes of the two
diamonds. No corrections for background counts, accidental coin-
cidences, or system inefficiencies were made in these measurements.
The higher order term is inherent to the process of spontaneous emis-
sion, and the vacuum component is related to the anti-Stokes read-
out, collection and detector efficiencies.

photons in the L(R) diamonds, conditioned on detection of a Stokes photon at Ds,

then, in this number basis, the concurrence for a state density with the form given

in Fig. 4.7 is [106,196]

C = 2 max(|d| − √p00p11, 0). (4.18)

Here, the coherence d is obtained from the measured visibility using Eq. (4.7), and

pnm’s are the diagonal terms in the density matrix (for the |nm〉 states). p01, p10

are estimated separately by the rate of heralded anti-Stokes production in each

diamond; p00 ' 1 − p01 − p10 is the probability of no readout interaction given the

detection of a Stokes photon; and p11 is the probability of detecting a three-fold

coincidence from detectors Ds, Da+, Da− with unbalanced path lengths between the
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L,R arms in the experiment to prevent the anti-Stokes modes from interfering (which

may lead to photon bunching at PBS4, such that two-fold coincidence is generated

even though three photons are produced). Note that only 6 out of the possible 16

elements in the density matrix in Fig. 4.7 are measured. Non-zero values in any other

elements would only increase the amount of coherence in the state, and therefore

the concurrence [106]. As such, the concurrence derived from Fig. 4.7 is a strict lower

bound of the true concurrence for the joint diamond state.

From measurements, the concurrence values are estimated to be (5.2± 2.6)×10−6

for the N+ fringe and (3.8 ± 2.6) × 10−6 for the N− fringe using the raw coinci-

dent counts. Subtracting accidental coincidences due to the dark counts of the

APD detectors and Stokes detections, the concurrences for the N+, N− fringes are

(5.6 ± 2.6)× 10−6, (4.9 ± 2.6)× 10−6 respectively, which are on the order of the

maximum value of the concurrence (for V = 1, and p11 = 0, Cmax = p01 + p10 =

2.3×10−5). The maximum value is limited by coupling, detector and the anti-Stokes

readout efficiency.

The frequency of triple coincidence occurrences, as indicated in Fig. 4.7, is ex-

ceedingly rare — a total of only 3 triple coincidences (with no background subtrac-

tion) were detected over 1.9 × 1014 runs of the experiment2. Viewed alternatively,

given the measured probabilities {pnm’s}, this triple coincident probability sets a

‘threshold visibility’ value of Vthresh ≈ 38.9% [from Eqs. (4.7), (4.18)], which is in-

deed surpassed by the measured visibility — this is consistent with the requirement

2This is over three times the value of US national debt in US$, as of April 2012.
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for positive concurrence.

With such a low triple coincidence value, the calculation of concurrence and the

accompanying confidence intervals is a non-trivial problem tackled by M.R. Sprague,

my co-first author in the associated paper [188], and the methodology used is outlined

here for reference. In Poissonian statistics, the probability of observing X events

given a distribution mean value µ is

P (X|µ) =
µXe−µ

X!
. (4.19)

From Eq. (4.18), for concurrence to be zero and approximating p00 ∼ 1, the ex-

pected number of triple detections µ0 should be µ0 > d2Nps = 9.1± 0.9 (assuming

Poissonian statistics on the APD counts), where N is the number of experiments

and ps ∼ 1× 10−3 is the probability of generating a Stokes photon. To confirm the

existence of entanglement, in the frequentist approach to the problem, one has to

calculate the confidence level C, defined as the fraction of experiments whose ‘true’

Poissonian parameter µ lies between 0 ≤ µ ≤ µ0
[197], which is given by

C =

∫ µ0

0
P (X = 3|µ) dµ. (4.20)

The confidence level for N+ and N− are (98± 1)% and (94± 2)% respectively using

the visibilities obtained from the raw coincidence counts and the fitted values for d.

The corresponding figures for background subtracted (coincidences from dark APD

counts) coincidences are (98.7 ± 0.6)% and (98 ± 1)% for N+ and N− respectively
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— this forms the basis for the claim that the diamonds have been entangled.

To obtain the confidence interval — defined as interval [µlo µhi] for which P (µ ∈

[µlo µhi]) = C′, where C′ is a predetermined confidence level — for the quoted

concurrences, however, one first calculates a normalised probability function

R(X,µ) =
P (X|µ)

P (X|µmax)
, (4.21)

where µmax is the best estimate for the true Poissonian parameter which is given by

the number of detected triple coincidences (= 3). Then, for each constant µ, arrange

the probabilities P (X|µ) by the associated normalised value R(X,µ) in descending

order and calculate the sum of P (X|µ) in the same order until the predetermined

confidence level C′ is surpassed — this marks the acceptance interval [Xlo Xhi] for

a given µ, such that P (X ∈ [Xlo Xhi]|µ) = C′. From here, the confidence interval

[µlo µhi] is given by the lowest and highest values of µ which are within the acceptance

range for P (X = 3|µ).

The confidence interval and level can also be calculated using Bayesian statistics,

by constructing an a priori probability distribution P (µ) to generate an a posteriori

probability function P (µ|X) [198–200]. However, the optimal choice of P (µ) for a

given measurement is an open problem, though calculations using some of the more

conventional choices based on the literature suggests that the derived confidence

intervals are broadly similar to the frequentist approach.
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Figure 4.8 Reconstructed joint polarisation state of the
Stokes/anti-Stokes modes, projected into the sub-space containing
one photon in each mode. The state appears to be highly entangled
in polarisation after post-selection of this sub-space, which demon-
strates strong coherence between the diamonds, suggestive of near-
maximal entanglement. This complements the evidence for genuine
entanglement provided by Fig. 4.7.

4.3.3 Quantum (reduced) state tomography

A prerequisite for the creation of an entangled, rather than a separable, state in this

experiment is that only one phonon has been created between the pair of diamonds,

and the two phonon scattering rate is negligible. Having shown that to be definitively

true with a calculation of positive concurrence obtained from the density matrix in

Fig. 4.7 that includes this two phonons term, I then made a measurement to estimate

the quality of the entanglement between the two phonon modes themselves.

Essentially, the detection scheme in this experiment (Fig. 4.1) maps the Stokes

mode from the L(R) arms into |H〉(|V 〉) polarisations at PBS3 and anti-Stokes from

L(R) into |V 〉(|H〉) at PBS4. Under an idealised pump-probe interaction, the re-
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sulting joint Stokes/anti-Stokes state is a pure state of the form

|Ψ〉S,A =
1√
2

(
|HV 〉S,A + eiφ|V H〉S,A

)
, (4.22)

for a relative phase φ. The presence of phonon decoherence would convert Eq. (4.22)

into a mixed state, with concurrence < 1. Therefore, to measure the concurrence

between the phonon states of the diamonds, I performed quantum state tomogra-

phy [201] on the joint Stokes/anti-Stokes modes, post-selecting on the detection of

both photons. This suppresses the contribution from the vacuum component in

Fig. 4.7, which is caused by inefficiencies in coupling, detection, and read-out of the

anti-Stokes mode.

In the experimental setup, QWPs and HWPs are seated in front of PBS3,4

so that the the detectors can measured the joint Stokes/anti-Stokes state in the

set of basis states of the Pauli matrices (|HV 〉, |DA〉, |RL〉 etc.). 36 measurements

are made using detectors Ds, Da+ and the accidental coincidences are subtracted

[Eq. (3.15)] from the raw coincidences. Figure 4.8 shows the reconstructed state

ρ̂S,A using a Matlab script written by N. Langford which implements a maximum

likelihood analysis with convex optimisation [201] on this background subtracted data.

The concurrence from this post-selected state is 0.85 and the fidelity to the nearest

Bell state [of the form in Eq. (4.22)] was found by J. Nunn to be 0.91 [188]. This

sets an upper limit to the maximum amount of entanglement that can be achieved

in the non-post-selected state for the two diamonds as read-out efficiency, coupling
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and detector efficiencies approach unity (i.e. p00 → 0).

In this experiment, short-lived quantum correlations were revealed by combining

an ultrafast interferometric pump-probe scheme with photon counting techniques.

The large optical bandwidth enabled the resolution of extremely fast dynamics in

the solids, and also operation at high data rates, providing sufficient statistics to

establish entanglement even in the presence of losses. This approach lays the foun-

dation for future studies of quantum phenomena in many-body, strongly-interacting

systems coupled to strongly decohering environments and points towards a novel

platform for ultrafast quantum information processing at room temperature.



Chapter 5

Conclusions

From its conception in the 1980’s [202], it has been apparent that quantum comput-

ing has the potential to be a hugely disruptive technology, and this has only been

reinforced by further investigations in the 1990’s revealing ever more remarkable

capabilities in this fertile field of research — such as cryptographic security that

is guaranteed by the laws of physics [203], exponentially fast factorisation [204] and

search [205] algorithms. The 2000’s saw rapid progress in the physical realisation of

these ideas, demonstrating the manipulations of qubits in an ever increasing range of

systems, including, for instance, NMR [6], superconductors [206] and trapped ions [207].

Even as this trend has continued into recent years, efforts have been made to bring

these quantum technologies from the laboratory settings to the every day world,

and experiments in the solid states such as RE doped crystals [33], diamond NV cen-

tres [208], and increasingly sophisticated setups using warm atomic gas [28,31,32] form

part of this progression.
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In this thesis, I performed a series of experiments to show that optical phonon

in diamonds, a previously overlooked system, has the same capabilities as the more

proven atomic gases, while being endowed with the same unique advantages which

make diamond a material that has long been recognised as ideal for the construc-

tion of practical quantum devices. As well as proving to be easy to use (quantum

signatures can be obtained from diamond in ambient environment, with no optical

pumping), these demonstrations also prove to be rather interesting from a funda-

mental point of view. In chapter 2, I have explained that a phonon is nothing but a

collective vibrational motion of atoms, which is otherwise a well-understood concept

that can be easily related to using classical physics, and in chapter 4, I have also

pointed out that the phonon mode in each diamond encompasses around 1016 atoms

for the given optical geometries in my experiments. In light of this, the observations

of counterintuitive quantum dynamics in chapters 3 & 4 within such an intuitive

classical system seem to suggest that the historical distinction between the ‘classi-

cal’ and ‘quantum’ realms is a rather artificial construct. At the same time, it is

exciting to note that bulk mechanical oscillators can be now cooled to the thermal

ground state [184,209,210], and given the results in this thesis, there is every indication

that quantum effects will be observed in ever more massive objects, leading to im-

proved understanding of the decoherence process which leads to the transition from

quantum to classical behaviours [211].
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5.1 Summary

The genesis of the ideas contained in this thesis lies in the pioneering work done by

F. Waldermann [114], whose investigations into the viabilities of photon storage in

various diamond systems were in turn motivated by the pursuit of a practical linear

optical quantum computation device. In chapter 1, I started with an exposition of

the capabilities and requirements of quantum computation, and the role of a quan-

tum memory, capable of single photon storage, in a quantum network. I outlined

the basic principles behind different implementations of photon storage in atomic

ensembles, as well as contrasting atomic gases (an oft-used medium in these types

of experiments) with solid state NV centres as storage mediums.

Chapter 2 introduces Stokes scattering from optical phonons in diamond and dis-

cusses the advantages of using phonons as testbed for quantum effects. Unlike scat-

tering in atomic gases, the regular structure of a solid crystal introduces anisotropies

to light-matter interactions, and I included a condensed description of the under-

lying group theory which leads to the polarisation selection rules in the Raman

scattering process. The Raman scattering mechanisms are further discussed, and

the theoretical results of the group theory calculations are related to the focussing

geometry used in subsequent experiments. From here, I described my first exper-

iment (TCUPS) which essentially extends an experimental technique first used by

Waldermann [212] to characterise phonon decoherence for various diamond samples.

Using the Schrödinger picture to describe state evolution, and Heisenberg picture to

describe operator evolution, the experiment is interpreted as a temporal equivalent
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of the Young’s slits experiment, where the distinguishability of the Stokes modes

scattered from a pump-probe pulse pair is directly related to the phonon coherence.

While Stokes scattering is a first order Raman scattering process, anti-Stokes

scattering, the interaction of interest in chapter 3, is a second order process, and

quantum mechanics predict that Stokes and anti-Stokes photons are emitted as a

correlated photon pair through a quantum memory write-read interaction. The

degree of correlation is experimentally measured to exceed the Cauchy-Schwarz in-

equality — which sets an upper bound to the maximal achievable degree of cor-

relation between two classical states — in a single photon level experiment. This

result demonstrates nonclassical motion in bulk diamond. Anti-Stokes production

in the spontaneous and stimulated scattering limits are demonstrated through a

power measurement and the results are shown to fit well against a numerical model,

which is then also used to demonstrate the sensitivity of the single photon level

measurement to stray photon noise. Extension of the theoretical model developed

in chapter 2 shows that the population lifetime of the phonon can be obtained using

the correlated anti-Stokes production process, and an explicit relation to the phonon

coherence time is derived. The population lifetimes of 3 diamond samples are then

compared in a novel spectroscopic experiment (SAUCERS) against coherence times

obtained from TCUPS, which suggests that pure dephasing effects are negligible in

diamond.

The entanglement experiment in chapter 4 is essentially an adaptation of the

atomic ensemble entanglement experiment [106] (which is in turn based on the DLCZ
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protocol [16]). Here, two diamonds act as two spatially separated quantum memories,

and the two phonon modes are entangled, then verified, via projective measurements

in the Bell state. Since this experiment is essentially an amalgamation of all of the

preceding setups detailed in the thesis, the section on experimental technique in this

chapter is of relevance to all experiments in this thesis. From a theoretical discussion

of the interactions, I have shown that the unavoidable high-order interactions in the

pump-probe process can mimic the quantum interference signatures of entanglement,

and, in fact, the observed interference effect is close to the limit that is expected

for the given experimental conditions. To form a strict verification of entanglement,

I measured the rate of the higher-order scattering process, and concluded, through

the entanglement measure concurrence, that it was insufficient to cause the observed

amount of interference in the experiment. Using a conventional state tomography

technique, it can also be shown that, in the limit of unit detection and readout

efficiencies, the joint ensemble state created between the diamond pair can reach a

fidelity of 0.9 with the nearest Bell state.

5.2 Outlook

This thesis has demonstrated that diamond phonon is a viable resource for con-

structing room-temperature solid state quantum devices. As a further proof of its

potential for this purpose, in parallel to the work here, a random number generator

has recently been implemented using diamond phonon [213]. However, the results in

this thesis also point to some room for improvements if bulk diamond were to be
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used for single photon level operations. For example, in chapter 4, the concurrence

of the joint state [Eq. (4.18)], including the higher-order scattering terms, is esti-

mated to be several orders of magnitudes lower than the level that can in principle

be reached — which is estimated from the concurrence of the post-selected, reduced

state density (Fig. 4.8). Key to improving the quality of the generated entanglement

is to improve the detection (including coupling) and readout efficiencies, since the

coherence of the entangled state scales linearly with the measured rate of readout

anti-Stokes production [Eq. (4.7)].

In my experiments, the detection rate of the signal photons is mainly limited by

the coupling efficiencies of the Stokes and anti-Stokes signals into the SMFs, which

are essential components of the setup that are used to reject unwanted photons.

Efforts to improve mode-matching were hampered by the fact that at the single

photon level, the Stokes and anti-Stokes beams were too weak to be imaged, and

a reliable method of measuring the coupling efficiency of the fibres could not be

established. This obstacle can in principle be bypassed by using bulk diamond that

has been etched into a waveguide structure as part of an integrated micro-photonics

chip. Here, the output optical modes would be defined by the waveguide structure,

which can be tailored to match the relevant fibre modes. Diamond etching techniques

already exist [102], and doubtless the capabilities of the techniques will only improve

in time.

It has been already mentioned in chapter 3 that the optical phonon lifetime

can be influenced by increasing the isotopic purity of the sample, until the phonon
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lifetime is limited by the Klemens decay channel [126]. This in turn can be suppressed

by constructing a superlattice of C12 and C13 atoms. In order to suppress Klemens

decay in all three dimensions, the super-lattice may have to be structured along

all three axis. However, in a diamond waveguide structure, it may be sufficient

to engineer the super-lattice to suppress phonon decay along the light propagation

direction only, since phonon confinement can be achieved by controlling the width

of the waveguide [214], forbidding phonon propagations perpendicular to waveguide

axis.

Due to its dispersion, anti-Stokes readout in diamond is not a phasematched

process, resulting in a reduced rate of heralded anti-Stokes production. The effect of

phase mismatch is more severe for longer interaction lengths, and this is corroborated

by the measured g
(2)
S,A value for the 0.5 mm thick diamond in chapter 3 (∼ 5) being

smaller than that of the 0.25 mm thick samples used in chapter 4 (∼ 10). In fact, I

have also attempted a correlation measurement using a 3 mm thick diamond sample

and found that g
(2)
S,A ∼ 1. Due to the lack of availability of samples with differing

thickness, I have been unable to confirm that this drop off matches up with what

would be expected from theoretical calculations of phase mismatch. But assuming

this to be a significant effect, I propose to solve this issue using a diamond lattice

consisting of two interweaving stacks whose [1 0 0] axes are at 45◦ to each other. In an

experiment, this sample would be orientated such that the [1 0 0] axes of one of these

sets (set ‘A’) of diamond layers would be aligned parallel to incoming pump-probe

pulses, and the other (set ‘B’) at 45◦ to polarisation of the incident light. Polarisation
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selection rules would dictate that the pump light generates orthogonally polarised

Stokes light from set A, while scattering from set B would generate Stokes light

polarised parallel to the pump (Fig. 2.6). Anti-Stokes scattering from the probe

light would obey the same polarisation selection rule and simultaneously readout

into both polarisation basis, but here, the layer thickness of this diamond stack can

be chosen such that the readout anti-Stokes would be quasi-phasematched for both

polarisations. A waveguide consisting of such a stack would be able to generate an

arbitrarily high Raman scattering cross-section, while avoiding the constraints of

phase mismatch.
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[30] S. A. Moiseev and S. Kröll, Complete Reconstruction of the Quantum State of
a Single-Photon Wave Packet Absorbed by a Doppler-Broadened Transition,
Phys. Rev. Lett., 87, p. 173601 (2001).

[31] A. E. Kozhekin, K. Mølmer, and E. Polzik, Quantum Memory for Light, Phys.
Rev. A, 62, p. 033809 (2000).

[32] K. F. Reim, J. Nunn, V. O. Lorenz, B. J. Sussman, K. C. Lee, N. K. Langford,
D. Jaksch, and I. A. Walmsley, Towards high-speed optical quantum memories,
Nature Photonics, 4, pp. 218–221 (2010).

[33] W. Tittel, M. Afzelius, T. Chaneliére, R. Cone, S. Kröll, S. Moiseev, and
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