Engineering Room-Temperature Quantum Magnetic
Sensors with Fibre-Cavity Diamond Lasers

Sarath Raman Nair

A thesis submitted to Macquarie University
for the degree of Doctor of Philosophy
Department of Physics and Astronomy

June 2020

=

MACQUARIE
University

SYDNEY-AUSTRALIA



ii

© Sarath Raman Nair, 2020.

Typeset in IXTEX 2¢.



iii

Except where acknowledged in the customary manner, the
material presented in this thesis is, to the best of my knowl-
edge, original and has not been submitted in whole or part
for a degree in any university.

Sarath Raman Nair



iv




Acknowledgements

I would like to thank a number of people regarding the successful completion of this thesis.
First of all I would like to thank my principle supervisor A/Prof. Thomas Volz for his guidance
throughout my PhD candidature. Thank you Thomas for offering a PhD position in your group
and believing in me. Thank you for patient and constant encouragement as well as motivating
advice, when it was necessary. Thank you for being a nice person, with whom working was
really enjoyable. I would like to thank my associate supervisor Dr. Lachlan Rogers. Thank
you Lachlan for your invaluable contribution in shaping an experimentalist in me. Thank
you for your constant support and motivation whenever it was necessary. Thank you for
sharing your curiosity in technologies. I would like to thank Dr. Xavier Vidal for patiently
introducing me to the basics of cavity experiments, and encouraging me to experiment with
it. I would like to thank A/Prof. Gavin Brennen, for being helpful when ever I approach
you with something. I would like to thank my fellow colleagues Dr. Guillermo Munoz
Matutano, Matthew van Breugel, Reece Roberts, Andrew Wood, and Dr. Cyril Laplane for
their support and motivation. Thank you Guillermo for your company in the lab and for
sharing the lab. Thank you for our discussions over lunch and thank you for the table soccer
games that we played. Thank you Reece for our discussions and proof reading my thesis.
I would like to thank whole QMAPP group. I would like to thank Dr. Jan Jeske, for your
collaboration, constant support and advising me over theoretical modellings. It was really
pleasant to work with you on a project that was proposed by you. I would like to thank
Fraunhofer IAF, Freiburg, for facilitating my visit. I thank Macquarie University and EQUS
for the facilities and support provided during the course of this project. I acknowledge that
the work was done while holding international Macquarie University Research Excellence
Scholarship iMQRES). I acknowledge, the EQUS centre collaboration awards. 1 would like
to express my gratitude to CSIRO Lindfield for the facilities they provided.

I thank Dr. Aravind M. Warrier, Dr. Sandhya Clements, Gayathri Bharathan, Elisabeth
Wagner for their support and help during the PhD time.

I thank Achan, amma, appa, amma, Jerry, and all my cousins. I would like to thank all
my teachers for shaping a student in me. Finally, I do not have any words to express gratitude
to my love Jemy. Thank you Jemy for your amazing companionship and support.



vi

Acknowledgements




List of Publications

e Sarath Raman Nair, Lachlan Rogers, Xavier Vidal, Reece P. Roberts, Hiroshi Abe,
Takeshi Ohshima, Takashi Yatsui, Andrew D. Greentree, Jan Jeske, and Thomas Volz
Amplification by stimulated emission of nitrogen vacancy centres in a diamond-loaded
fiber cavity. arXiv preprint arXiv:1912.05801 (2019).

e Sarath Raman Nair, Lachlan Rogers, David J. Spence, Richard P. Mildren, Fedor
Jelezko, Andrew D. Greentree, Thomas Volz, and Jan Jeske Absorptive laser threshold
magnetometry: combining diamond Raman lasers and nitrogen-vacancy centres. (to
be submitted)



viii List of Publications




Abstract

This thesis studies the engineering of quantum magnetic sensors based on diamond lasers
containing NV~ colour centres. Specifically, the thesis experimentally and theoretically
investigates two different scenarios for realizing diamond lasers in mechanically tunable
fibre-based Fabry-Perot cavities.

In the first scenario, we experimentally explore a diamond-loaded open tunable fiber-
cavity system as a contender for realizing lasing with the negatively charged nitrogen-vacancy
(NV7) centre in diamond as the gain medium. We measure the transmission characteristics
of a cavity-resonant laser beam at a wavelength of 721 nm, close to the maximum of emission
of the NV~ phonon sideband, both with and without a green pump laser at 532 nm. For
moderate green pump powers, we observe an amplification of the resonant red laser light
and at the same time a reduction of the spontaneously emitted background photons. When
increasing the pump power further, the amplification saturates and at the same time we see an
increase in spontaneous photon emission. A qualitative model including stimulated emission
and charge state switching of the NV~ centre captures the dynamics in the experiment very
well. The results allow conclusions to be drawn about the material challenges of realizing an
NV~ laser in diamond.

In the second scenario, we theoretically study Raman lasing from a diamond crystal
containing NV~ centres. The intra-cavity absorption by the NV~ centres modifies the Raman
laser, and two interesting regimes are identified based on the position of the Raman and
pump laser wavelengths with respect to the zero-phonon line (637nm) of the NV~ centre.
When both the pump and Raman wavelengths are below the zero-phonon line we identify a
magnetically tunable bistability. When only the pump wavelength is below the zero-phonon
line, we predict a shift in the laser threshold dependent on the NV~ spin centres. Furthermore,
we propose that such a system can be used as a technically demanding magnetic field sensor
with a predicted DC sensitivity of the order of pT/VHz.
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"If you think you understand
quantum mechanics, you don’t
understand quantum mechan-
ics."”

Richard P. Feynman

Introduction

Quantum physics has always remained as a field of great interest, despite its conceptual
complexities that go beyond everyday human perceptions. The twentieth century witnessed
the emergence of quantum physics, saw how it flourished and how it quickly revolutionized
technology through inventions like lasers, transistors, computers, etc., that in turn further
fuelled more scientific discoveries and eventually led to the internet and smartphones - to
only name two commodities that we would not want to miss in everyday life. If we regard
this revolution as the first quantum revolution, then we are now in the midst of the so-
called second quantum revolution or quantum revolution 2.0 [1-5]. While the first quantum
revolution harnessed mainly the wave-particle duality of the quantum world, the second
quantum revolution puts the focus on engineering new technology using the more ‘esoteric’
properties of the quantum world, namely superposition, entanglement and the concept of
quantum measurement [2, 3]. By and large, the second quantum revolution has been enabled
by an exquisite laboratory control over fragile quantum systems, down to the level of single
atoms, ions and photons.

Even for one of the pioneers of quantum mechanics, Erwin Schrodinger, experiments with
single quantum particles were unimaginable and comparable with raising "Ichthyosauria in
the Zoo" [6]. Almost 70 years later, quantum physicists are able to use laser light to
manipulate single atomic qubits either in isolation or within a solid-state matrix. They are
able to create on-chip micron-sized superconducting qubits at a scale that brings quantum
supremacy to reality [7]. All around the world, quantum research into new technology is
currently experiencing a real boost, funded both through public support but also by global
companies such as Microsoft, IBM and Google. The potential of these efforts to repay in
the form of disruptive technologies goes well beyond state-of-the art with hitherto largely
unexplored real-world impact [2, 4]. Australia has been a pioneer in this space, funding
several national Centres of Excellences in Quantum Science. The first to propagate the
idea of ‘engineered quantum technology’ was Professor Gerard Milburn at University of
Queensland who founded the ARC Centre of Excellence for Engineered Quantum Systems
(EQUS) [8, 9] in 2011. Prompted by external stakeholders and local key players in quantum
computing, the New South Wales Government recently established the Sydney Quantum
Academy (SQA) [10] aimed at training and job creation in the quantum technology sector.






study of brain and neural networks [14, 15], the human heart [16] and the steady currents in
the body [17]. Other areas of application are the exploration of minerals and more generally
geo-resources [18], and aerial navigation [19], specifically in GPS-denied environments.

There are several different quantum systems capable of detecting magnetic fields, namely
superconducting quantum interference device (SQUID), atomic vapors in a glass cell, trapped
ions and solid-state spins. These are either mature technology (SQUID) or are currently being
explored in the context of quantum magnetic sensing [12]. Out of the listed quantum sensors,
SQUIDs and atomic vapor cells currently reach magnetic-field sensitivities in the aT/VHz
range that are suitable for high sensitivity applications such as the detection of extremely
weak brain signals [12, 20, 21]. Whilst the SQUIDs require cryogenic temperatures [12, 20],
atomic vapor cells work at temperatures even above room-temperature [21]. Despite their
success in high sensitivity, these magnetometers lack high spatial resolution. In contrast,
solid-state spins within nano-crystals can in principle bring the spatial resolution down to
the nano-scale. In particular, the nitrogen-vacancy (NV) colour centre in diamond [22] has
established itself as a key contender and stands out as an exceptional candidate for quantum
sensing.

The NV centre is formed when two carbon atoms along one of the four body diagonals
of the diamond lattice get replaced by a nitrogen (N) atom and a vacancy (V). The resultant
atom-like defect is a spin-half system, known as the neutral charge-state of the NV centre or
simply as NV? [22]. When the NV traps an extra electron, it forms a spin-1 system known
as the negatively-charged NV centre or simply as NV~ [22]. For the rest of the thesis, we
denote negatively-charged NV centre as NV~ neutral charge state as NV?, and the NV centre
without specifying the charge state simply as N'V.

It is the NV~ which is highly sensitive to external magnetic fields. An illustration of the
NV~ centre properties and the idea of magnetic-field detection using the NV~ is displayed
in Figure 1.1 Since NV~ is a spin-1 system, it has a spin-triplet ground and excited-state,
contrary to the doublet-states for the spin—% NV centre. When absorbing and emitting light,
the NV~ undergoes spin-dependent optical transitions. These spin-dependent transitions
can be manipulated using MW fields around 3 GHz at low magnetic fields. Remarkably,
the NV~ fluorescence intensity is spin-dependent, and hence the observed total fluorescence
will change once the microwave field induces resonant transitions between the spin sub-
levels. This effect is called optically-detected magnetic resonance (ODMR). An external
magnetic field Zeeman-shifts the spin levels, and therefore changes the resonance condition
for observing ODMR. Hence the ODMR signal is a direct measure of external magnetic
fields.

Though the NV~ centre had been regarded as a potential candidate for quantum tech-
nologies more than a couple of decades ago [22], only in 2008 was its full potential for
sensing magnetic fields recognized [23, 24]. The initial proposals were soon supported by
two experimental implementations of NV magnetic field sensing at the nano-scale [25, 26].
Its exceptional properties make the NV~ centre unique and have enabled these breakthrough
experiments. In particular, the NV~ centre keeps its quantum nature (spin coherence and
single-photon emitter properties) even at room-temperature [22]. It remains stable close to
the diamond surface, even in nanodiamonds down to 5 nm diameter [27, 28], and is therefore
an ideal candidate for use in nanoscale magnetic field imaging [29]. Sophisticated optical and
materials engineering of diamond nanopillars as atomic force microscope (AFM) tips [30]
have enabled the successful demonstration of nanoscale imaging of the magnetic field of even
single electron spins [31]. Recently, a low-temperature NV scanning system at the University
of Basel has been employed to explore magnetic 2D van der Waal (vdW) crystals, revealing









6 Introduction

strong light-matter interaction in the fibre cavities is expected to support lasing by Purcell
enhancement of the spontaneous emission, while the high cavity Q factor should enable stim-
ulated emission and the buildup of a significant intra-cavity field [53]. This experimental PhD
work is the first room-temperature work with mechanically tunable fibre cavities, particularly
with diamond colour centres, in the Quantum Materials and Applications (QMAPP) group at
Macquarie University, Sydney. This thesis was shaped from a strict three year PhD duration
including the thesis writing.

1.1 This thesis

This thesis focuses on engineering a quantum magnetic sensor using diamond lasers in
mechanically tunable fibre cavities. The work builds on two main key concepts, the first one
being quantum magnetometry with NV~ centres and the second one being the realization of
diamond lasers in fibre cavities.

The thesis therefore starts with a discussion about the fundamentals of magnetic sensing
with NV~ centres in Chapter 2. Then a brief discussion about magnetometry methods
based on spontaneous emission and absorption of NV~ centres is also provided in Chapter 2.
Towards the end of Chapter 2, the concept of NV~ laser threshold magnetometry is introduced
based on reference [43] and is directly compared to the other methods. Since the ultimate goal
of this thesis was the realization of an NV~ laser using fiber cavities, a realistic estimate of the
expected laser threshold and the associated sensitivities is required. Chapter 3 is devoted to
answering these questions. First a brief introduction to optical cavities with a focus on fiber
cavities is given in Chapter 3. Next, Chapter 3 explores the expected NV~ laser properties
and the prospects for building a fiber-cavity LTM sensor by revisiting the calculations in
Reference [43] with our cavity parameters. Interestingly, for the parameters considered in
this thesis, the magnetic field sensitivity calculated is only a few pT/VHz in contrast to the
originally proposed fT/VHz. One key challenge that the original LTM proposal by Jeske et
al. did not consider is the well-known issue of photo-ionization of the NV~ centre. In the
experiments reported in Chapter 4, this photo-ionization of the NV~ becomes apparent.

The main experimental challenge during this PhD was the construction of a mechanically
stable fibre cavity platform and its isolation from the environment. The setup and experiments
constructed and performed during the course of this PhD are discussed in Chapter 4. While
at time of completion of this thesis no lasing has been observed, clear amplification of probe
laser light transmission in the diamond loaded fiber cavity was observed, Chapter 4 reports
on these observations and presents a qualitative model, including charge state switching and
stimulated emission of NV ™, that captures - at least qualitatively - the observations made
in the experiments. The work presented in this chapter is currently being refined into a
manuscript, which is posted in arXiv.org and will be submitted to a peer-reviewed journal.

Besides the experimental work towards an NV~ based LTM, this thesis also investigates
the potential for realizing an absorption-based LTM using diamond Raman lasers. Chapter
5 reports on a theoretical study that looks at the response of a diamond Raman laser in
an external magnetic field in the presence of NV~ centres within the diamond crystal [46].
While in principle a magnetic field detector can be constructed in the same manner as for
other absorption-based schemes [46], further investigations are required to understand the
role of ionization in such a system. The modelling presented in this chapter is also being
prepared for publication, and the manuscript will soon be posted on arXiv.org. Based on the
findings presented in this thesis, Chapter 6 outlines the challenges and perspectives that line
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ahead in the quest for realizing an NV centre based LTM sensor.
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Quantum magnetometry with NV~ centres

This chapter provides an introduction into magnetic sensing with NV~ centres and an overview
of different magnetic sensing methods developed over the years. The chapter starts in
section 2.1 with the fundamental ideas for magnetic sensing using the NV~ centre. This
section introduces the current understanding about the quantum picture of the NV~ centre,
its usefulness in magnetic field detection, and also the concept of sensitivity. Though the
focus of this thesis is magnetic field sensing with an ensemble of NV~ centres, we discuss
the fundamentals by considering a single centre as a representative one. Then we move
on to the discussion about different magnetic field sensing methods in section 2.2. Since
NV~ magnetometry is evolving fast, a detailed review of different methods is beyond the
scope of this thesis. An interested reader can find more details about different magnetic
sensing methods from review articles like references [12, 19, 35, 54, 55] and references
therein. Here we discuss the main optical magnetometry techniques in the three categories,
the spontaneous emission based techniques, absorption based techniques and stimulated
emission based techniques.

2.1 Fundamentals of magnetic sensing with NV~ centre spin

In recent years the underlying physics of the NV~ centre spin system [22] and its application
in sensing external magnetic fields [35, 54, 55] have been explored in great detail. The
possibility to manipulate the intrinsic optical quantum properties of the NV~ centre at room-
temperature makes it an interesting magnetic sensor. The quantum properties of the NV centre
based on the energy level diagram, discussed in this section, considers transition rates which
are taken from the mean value of the transition rates obtained in reference [56]. Comparable
transition rates are experimentally observed in references [57, 58] and are summarized in
reference [19]. Since the physics is not expected to change, though these rates may change
slightly for different samples, we stick with these rates throughout the thesis.
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excited state using non-resonant green light (~ 532 nm, which is a typical wavelength).
Between ground state and excited state, the NV~ centre undergoes spin conserving optical
transitions. The green light excites the NV~ centre from the ground state mg = 0 and +1
levels to the phonon levels of the excited state mg = 0 and +1 levels respectively and quickly
decay non-radiatively down to respective levels of the excited state. In Figure 2.1, the phonon
levels of the excited state are not drawn.

From the excited state there are two paths to decay down to the ground state. The first one
is the spin conserving transition from excited state to the ground state and the second one is a
spin non-conserving transition known as the inter-system crossing (ISC) through the singlet
levels [22, 35]. The spin conserving transition from excited state to ground state happens
from mg = 0 to mg = 0 and from mg = 1 to mg = £1. Photons emitted during this spin
conserving transition account for the visible emission spectrum. Due to the phonon-levels in
the ground state the emission is broad, roughly between 600—800 nm. The transition rate
for both the direct decay transitions between mg = 0 states and mg = +1 states is around 65.93
MHz [56]. The ISC transitions occur from mg = 0 and mg = +1 levels of the excited state to the
singlet states with uneven transition rates, 7.93 MHz and 53.25 MHz respectively [56]. The
maximum life-time of the upper level singlet state, !A, is around 1 ns [60]. The NV centre
decays from 'A to 'E both non-radiatively and radiatively with an infra-red (IR) emission
wavelength around 1042 nm [22, 61]. The 'E has a longer lifetime and the NV centre decays
from 'E to the ground state mg = 0 and mg = +1 with slightly uneven transition rates around
0.98 MHz and 0.72 MHz respectively [56].

Despite the fact that the spin conserving decay transitions have equal transition rates, the
population fraction of the NV~ centre available for decay from mg = 1 is smaller compared
with that from the mg = 0 level of the excited state. This is due to a stronger ISC transition
to the singlet state IA from mg = +1 state than that from the m = 0 state. The ISC transition
from mg = 1 state is also comparable with the spin conserving transition from these levels.
On the other hand, the non-radiative decay transitions from the singlet state 'E to the ground
state slightly prefer the mg = 0 over the mg = +£1 of the ground state. As a result the ISC
transitions altogether favour increasing the NV~ population fraction in the mg = O state.

Two key points about the intrinsic quantum properties of NV~ centres can be identified.
The first one is that continuous excitation with a non-resonant wavelength (e.g. green laser
typically around 532 nm) polarizes the NV~ centres to the m = 0 state. Secondly, the amount
of spin conserving decay, producing observable photons, is stronger from the mg = 0 state
than from the mg = +1 state. Conversely, the amount of ISC transition from the mg = +1 state
is more than from the mg = O state. This allows optical readout of the spin projection.

In the presence of a magnetic field the degenerate mg = +1 states split due to Zeeman
splitting [22, 35]. By detecting this splitting using the intrinsic optical properties of the
NV~ centre, the magnetic field can be sensed. This is typically done by manipulating the
ground state spin by applying a microwave (MW) frequency close to the ground state splitting
Dy, ~2.88 GHz [22, 35].

2.1.2 Magnetic field detection using spin manipulation of the NV~ centre

In order to see the magnetic field influence of the NV~ centre, let us consider the ground state
3A. Let us also assume a co-ordinate system with the z-axis is along the NV~ axis. Then
using spin 1 matrices Sx, Sy, and §,, the ground state Hamiltonian for the NV~ centre in the
presence of a weak magnetic field By, can be approximately written as [22, 35],
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ng = hDgrSz + hEgr(Sz - S%) + 8esBBy - S, (2.1)

where, & is the Planck’s constant, Eg, is the strain splitting in the ground state, ges ~ 2.01 is
the g-factor of the NV~ centre [22], and pp is the Bohr magneton. In the weak magnetic field
regime, the NV~ centre is almost insensitive to perpendicular components of the magnetic
field, even up to a few mT [35]. Thus, we consider only the z component of the Hamiltonian
in equation (2.1). From the H,, we can obtain two eigen frequencies as [35],

B
ver = Dy \/ (Egr)? + (ges"%)z. 2.2)

These two frequencies corresponds to the splitting between mg = 0 <> +1 and 0 & -1. As
we discussed these two frequencies are equal (or in other words the +1 and -1 are degenerate
in the absence of any external magnetic field), in the approximation Eg; ~ 0. From equation
(2.2), we see that the magnetic field induces further separation in the frequencies and this is
the well known Zeeman splitting.

Though for simplicity, we neglected the strain splitting Ey, for discussing the energy
levels (we will do the same later in the thesis), in reality there will always be some strain
induced splitting. This can vary from hundreds of kHz in bulk samples to a few MHz in
nanodiamond crystals [35]. From equation (2.2), we can see that Zeeman splitting is visible
only if the magnetic field component is much stronger than the strain component. Typically, in
experiments for sensing weak magnetic fields, a bias magnetic field to marginalize the strain
component is required [35]. However, recent demonstration of magnetic field detection
without a bias field in reference [62] opens a new possibility to do bias field free sensing.
Since it is beyond the scope of this thesis, we are not going into the details of this paper. In
general terms, magnetic field sensing in NV centres occurs by finding the resonant interaction
frequency of the microwave drive. This method is known as Optically Detected Magnetic
Resonance (ODMR).

ODMR

So far in this chapter, we have not specified the time dependence of the magnetic field. If
the magnetic field is static or slowly varying typically up to the frequencies in the kHz range,
then it is considered as DC magnetic field [19]. On the other hand, if the magnetic field is
oscillating fast typically in the MHz range, it is considered as an AC magnetic field [19].

The DC magnetic field that affects the ground state can be estimated if the two eigen
frequencies are somehow connected to the intrinsic optical property of NV~ centre. As we
mentioned earlier a MW frequency resonant to the eigen frequencies can do this job. The
easiest way to do this is by simultaneously applying a continuous wave (CW) green laser
and a CW sweeping of the MW frequency around the ground state splitting. Then, detecting
the visible spontaneous emission from the NV~ centre, the resonance frequencies can be
detected. An illustration representing the central idea of ODMR is shown in Figure 2.2.

The NV~ centre population evenly splits between mg = 0 and + 1 at resonant MW fre-
quency, which leads to less mg = 0 population compared with non-resonant MW frequencies.
Since the visible red spontaneous emission of the NV~ centre is proportional to the mg =
0 population, the fluorescence drops at the resonant frequency. This is the reason for the
observation of a fluorescence dip at the resonant frequency. In the absence of any external
field only one resonance dip is observable due to the degeneracy of mg = +1 and -1, whereas,
in the presence of a magnetic field, two resonance dips are observable due to the Zeeman
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due to the uncertainty in determining the population fractions by projective measurements,
which will be discussed in the following section. For the case of optical readout of the NV~
centre, the photon shot noise that arises due to optical readout is the most dominant noise
source [35]. The basic idea of different magnetic field detection techniques developed by
researchers over the past decade is to reduce all the noises in the measurement and reach the
fundamental quantum limit.

Considering only the photon shot noise alone as it is currently the main noise source,
we can generally quantify the sensitivity following reference [35] for the research presented
in this thesis. The equation for sensitivity is useful for the emission cases, since we are
interested in magnetic field sensing using some emission associated with the NV~ centre.

Let the optical signal from NV~ centre have a frequency v and power P. We apply an
infinitesimally small magnetic field B that produces an infinitesimal change d¢ in the photon
flux ¢ (= P/hv). If we measure the emission for a time period d¢, then the photon shot noise
in the measurement is V¢ - 6t and the signal for magnetic field sensing in this measurement
is 0¢ - 6t. Equating this measurement signal to the photon shot noise, the magnetic field
sensitivity (17) can be written as [12, 35],

_ ~ VP
n=06BVot = \%m. (2.3)

This is a very general form of the sensitivity that we use later in the main part of this
thesis. The AC magnetic field sensitivity is generally higher than the DC magnetic field
sensitivity by a scaling factor higher than one, due to the improvement in the coherence time
in AC magnetometry [24, 35, 43]. The optimum value of the sensitivity is when the 6P/5B
is maximum. As we mentioned above, one of the methods for magnetic field detection is
by keeping the MW frequency constant and detecting the change in the signal due to the
magnetic field noise. This is in general terms, a signal response as a function of detuning
between the MW and the NV~ centre ground state. In the absence of any magnetic field,
the detuning can be induced by changing the MW frequency. Hence the response signal as a
function of magnetic field is proportional to the same signal response as a function of MW
frequency. The maximum value of 6P/dB is then proportional to the maximum value of
OP[6Vyy.

Though the response functions are different for different magnetometry methods with
NV~ centres as we shall see in the following section, we can generally write the sensitivity
irrespective of whether it is a DC or AC magnetic field as [64, 65],

Av
C\No

Here, C; is the contrast in the response signal due to the magnetic field noise and Av is
a parameter that basically depends on the spin dephasing time of the NV~ centre ground
state. A detailed derivation considering each response function for different magnetometry
is beyond the scope of this thesis. An interested reader can find more information in one of
the pioneering papers [64].

The CW ODMR response signal that we discussed above is typically a combination of
a Gaussian response due to the power broadening and a Lorentzian response due to the
natural line shape and the resultant combination is a Voigt response function [65]. Due to
the intrinsic properties of the NV~ centre, C; has a fundamental limitation of about 20% for
a single centre [35]. The fundamental limit to the line width Av is the dephasing rate of the
NV~ ground state. However, due to the CW green laser and the MW frequency, the Av is

n o« (2.4)
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much higher than its fundamental limit. Using an ensemble of NV~ centres instead of a single
centre the sensitivity can be enhanced by a factor of square-root of the number of NV~ centres,
since the fluorescence improves by the number of NV~ centres [35]. However, using the
CW-ODMR method well above the fundamental limit is a major draw back that limits many
potential applications of NV~ magnetometry. There are different magnetometry methods
developed over the last decade to overcome this challenge in the CW ODMR measurements.

2.2 Different NV~ magnetometry methods

In this section we discuss the magnetic sensing methods using NV~ centres experimentally
developed for improving the sensitivity over the CW ODMR method and for practical high-
sensitivity applications. As mentioned earlier in this chapter, we consider NV~ magnetometry
based on spontaneous emission and absorption here. In the spontaneous emission case, CW
ODMR has already been discussed and thus, in this section we discuss the extension of CW
ODMR in the transient regime. Even in the CW case, by enhancing the interaction between
the magnetic field and the NV~ centre or by more efficiently collecting the spontaneous
emission, the sensitivity can be further improved. A good example of this is using light-
trapping diamond wave guide work reported in reference [66].

2.2.1 NV centre magnetometry using pulse schemes

Pulsed spin manipulation of the NV~ centre and its application in magnetic field detection
is based on the resonant interaction of MWs with the NV~ centre in the transient regime.
Generally a clear picture of the resonant interaction helps the reader to follow the later part
of this thesis. Hence, to make the resonant interaction clear, let us consider the NV~ centre
ground state in the absence of any strain or magnetic field, driven with a near-resonant MW
frequency. In the rotating wave approximation, the Hamiltonian of the NV~ centre resonantly
driven with the MW frequency can be written as,

Agr Qqr

ng’rwa = _hTO-Z + h 2

Here, Ay, is the detuning between the ground state splitting and the MW, €2, is the Rabi
frequency, which depends on the strength of the driving field, and o, and oy are the Pauli
spin matrices. Assuming that all other losses are negligible compared with the dephasing
rate (I'yr), the master equation in Lindblad form [67] can be written as,

Oy. (2.5)

dpny 0 I
g; = T [Hgr rwas Pov] — %(an = 7P 07). (2.6)

Here, pyy is the density matrix for the two level system.

This master equation (2.6) is solved using mesolve in the QuTip python package [68].
For simplicity and to capture the essential physics, we hypothetically consider that the NV~
centre population fraction is fully in the mg = O state at time 0. The resultant time evolution of
the population of the ground state spin levels for different detunings are shown in Figure 2.3.

The resonant interaction drives the population fraction between the two levels with the
frequency €. This resonant interaction can be visualized using the Bloch sphere represen-
tation as shown in Figure 2.3. When the ground state population fraction is fully at mg = 0
(or mg = 1; only +1 is considered for simplicity) the Bloch vector is fully along |0) (|1)). If
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to the laser threshold as speculated by reference [19] still remain. However, the conceptual
simplicity of the laser threshold magnetometer has already inspired the adaptation of IR
absorption based NV~ magnetometry to next level through the proposal of IR laser threshold
magnetometry in reference [46].



Magnetometry with a fibre cavity NV~ laser
and charge state switching of NV~ centres

This chapter revisits magnetometry with an NV~ laser by considering fibre cavity as the laser
resonator. We start with an introduction to optical cavities in the Fabry-Perot geometry, which
are applicable to the fibre cavities in section 3.1. Then the NV~ laser in fibre cavity and its
response against external magnetic fields are explored in section 3.2. We then briefly discuss
stimulated emission in STED microscopy, which is a high resolution microscopy based on
the idea of stimulated emission in section 3.3 This section is provided to give an insight into
the NV~ stimulated emission process and to introduce the charge state switching of the NV~.
Then in section 3.4, we discuss the charge state switching of the NV centre.

3.1 Fundamentals of Fabry-Perot optical cavity

A Fabry-Perot optical cavity is a two-mirror optical cavity in which the electromagnetic field
forms standing waves. One can find the details of optical cavities in standard references
like [75] or articles like [76]. Here we briefly review the properties of the optical cavities
relevant for this thesis. A schematic of the Fabry-Perot cavity is shown in Figure 3.1. Though
the cavities that we are studying are not planar cavities formed by two flat mirrors, most of
the underlying physics can be extracted by approximating the cavities with curved mirrors to
the planar cavities.

In the figure, the light field enters into the cavity only for certain allowed separations
between the two mirrors along the direction of propagation, the z-axis. This quantized light
field inside the cavity is known as a longitudinal cavity mode. For each longitudinal cavity
mode, the fine tuning of the mirror separation can produce different profiles in the x-y plane
due to the boundary conditions when curved mirrors are used. These quantizations in the
transverse plane of the longitudinal mode are known as transverse cavity modes. We will see
more about these cavity modes in the following subsections.
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In terms of intensity, this can be written as,

. LT*D 1 (3.2)
0= — 7> i
(1-RD)?1 +4(1_["R13))2 sin® §

where, D = d?, assuming d is a real number that accounts for the losses such as absorption
and scattering. The round trip phase difference 6 can be written as,

2
0= ?ﬂ. 2leav - Veav, (3.3)

Then from equations (3.2) and (3.3), we see that the transmission of a Fabry-Perot cavity
can be tuned either via length of the cavity or via the frequency of the light we are pumping
into the cavity.

Assuming an ideal cavity with D = 0, the normalized cavity transmission as a function of
0 is shown in Figure 3.2. It is clear that the cavity transmission is only allowed when 8 is an
integer multiple of 27. These resonance frequencies corresponding to these allowed values

can be written as,
c

216‘6{\1

where j is an integer. For the other frequencies the light field inside the cavity undergoes
destructive interference and the light field does not transmit or enter the cavity, instead it
reflects back from the cavity.

Associated with each of these longitudinal modes, there are transverse modes with differ-
ent orders, which have different spatial profiles in the x-y plane. We can see this in the next
subsection.

V= 7, (3.4)

3.1.2 Transverse cavity modes

Let us consider curved cavity mirrors. The standing EM waves trapped inside the cavity can
be expressed using standard wave equations. The electric field associated with the light field
inside the cavity obeys the Helmholtz equation in the scalar form and can be written as,

4 2
(V2 + %)Ecav(x, yoz,1) =0, (3.5)

where V2 represents Laplacian, A is the wavelength of the light field and E,, is the electric
field. Dropping the harmonic time dependence, the E,, can be written as,

2
Ecav(xa ya Z) = E?avlp(x’ y7 Z) exp{_ljz}’ (36)

where E?_ is the electric field amplitude and  (x, v, z) is the envelope of the electric field. In
the standard paraxial approximation, that is assuming that the variation in the field envelope
along the cavity axis is negligibly slower than that of the x and y directions, we can write the

Helmholtz wave equation as,

Oy (x,y.2) | PY(xy,2) AmOY(x,y2)

0. 3.7
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Figure 3.4: The resonant wavelengths of the cavity as a function of cavity length. Dashed magenta
and orange colours correspond to 50um thick diamond modes and empty cavity modes. The solid
blue curves are the cavity modes of a 50um thick diamond sample loaded cavity.

(3.10), can be written as [49],

. ly—1
C (jm—(=1) arcsin (0.412 x sin (j722 +l"))), 3.11)
d

Y1 21, + 1) »

where [, and [; are the optical lengths of light in air and diamond respectively. The factor
0.412 is the standard Fresnel reflection coefficient of the electric field for normal incident at
the air-diamond interface. This is a one dimensional model assuming that j >> 1 [49].

For alaser cavity, a fundamental Gaussian cavity mode is important as it ensures maximum
gain. A visualization of the deviation of the resonance conditions from the empty cavity by
placing the sample studied in this thesis, i.e. 50um thick sample, is shown in Figure (3.4).
In this figure the change in the resonance conditions due to the extra boundary conditions at
the air diamond interface is clearly visible, similar to the studies [49, 52].

3.1.3 Finesse and Quality factor of the cavity

Finesse (F.4,) and Quality factor (Q-factor) are the two important parameters that are of
interest for an optical cavity. Both these parameters show how efficiently the light field, or in
other words photons, can be stored in the cavity.

Finesse depends only on the reflectivity of the mirrors. Assuming both mirrors are
identical, finesse can be written in terms of reflectivity (R) of the mirror as,

VR
cav — (]_—R)'

(3.12)

When the reflectivity of the mirrors tends to unity, the finesse can be written as [78],

b1
F., = .
cav (1 —R)

(3.13)

Since the output intensity can be written in terms of intra-cavity intensity(l.,,) as I(') =
1.4, (1 = R) [78], the intra-cavity intensity can be written in terms of the transmitted intensity
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as [78], -
cav 4/

Icav = TIO (314)
For a high finesse cavity, the finesse can be written as a ratio of FSR to FWHM (k.4,) of
the longitudinal cavity modes. Since the cavity modes can be tuned either via tuning the
frequency or via tuning the cavity length, the finesse can be estimated in both ways. However,
from equation (3.4), the FSR is ¢/2l.,, as a first order approximation for simplicity. Then
the finesse can then be expressed as,

(¢/2lcay)

KC(!V

Feoy =21 (3.15)

Then using equations (3.13) and (3.15), the FWHM or the cavity loss rate can be written as,

c

(1-R). (3.16)

Keav = Lo
The cavity loss rate determines how long a photon can be stored in the cavity, as it is the
inverse of the photon life-time inside the cavity. The Q-factor can be defined as the ratio of
the frequency of the light field (v) to the cavity loss rate of the longitudinal cavity modes and

can be written as,
4

Q=2n , (3.17)

Kcay

which is the related to the Finesse as [78],

Q:chav- (318)

Equation (3.18) makes it clear that the Q-factor can be increased by increasing the finesse
as well as increasing the length of the cavity. The advantage with the fibre cavity is that the
micro-cavity can be formed with a really high Q-factor [47, 49].

3.2 NV laser in the fibre cavity and associated magnetic
sensing

Now with the knowledge of cavity basics that we discussed above, we can model an NV~ laser
in the fibre cavity and can investigate its prospects for magnetic field sensing. A fibre cavity,
as we will see in the actual experimental setup in the next chapter, is a miniaturized cavity
with extremely tight cavity volume. Hence, the MW driven NV~ laser model introduced in
reference [43] is adapted for the present study.

The idea of a laser made from the emission of NV~ centres in diamond was of interest [79]
even before the proposal of LTM in 2016 [43]. Although lasing from the emission of an NV~
colour centres has not been observed so far, the stimulated emission of both the charge states
of NV centres has been explored in the context of the NV~ laser in references [45, 79-82],
particularly, direct observation of the stimulated emission of NV~ centres in reference [45]
and the estimation of stimulated emission cross-section in references [79, 80, 82]. In this
section, we start with the discussion of the stimulated emission cross-section of the NV~
centre by considering the sample studied in this thesis. Then, similar to reference [43], we
model the emission of the MW driven NV~ centres in a diamond crystal. Using this model in
conjunction with our NV~ fibre cavity laser characteristics, we study the theoretical magnetic
sensing performance of this platform.
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3.2.1 Stimulated emission cross-section of the NV~ centre

In the light induced transition, a parameter known as cross-section, associated with the system
undergoing transition, sets the rate of transition along with the intensity of the light. The
cross-sections of the transition for the absorption and stimulated emission are known as
the absorption cross-section (075s) and stimulated emission cross-section (o) respectively.
These cross-sections can be seen as an effective area associated with the NV~ centre. Thus,
one can imagine an effective model where only those photons that pass through this area
interact with the NV~ centre [77]. The absorption cross-section of the NV~ centre has been
studied in the literature and for the study presented in this thesis, we take the value from the
literature. An understanding of the stimulated emission cross-section of the NV~ centres is
required to characterize the NV~ centres as a gain medium.

The stimulated emission cross-section for a quantum emitter in free-space as a function
of wavelength (1) can be written as [83, 84],

24T

8nnZc

Tse(d) = £(), (3.19)

where I is the radiative decay rate, n is the refractive index of the medium and c is the speed
of light. The quantity £(A1), which has a dimension of inverse length, is defined such that
f £(A)dA is the total probability of radiative decay. If the emission is completely radiative
then this total probability is unity.

With the knowledge of I" of the NV~ centre and also for simplicity, assuming approximate
quantum efficiency of 1 for the NV~ centres [82, 85], the estimation of the stimulated
emission cross-section only requires £(1). This parameter can be determined from the
emission spectrum of the NV~ centre and its quantum efficiency. From the Fiichtbauer-
Ladenburg equation for the stimulated emission cross-section given as [77, 80, 86], £(1) can

. . AI(A)
be identified as —f/ll(/l)d/l'

i.e. the emission spectrum. The stimulated emission cross-section, estimated from the
emission spectra of the NV~ centres in the sample that is studied in this thesis, is around
3.22x 10~2'm? for wavelength ~721 nm (see section 4.2). This is comparable with the values
estimated in references [79, 80, 82]. In references [79, 82], this is estimated in essence by
using an emission cross-section expression from Einstein’s relations assuming a Gaussian
line-shape for the emission, whereas, in [80] this is estimated using the same method that we
follow in this thesis.

Here 1(A) is the intensity of emission as a function of wavelength,

3.2.2 Modelling stimulated emission of NV~ centres for LTM

Here we model the stimulated emission from NV~ centres by considering a single NV~
centre. Then the stimulated emission from the total number of NV~ centres is obtained by
multiplying the stimulated emission of the single centre with total number of NV~ centres.
For simplicity any collective co-operative effects due to the dipole-dipole interaction between
the NV~ centres is neglected [87, 88].

The model of stimulated emission of a single NV~ centre upon excitation with a green
laser similar to reference [43] is shown in Figure 3.5. Here we assume that a red wavelength
is stimulating the emission of the NV~ centres. States |1) and |3) are the ground and excited
states’ mg = 0 level. Considering only one of the =1 states for simplicity, states |2) and |4) are
the excited state’s mg = +1 respectively. State |5) is the singlet state of the NV~ centre. Here,
we combine the two singlet states for simplicity, since the upper singlet state has negligible
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Then phenomenologically adding rates to the ground state master equation 2.6 (Sec-
tion 2.1.2), the NV centre model can be written as,

dpi2 . Q

dlt ) = (iAg =1, =To)pp12) — ITg(Pm -y (3.20)
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Here p);y is the population fraction of a single NV~ centre in the level |j). Thus Z?:] iy =1
The rates r, and r, are light induced transitions, so that we can write them as %, where [ is
the intensity of light, o is the cross-section of the transition and &v is the energy of a photon
with frequency v. At steady state, all the rates and populations becomes time independent.
Solving equations from (3.20) to (3.26), including the summation of the population fractions,
the excited state population fraction (pjexc)y = p|3y+p)a)) for steady state, as a function of
detuning (Ag) is obtained analytically. Multiplying pj.x.) with the total number of NV~
centres in the cavity gives the total number of NV~ centres available for stimulated emission

in the cavity.

3.2.3 NV laser and LTM

Like any other laser, the NV~ centres embedded into the optical cavity are expected to
undergo stimulated emission induced by the spontaneously emitted photons into the cavity
mode. Then the rate of change of photons in a cavity is determined by the number of photons
gained by the cavity and the number of photons lost by the cavity. In an ideal case, the
photon loss by the cavity can be due to absorption by any centres or mirrors etc. Since the
absorption of the red laser by the NV~ centres is negligible, at least ideally, the major loss
factor is transmission leakage of the photons through the cavity mirrors. The gain comes
from the emission by the NV~ centres. Though spontaneous emission can contribute to the
gain, the main contribution comes from stimulated emission. Then, the laser equation can be

generally written as.

dN¢q
Tv = GstmNcav - KcaVNcav» (327)

where G g, is the gain rate due to the stimulated emission, k., is the cavity loss rate and N,
is the total intra-cavity photon number. In reference [43] the gain factor is a cavity induced
rate, which is in essence a cavity enhanced stimulated emission [53]. The Purcell effect on
the spontaneous emission of the NV~ centres, which is the modification of the spontaneous
emission rates due to the cavity confinement of the emission [50, 89] is also neglected for
simplicity. The G, which is the total stimulated emission rate, is obtained by multiplying
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Figure 3.7: Simulated NV~ laser output as a function of green pump power for different MW driving
conditions. The blue curve corresponds to a coherent MW driving of the NV~ ground state. The
orange curve corresponds to a 0 MHz Rabi frequency, which corresponds to the MW turned off. The
dotted line shows the pump power for which the sensitivity is calculated.

focus on the order of magnitudes of the quantities obtained from the calculations unlike a
single-spin/single-photon regime [49, 51], i.e. in this case the laser threshold and magnetic
field sensitivity of the laser etc. These values are not expected to be varied by orders of
magnitude due to the approximations.

Furthermore, the cavity photon loss-rate (k. ) can be written for the diamond filled cavity
from equations (3.16) and (3.13) as,

C T
Keav = s
2~4lcav Feay

(3.29)

where the factor 2.4 is the refractive index of the diamond. For a 50 ym cavity length and a
10000 finesse, the k.4, is close to 1GHz. Since the designed finesse for the 721 nm is roughly
40000 (Chapter 4), we assume a cavity loss rate of 1GHz for the calculations present in this
chapter.

The ground state dephasing rate (I'y) and the Rabi frequency (£2,) are assumed to be
I MHz [22, 43] and 10 MHz [43] respectively. Here the I', and €, values are considered
such that the order is roughly matching with that in the references. The NV~ centres can
be oriented along the four crystal directions of the diamond. They can be also preferentially
oriented [90]. For this calculation NV~ centres in the cavity are assumed to be identical.
In any case here, only the order of magnitude for the density of NV~ centres (10> m™)
and absorption cross-sections of NV~ centre, corresponding to green (1072! m~2) and red
(1072* m~2) wavelengths are considered for the simplicity of the calculation. The wavelength
of NV~ emission considered is ~ 721 nm due the property of the fibre cavity platform
experimentally studied in this thesis (Chapter 4). Furthermore, the transition rates discussed
in section 2.1.1 of Chapter 2 are considered.

At steady state above threshold, the gain from the NV~ centres equals the loss through
the cavity. The loss through the cavity mirror is the NV~ laser output. Then equation (3.28)
is inserted into the equation (3.27) and then the resultant equation is then solved numerically
using brentq root finding method in python and the NV~ laser output is obtained for each
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Figure 3.8: (a) Response of the fibre cavity NV~ laser output as a function of relative magnetic field
that induces detuing. The blue dots are the numerically estimated values and the orange curve is a
standard Lorentian function to the numerical solution. (b) The DC magnetic field sensitivity of the
laser against relative magnetic field that induces detuing. Since the Lorentian has a symmetry with
respect to the zero magnetic field, only the sensitivity with respect to the positive values of relative
magnetic field is plotted. The orange dotted line corresponds to the minimum sensitivity which is
roughly ~7.59 pT/vHZ for this calculation.

green pump power, using the steady state solution obtained for pjex). The NV~ laser output
as a function of green pump power is shown in Figure 3.7.

The detuning (A,) can be tuned either by tuning the MW or by bringing a magnet close to
the NV~ centre. Then depending on the threshold shift of the NV~ laser, the magnetic field
can be detected [43]. Keeping the pump power at the threshold of the resonant MW driving
laser output in the Figure 3.7, we can then see how the laser output as a function of magnetic
field changes. A plot of the NV~ laser output as a function of magnetic field present, which is
a proxy for the detuning, is shown in Figure 3.8(a). Then using the equation (2.3) in Chapter 2,
the sensitivity of such a laser against the external magnetic field can be determined. The DC
magnetic field sensitivity as a function of external magnetic field is shown in Figure 3.8(b).
The minimum DC magnetic field sensitivity calculated for the present case is ~ 7.59 pT/VHz,
which is almost three orders of magnitude larger compared to the reference [43] and almost
one order of magnitude larger than the state-of-the art NV~ AC magnetometry sensitivity,
which is 0.9 pT/VHz [36]. The large value for the sensitivity in the present study compared
with reference [43], might be due to the combination of several factors, like the small mode
volume that reduces total number of NV centres, but enhances intensity of light fields inside
the cavity. The parameters that we used for the presented calculation are not really optimized
here to get the minimum possible sensitivity and more careful theoretical study might be
required to fully characterize such a micro-cavity laser. The motivation here was to see
whether such a magnetic sensor can be achieved in fibre cavities. Such a magnetic field
sensor in fibre cavities is attractive due to the compactness and conceptual simplicity. In
Figure 3.8(b) an increase in sensitivity, when the relative magnetic field tends to zero can be
seen. This can be attributed to the fact that when the magnetic field tends to zero, the NV~
laser output power tends to zero and the slop of Figure 3.8(a) also tends to zero. As a result,
close to zero magnetic field, the sensor is not really sensitive. The minimum DC magnetic
field sensitivity can be reached either by providing a bias magnetic field or simply by tuning
the MW frequency. Moreover, here the laser output powers that are considered are really
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excited NV~ centres into a dark state [84, 99], which in the case of stimulated emission would
be the ground state. Since STED is based on depleting the fluorescence of the NV~ centre
through stimulated emission, rather than collecting the stimulated emission, possibilities of
other dark channels like ionization should be considered [81, 99, 100]. The inter-play between
the charge state dynamics and stimulated emission of the NV~ centre is an active problem
that has to be addressed more [81, 100].

The stimulated emission cross-section for the NV~ centres studied in the context of STED
is comparable [84, 101] with the same determined in the context of the NV~ laser that we
described in the previous section. Though the stimulated emission cross-section suggests
that the stimulated emission is the underlying mechanism for STED [84], recent studies in
references [81, 100] suggest that when an additional near IR (NIR) wavelength is used along
with a green laser, the charge state dynamics change. For STED microscopy, it does not
really matter what the underlying mechanism for the depletion is. Even if spin manipulation
experiments are done from the STED imaging method, the charge dynamics of the colour
centres at the centre of the doughnut beam is not expected to be altered.

3.4 Charge state switching of the NV centre

The process of charge state switching refers to the inter-conversion of NV centres between
its neutral and negative charge states. Unlike for STED microscopy discussed in the previous
section, the photo induced charge state switching of NV~ centres may affect the conditions
to achieve lasing from NV~ centres and thereby affects LTM. For instance, a reduction of the
number of NV~ available for the laser generation can inhibit stimulated emission for lasing.

The neutral charge state of the NV centre, NV°, which is a spin half system, is also a
fluorescent centre, but has a different level structure than its negative charge state counter
part [22]. This centre consists of a doublet ground, a doublet excited state and a quartet meta
stable state [22]. The NV has a ZPL around ~ 575 nm and a phonon side-band spanning
from approximately from 575 nm to 700 nm [102]. Unlike the NV~ centre, the NV° with
doublet ground and excited states is not really explored in the literature and considered not so
interesting for magnetic sensing application by itself. However, very recent results reported
in reference [103] observe the fine structure of the NV, representing a strong step towards the
exploration of NV°. The photo-induced charge state switching between NV~ and NV? makes
the NV relevant in NV~ studies. In fact some studies were reported that harness the charge
state switching for enhanced readout due to the spin dependence of this process [104—106].
We will not examine the details of such studies as it is beyond the scope of the present thesis.

The mechanisms of charge state conversion are not fully clear yet and under active
research [81, 102]. In fact, these processes can vary depending on the diamond sample [102,
107]. Charge state conversion is typically a two-photon process, i.e. it happens with the
absorption of two photons [99]. However, the availability of singlet nitrogen (N) in the
diamond crystal that is within 5 nm to the NV centres can alter this process [102]. Here we
discuss the process of ionization and recombination based on the simplified picture relevant
for the present thesis. We take the current understanding of charge state conversion from
references [81, 99, 100, 102, 106, 108]. The emphasis is on the ultimate loss of NV~ centres
available for the NV~ laser generation due to the photo-induced process, rather than the
absolute mechanism of this loss channel. However, the author acknowledges the fact that the
absolute mechanisms of the charge state switching may influence the loss of NV~ centre in
the end. More dedicated studies are required in order to make concrete comments about it
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electron. This additional electron can come from a singlet nitrogen, by ionizing it or from an
NV~ centre that is being ionized [102].

The first step is only possible with a wavelength equal to or below 575 nm, which is
the ZPL of the NV° centre. The NIR wavelength cannot excite NV, since the photons
corresponding to those wavelengths do not have enough energy for that. As a result the
first step for the recombination cannot happen with the NIR wavelength. However, they can
induce the second step. Thus NIR light alone cannot induce recombination, but along with
green light, which is the typical excitation wavelength for NV centres, it can enhance the
recombination process. Unlike the ionization process, the recombination process does not
favour any of the particular spin states of the NV~ triplet ground state [100].
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Realization of laser amplifier due to the
stimulated emission of NV centres in open
fibre cavities

This chapter discusses the experiments and the experimental observation of laser amplification
due to the stimulated emission of NV centres in the fibre cavity apparatus. The chapter starts
with the construction of the fibre cavity platforms for the experiments and the characterization
of the cavity apparatus in section 4.1. Then in the section 4.2 ,we discuss the diamond sample
used in the experiments. In this section, we estimate the stimulated emission cross-section for
the sample studied. In section 4.3, we discuss the automated experiments and the observation
of laser amplification in the experiments. A qualitative model discussed in this section
including the charge state switching enables us to interpret that the laser amplification is
due to the stimulated emission of NV centres. Finally in section 4.4, we briefly discuss the
implication of the results for LTM with an active NV~ laser.

4.1 Fibre cavity platform

The experiments performed in this thesis were done with fibre cavity platforms [47]. The
cavity was constructed between a curved mirror at the tip of an optical fibre and a flat mirror.
All the cavity physics discussed in the Chapter 3 is applicable to the fibre cavities, and the
most important part of the fibre cavity is the fibre mirror. We start the discussion about the
fibre cavity platforms by discussing the fibre mirrors and their features, then we discuss the
construction of the cavity. Following this, we discuss the performance of the fibre cavity
platforms.

4.1.1 Fibre mirror

The curvature for fibre mirrors were laser machined employing a CO; laser within the QM APP
group. The tip of the optical fibre (IVG fibres, Cu 600) was ablated using controlled CO,
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Figure 4.2: Simulation of the transmission of the DBR coating and expected finesse of the cavity
using standared transfer matrix approach [112]. The blue curve corresponds to the transmission and
the magenta curve corresponds to the finesse of the cavity. For this simulation an s-polarization of the
light is assumed.

a fixed adapter plate hanging from a fixed stage like a cantilever, through an attocube z-stage
(ANPZ101). The cavity length was tuned in this previous version by means of the attocube
stage using attocube drivers (ANC 300, where ANM300 is the module).

A picture of the current geometry of the fibre cavity platform is shown in Figure 4.3 (a).
The key components of this cavity geometry are as follows. The fibre mirror was attached to
a shear piezo and thereby to a Z-stage (Newport) using custom built adapter plates. In the
current design the adapter plates were designed deliberately to reduce any cantilever effects
as much as possible. In the version in which the amplification results are shown in this thesis,
coarse alignment of the cavity length was done through the Z-stage and fine tuning of the
cavity length was done using the shear piezo (NAC2402-H3.4-A01). A picture representing
how the shear piezo was typically glued is shown (used a different shear piezo in the picture)
in Figure 4.3 (b). Only freedom along the z-axis was provided for the fibre mirror in contrast
to our previous designs. This was to ensure that the optical axis of our cavity, which is set
by the fibre mirror, stays the same throughout our measurements. The fibre was glued on a
V-groove chip which was glued on the adapter plate mounted on the shear piezo. The fibre
was glued in such a way that the curved DBR coated tip protrudes out of the V-groove chip.
A picture showing the glued fibre is shown in Figure 4.3 (c).

A gimbal mount (Thorlabs) was used for mounting the sample mirror, allowing fine
tuning of the cavity alignment in order to compensate for the imperfection in the gluing of
the fibre. This was mounted on an X-Y stage to provide movement to different spots on the
sample without changing the optical axis. A picture showing the cavity working is shown in
Figure 4.3 (d).

4.1.3 Aligning the fibre cavity platform

Once the cavity was mounted, the next challenge was to optimally align the cavity. This
requires fine control of the cavity length using the shear piezo. This setup uses a National In-
strument (NI) card (NI USB-6259) interfaced to the computer using the Python programming
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language.

In order to make sure that the fibre was not touching the sample or the sample mirror, a
camera (Thorlabs DC1645C HQ) was mounted with a standard telescopic setup. The focus
of the telescopic setup was aligned roughly close to the top of the sample mirror where it
intersects with the cavity axis. Looking through the side camera, the fibre was brought close
to the sample mirror. A view of the cavity through the side camera is shown in Figure 4.4.
The cavity length was naively aligned, neglecting the curvature of the mirror, through the
side camera by considering the diameter of the fibre mirror as a reference.

The key challenge in aligning the cavity was to align the sample mirror whilst compen-
sating the tilt of the fibre tip due to the imperfection in the manual gluing of the fibre. As
mentioned above the gimbal mount is useful for this purpose. However, in order to optimize
the cavity a reference signal, which is some amount of cavity transmission, is required. The
cavity transmission happens only if the cavity length matches the resonance condition of the
light field that we are pumping into the cavity, as we discussed in the previous chapter. This
can be done in two ways. The first one is to pump a broad White light source through the
cavity so that the wavelengths matching the resonance conditions transmit through the cavity.
Then the tilt of the cavity can be optimized by looking at the transmitted light. The second
one is to pump a monochromatic light through the cavity and then constantly change the
cavity length while monitoring the transmission of the cavity. This second method was most
typically used in aligning our fibre cavity setup, with the cavity length tuned back and fourth
using voltage ramps.

Typically a photo-diode was used in front of the collimated cavity output to detect the
cavity transmission. The cavity transmission signal with the cavity length ramping was also
used in the cavity finesse measurement which is discussed in the following subsection.

Interestingly, we observed the cavity resonance through the side imaging camera as shown
in Figure 4.4. Practically there is always some scattering losses from the cavity which can be
monitored through the side camera. When the cavity is on resonance, the intra-cavity light
field is intense and so we could visibly see some flashes of light, which is really faint when
the cavity moves off resonance. Although this is proportional to the scattering losses, it hints
that the tilt alignment is in right direction.

By placing a standard Thorlabs camera in the cavity transmission, we monitor the trans-
verse cavity modes as shown in Figure 4.5. For this we use a laser around 770 nm wavelength,
which is not perfect for a high finesse cavity, but ensures enough transmission for a clear cav-
ity mode imaging. Since these images are matching with the standard cavity mode simulation
that is shown in Figure 3.3 in Chapter 3, the fibre cavity setup works as expected.

4.1.4 Characterising the fibre cavity platforms by finesse measurements

Cavities are mainly characterised by measuring their finesse. The finesse of the cavity is
estimated by obtaining the Free Spectral Range (FSR) and spectral width (FWHM) by tuning
the cavity length [47, 49, 116]. The best way to measure the finesse accurately would be
by producing a side-band and using the side-band as a ruler for measuring the line width of
the cavity mode [116]. However, no hardware was available to produce detuned sidebands
on the laser. Instead, an easy method simplified from the one given in [47, 49] was used to
estimate cavity finesse and judge whether it might be sufficient for use as a laser resonator.
A wavelength for which the finesse was measured, pumped into the cavity. The cavity length
was tuned back and forth by using the voltage ramps. The cavity transmission was monitored
through an oscilloscope. The photo-diode signal due to the cavity transmission was typically
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Figure 4.6: A representative figure of finesse measurement of an empty cavity. (a) and (b) shows the
Lorentzian function fitting of the data point in the peak highlighted in (c). The FWHM is annotated
in (a) and (b). (c) shows the free spectral range during the cavity length tuning. The peak in (a) is
clipped due to the saturation in the oscilloscope and thus the FWHM is not accurate, but the fit gives
peak position. The finesse is estimated using the lower bound of the FWHM in (b).

expected to be clean as we saw in the empty cavity case. However, due to the losses and the
limitation in aligning the diamond loaded cavity, the fundamental mode was not dominating
as in the empty cavity. The FSR is determined by taking the same peak with maximum
transmission in the repetition of the three peaks as highlighted in the Figure 4.7(c). The
FWHM obtained is roughly an order higher than the empty cavity. The resultant finesse, i.e,
roughly 257, was an order of magnitude lower than the one obtained with the empty cavity.
Like the empty cavity measurement, this comparable finesse measurement was captured in
the cavity geometry with the attocube piezo state. It is really hard to make a one to one
comparison across different generations of the cavities, as the fibre mirror, a deciding factor,
changes in all the versions. However, it can be interpreted that the loading diamond limits
the finesse of the cavities in general.

The finesse measurements presented in this section were performed in detail for an
earlier version of the cavity. In the later iterations of the cavity the sole emphasis was
amplification measurements in search of lasing, and finesse measurements were omitted in
order to reduce risk of dust and damage accumulating on the cavity fibre tip. However,
the finesse measurements in the early cavity provide an insight into the limitations of the
fibre-cavity apparatus, and it is reasonable to assume that the reduction in finesse by loading
the diamond sample for the present study, apply consistently across the batch of cavity fibres.

In order to reach the laser regime, the Q-factor of the cavity is needed to be higher. That
means the cavity has to trap almost all the spontaneously emitted photons of the NV centres
inside the cavity for a long time. This requires a cavity with really good finesse. Fibre
cavities loaded with diamond samples having thickness of roughly 10 micron have already
shown experimental finesse of the order of few 10000 [49]. In the experiments present in
this thesis, as mentioned earlier the sample reduces the finesse from that of an empty cavity.
However, sample in the present study is almost 5 times thicker than in the study mentioned
above. Comparing the surface roughness of less than 0.2 nm of reference [49], the surface
roughness of the present sample as we see in the section is almost two times higher, which
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Figure 4.7: Representative finesse measurements with the diamond sample loaded fibre cavity. (a) and
(b) are the cavity transmission peaks highlighted in (c). Corresponding FWHMs are shown annoted in
(a) and (b). In (c) three peaks repeated with cavity length tuning are interpreted as transverse modes.

implies a significant scattering loss at the air-diamond interface in the present study. The
high concentration of the NV centres could be another major factor in the current sample.
However, this loss is unavoidable as these centres are required as the emitters for the laser.
Another important aspect is that the red laser with which we mainly determine the finesse can
induce ionization of the NV~ centres to NV by stripping an electron away from the negative
charge state [81, 99, 100]. How much the finesse is going to be affected in the presence of
such electron movement through the sample is an open question. In fact during the course
of work presented in this thesis, the author was only able to study one sample. Ideally a
sample dependence study of the finesse would require to understand the challenges involved
in enhancing the finesse of such an NV rich diamond sample.

The clipping in Figure 4.6(a) happened due to the saturation in the oscilloscope during
the measurement. The saturation in only one of the peaks, as is evident from Figure 4.6, is
due to the difference in the cavity transmission for the corresponding voltage applied to the
cavity length tuning. However, the transmission determined by the detuning of the cavity
length from the length corresponding to the perfect resonance and this is determined by
the resolution of the cavity length tuning. On the other hand, when the cavity approaches
resonance by optimizing the tilt of the cavity, it becomes very sensitive to the external noise.
The cavity length drift due to external noise on top of the cavity length resolution determines
the difference in transmission observed for different resonance voltages. The resolution in
cavity length tuning is a technical issue that can be changed. In the latest version of the
cavities, a shear piezo was used to tune the cavity length to provide almost a continuous
motion than steps as in the case of attocube piezo stages. Then the external noise became the
open challenge.

4.1.5 Noise characterization of the fibre cavity platform

To understand coupling of external noises to our cavity platform, a noise analysis was done.
The laser used for this analysis was around 720 nm so that the observation of the cavity mode
is relatively easy, since the designed finesse is close to 40000. The voltage for controlling
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transmission through the cavity. However, this method seems a bit computationally heavy
and time consuming, since the ramping of the cavity has to be included. A simple approach
might be to consider only the diamond and the output coupler. Since the cavity length was
changing throughout the measurement, the cavity was always resonant to some wavelength.
As a result naively this case can be considered as an emission into the diamond slab and
then transmission through the output coupler. In fact the emission inside the diamond can be
naively scaled with the transmission of the diamond crystal [118]. Then the effective modes
observed (7, ) can be approximated as the transmission of the diamond slab as a function
of wavelength, which can be written as,

TTppr(A)

, , iy
1+ R’ — 2R’ cos (2)

Terr(A) = 4.1)

where T’ and R’ are the standard Fresnel’s intensity transmission and reflection coefficients
for the diamond to air interface, [, is the optical thickness of the diamond and the A is the
wavelength, and Tppr(A) is the wavelength dependent DBR coating of the flat mirror. A
calculated T, s () is also shown in Figure 4.12, which indicates that the periodic structure
was due to the diamond mode. The parameter for the calculated 7, ¢ (1) is obtained by fitting
an arbitrarily scaled 7,77 (A) to the experimental spectrum using least square fit method in
Python (Imfit). For an initial value of 50 um, the thickness of our diamond sample obtained
from the fit is ~ 50.05 um, with negligible uncertainty (+ 6.76 x 10~ um). The matching
between the fit and the experimentally observed spectra shows that the observed periodic
structure is due to the diamond modes. It also shows that the slope in the spectra is mainly
due to the out-coupling mirror transmission factor. The NV emission also has a similar slope
around these wavelengths. In the experimentally observed diamond modes this slope of the
NV emission might have contributed. The thickness of the mirror substrate on which the DBR
coating, and air gap are also neglected for simplicity in the calculation as the DBR is more
important. Thease could be the reason for the mismatch in y value for higher wavelength.

4.3 Laser amplification due to the stimulated emission of
the NV centres

No lasing has been observed from NV centres in fibre cavities during the course of this project
so far, though many rounds of experiments were performed to see lasing from NV centres in
different generations of the cavities. However, a laser amplifier, which is interpreted as due to
the stimulated emission by the NV centres in the fibre cavities have been observed. The laser
amplification denotes the amplification on the transmission of a red laser through the sample
loaded cavity pumped with a green laser. Though an amplification up to a factor around 3 was
observed in our earlier generation of the cavity from which the finesse measurements were
made, the challenge was to unambiguously interpret it. If it was an NV emission stimulated
by the spontaneous emission of the NV centres, the quantum way might be to carry out an
investigation on the second order intensity auto-correlations across the threshold, so that the
coherence in the stimulated emission might be observed [119]. Since the amplification was
observed through the cavity transmission of a laser light, such correlation measurements are
hard. However, in the quest to achieve lasing from the NV centres an automated experiment
with a stable laser pumping was built as an optimized version of the cavities. The laser
amplification was observed in this experimental setup. From systematics of the study, the
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4.3.2 Automation of the experiments

The manual changing and checking of the experimental parameters like laser powers impedes
the experiments to see the NV laser in the previous generations of cavities. Since the fibre-
cavities are susceptible to external noises and also due to the lack of an active feedback loop in
the setup, the measurements have to be taken fast. Moreover, in order to capture the essential
effect through the measurements, the experiment has to be repeated a number of times as
well. Considering these factors, instead of relying on manual control, the experiments were
automated through Python and QUDI [120] software control. A schematic of the automation
of the experiment is shown in Figure 4.14.

The experimental apparatus includes a voltage source to control the cavity length. In
the present experiments the NI card together with an attocube (ANC 250) amplifier was
interfaced with Python through the PyDAQmx library particularly the Task class to generate
the voltages in the desired form. Though the experiments can be performed either with static
voltage or with voltage ramps, the amplification measurements done in this section was with
voltage ramps. The maximum voltage range possible with the NI card is +10 V. However,
the shear piezo (Noliac) works for its full specification of 6 um with + 320 V. The voltage
amplifier was used to amplify the voltage generated by the NI card by a factor of 20, which
then goes to the shear piezo. Hence for the cavity illuminated by light at 721 nm, the number
of FSR for a voltage ramp from -10 V to +10 V is roughly around 10. The frequency of
the voltage ramps that was used in the experiments was 1Hz so that the slow ramp makes it
easy for the shear piezo to respond. Setting a slow ramp also means that the amplification
experiments were CW measurements as it allows enough time to the cavity to reach steady
state.

The cavity output spectra were acquired through QUDI. This enablesd real time data
analysis and plotting of the parameter of interest. This enhances the efficiency in measure-
ments, especially when optimizing the measurements. The typical spectrometer acquisition
time was 10 seconds. This acquisition time was set to synchronize the voltage ramps, so that
the spectrometer acquisition had a better signal to noise ratio.

Amplification measurements were done by recording three kinds of transmission spectra
of the sample loaded cavity, illuminated by green laser alone, red laser alone, and also green
and red lasers combined. The absolute order of the pumping is irrelevant. Comparing the
spectra obtained from these different pumping scenarios allowed the effects of each laser to
be identified.

The automated experiments were done in two modes depending on the synchronisation
of the voltage ramp that control the cavity length and the spectrometer acquisition. The first
one was to do voltage ramps up and down ten times and thereby tuned the cavity length for
almost 200 FSRs for one full spectrometer acquisition. This made it possible to average
out the drifts in the cavity. However, since throughout the fast ramps the cavity could
move through the fundamental Gaussian mode as well as higher order Hermite-Gaussian
modes, this measurement approach gave an average effect. In the present study the stimulated
emission has to be strong in order to detect it through this kind of measurement. The voltage
ramps were generated using a Python script. The second measurement strategy was to sweep
through a cavity mode at once and then acquired spectra for this one sweeping through the
cavity. The cavity mode was roughly located using trial and error by applying a static voltage
to the shear piezo. Once the resonance was located, a voltage range was set to sweep through
the cavity in such a way that the cavity mode is at the centre. This measurement was repeated
by putting them into a loop command in Python by resetting the sweep range after each sweep
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manner, two dimensionless factors are defined. The first one f;,,, corresponds to the am-
plification at the stimulating red laser wavelength in the wavelengths of data points shown
in Figure 4.16(III). The second one f;, corresponds to the spontaneous emission from the
NV centres in the wavelength range shown in Figure 4.16(II). The f;,,, was determined by
subtracting the green alone spectrum from the spectrum of green and red combined pumping
and taking the ratio of the numerical sum of these data points to that of the red alone spectrum.
The f;, was determined by subtracting the red alone spectrum from the spectrum of green
and red combined pumping and taking the ratio of numerical sum of data points in the region
shown in 4.16(I1), to that of the green alone spectrum.

The fump and f;, as a function of the green pump power are shown in Figure (4.17). For
Jamp and f;,, 1 means no effect of the different pumping schemes on the NV centre. fu,),
increases as a function of green pump power and shows a saturating trend for higher green
pump power, where as the f;, shows a characteristic oscillatory behaviour. Interestingly, f;,
in the shaded region, follow the behavior of the corresponding [ ).

In the light of the qualitative model that we see in the following section we, interpret that the
increase in f;,), is due to stimulated emission of the NV centres and the characteristic feature
of f) is due to the photo-induced charge state switching of the NV centre [81, 99, 100, 107].

In the second set of measurement, we observe the reduction in the f;,,,, when the red pump
power increases by repeating the measurement as mentioned in the previous paragraphs. The
observed effect of red alone pumping power on the f;,, is shown in Figure 4.18. This effect
is also attributed due to the charge-state switching or ionization of NV centre into its neutral
charge state [81, 99, 100, 107]. The amplification factor measured as a function of red laser
power fits well with a quadratic function as shown in Figure 4.18(b). This is consistent
with the argument that the two photon picture of the ionization [99] that we discussed in the
Chapter 3. In the Figure 4.18(a), we can also see amplification factor below 1. This has been
observed in other measurements also. This is consistent with the picture that the red laser is
pushing the NV~ centres into some dark states.

Qualitative model for interpreting the laser amplification

Since the cavity length was tuned back and forth over many free spectral ranges during the
measurements, an accurate modelling of the experiment is hard. Hence a qualitative mod-
elling of the experiments is done. One can imagine two layers of physics in this experiment.
The first one is the physics of the cavity and the second one is that of NV~ centres. We first
consider a simplified version of our red laser pumped cavity in the experiment and then model
the interaction of NV~ centres with the fundamental cavity field. In order to model the NV
centres, a single NV centre is considered and modelled using a rate equation model. Then to
get the collective effect on the amplification from the NV centres, this model is scaled with
the total number of NV centres inside the cavity volume.

Due to the cavity length tuning, the red wavelength can form both fundamental Gaussian
as well as higher order Hermite-Gaussian modes in the cavity. Also, the emission of the
NV centre into the fundamental modes as well as into the higher order modes of the cavity
is possible. Since the coupling of the red wavelength into the cavity mode and the spatial
distribution of the cavity mode vary depending on the order of the mode, the amplification
factor due to stimulated emission is expected to have different values in different modes of
the cavity. However, the most efficient interaction of NV centres with the cavity is possible in
the fundamental mode. Hence for simplicity and to extract the essential physics by relaxing
the accuracy, we consider only the fundamental mode of the cavity. Though the fundamental
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Hhere p) ;) is the population fraction of a single NV centre on the level | j). Thus Z;Zl iy =1
Since the decay from the phonon levels of the ground state is expected to be very high, any
stimulated absorption is neglected from these phonon levels back to the excited states. The
rates rp, I's, I'36, I'46, I'72, 71 and rs¢ are light induced transitions. If / represent the intensity of
light, o is the cross sections, and /v is the photon energy, then these photo-induced transition
rates are generally % Again similar to all other rate equations that we have seen in this
thesis, the intra-cavity fields as assumed to be independent of time as we are focusing on the
steady state. This system for steady state is solved to obtain the population fractions. Then
using parameters shown in table 4.2, we estimate population fractions as a function of green
and red powers. The ionization, recombination and stimulated emission rates are obtained
using the cross-sections of the transitions.

In the experiments no saturation effects were observed on the spontaneous emission
from the NV centres. Hence we consider a lower value of the absorption cross-section for
the green available in literature from references [46, 121]. For simplicity, we consider no
spin dependence on ionization transitions directly from the excited states of NV ™, as reported
in [100], since it makes no difference in essence due to the absence of MW or magnetic field in
our experiments. In this model the indirect spin dependence on the ionization comes through
spin-dependent transitions to the singlet states [105]. The ionization and recombination
cross-section values at this particular red laser wavelength was not available from literature.
In reference [81], a red laser of 766 nm was used for the stimulated emission and ionization
study of the NV centre. The amplification is modelled by adapting the parameters from the
this study to fill the missing rates. The population fractions are obtained as a function of
green pump power for ~ 67uW of red power as shown in Figure 4.20.

Figure 4.20(a) shows that the presence of the red laser along with the green laser reduces
the NV~ population fraction and increases the NV® population fraction due to ionization.
Figure 4.20(b) shows that ionization is dominant for lower green pump powers. At higher
pump powers due to efficient excitation of the NV® compared with that of NV~, p |7y increases.

The population fractions that determines the emission from NV~ is piexe) = pp3y + play,
whereas for the NV it is P17y- Jfamp due to stimulated emission from all the NV centres can
be written as
Prea + %P stm

, 4.9
Pred ( )

famp =
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Parameter Value Reference
r3| =rgp 63.93 MHz [56]
r3s 7.93 MHz [56]
r4s 53.25 MHz [56]
rs 0.98 MHz [56]
rsn 0.72 MHz [56]
76 0.74 x r31 [81]
o 3. x 1072 m?  [121]
oy 3 x 107%m? [45]
0'3‘?6 = O'f6 0.037 X o [81]
o5 =05, 0.08x o, [81]
0'3’6 = 0'26 0.071 X o, [81]
o =0, 022X S0 [81]
i 0.0215 X o, [81]

Table 4.2: Parameters used for the theoretical estimations. The transition rates are the average of the
values from ref [56]. In general o is the cross-section of the light induced transition. The superscript
represent the color of the corresponding laser. Though the wavelength used for the red is different
in reference [81], we approximate these values for the present wavelength of interest. o, and o are
absorption cross-sections of NV~ for green and red wavelengths. The absorption cross-section of the
NV for green wavelength is 1.3 times higher than that of NV~ [81]. Though the wavelength used in
[45] is different, absorption cross-section for the stimulating wavelength is considered approximately
equal to this value.
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Figure 4.20: Green and orange colours represent green laser alone pumping and green and red
lasers combined pumping. The solid and dashed lines represent the NV~ and NV respectively. For
green and red lasers combined pumping, stimulated emission of both NV~ and NV are considered.
However, for green laser alone pumping, we neglect the possibility of stimulated emission from any of
the charge states considering the fact that the spontaneous emission from these charge states into the
cavity is not stimulating the emission as we do not see any trace of it in our experiment. (a) Calculated
effect of green and red lasers on the excited state population fractions of NV~ (p|¢x¢)) and NVO(p 7))
as a function green pump power. (b) Calculated effect of green and red lasers on the total population
fractions of NV~ and NV°,
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Figure 4.21: famp and f;p from the qualitative model as a function of green pump power. (I) The fump

due to stimulated emission. (II) The f;, spontaneous emission with the stimulated emission of both

charge state of NV centre is shown in green solid line. The black dotted line is the reference line at
factor 1.

where Piq is the cavity transmitted red laser power and Py, is the total power emitted by NV
centres due to the stimulated emission. The factor % comes from the fact that we consider that
the stimulated emission comes out through both sides of the cavity and in the transmitting
side we capture only half of it. Then we can rewrite equation (4.9) considering stimulated
emission from both charge states [80] as,

1
Jamp =1+ E((plexc) + 77p|7))F0_sepNVl)' (4.10)

Here o is the stimulated emission cross section of the NV centre in the negative charge
state and the 7 is the ratio of stimulated emission cross-section of NV to NV~ PNv is the
density of the NV centres in the diamond sample and / is the cavity length, which in our
model is the thickness of the sample. F is the ratio of the intra-cavity red laser power and
the power outside the cavity. Since the intra-cavity power is scaled by finesse (finesse/rr), F
is finesse/n.

The dependence of the fymp on the laser power comes through p|..c) and p|7y. Inreference
[80], around 721nm the ratio between the stimulated emission cross-section of NV~ to NV?
is slightly higher than 3. From this we can make a reasonable assumption that  ~ %

The spontaneous emission from this model into an optical frequency v can be written as,

Psp = (131 Pjexcy + F16P (7)) BV PNy Veays (4.11)

where V¢,y is the volume of the cavity, which is the effective cylinder volume that we assumed.
Then the amplification factor fg, for the spontaneous emission irrespective of the frequency
can be written using equation (4.11) as,

_ Pexc) + ﬁp|7)

fSP ) ;7
Plexey * BP)

(4.12)

where prime ' corresponds to green alone pumping and S is the ratio of the spontaneous
emission rate of NV? to NV~. Any spontaneous emission from both the charge states of NV
was neglected for red alone pumping, since at steady state the NV centres are expected to end
up in the NV? ground state as red cannot excite the NV in our model.

The famp and fs, given in (4.10) and (4.12) respectively are plotted as a function of green
pump power in Figure 4.21. The parameters of the NV centres for plotting these factors are
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observation of reduction in amplification when red wavelength power increases is due to the
ionization of the NV centre in the presence of a strong intra-cavity field.

Possible cavity effects on amplification

In the model that we presented, we have neglected the effect of the imperfections in the cavity
transmission. In reality when the cavity transmission lower than 1, there is some reflected
component along with the cavity transmission. When there is stimulated emission, where the
emitted photons are in phase with the stimulating photons, the stimulated emission emerges
from both sides of the cavity. Since the emitted photons are in phase with the stimulating
photons, the total electric field of the stimulated emission destructively interferes with the
cavity reflected electric field. As a result the transmission of the cavity is modified. In
the amplification experiments, since the cavity was not fully transmitting, the stimulated
emission could have modified the cavity transmission. However, this is not expected to alter
the physics that we extracted from the model. In fact, when the cavity transmission is low
the stimulated emission is expected to be low as the intensity of the stimulating wavelength
is low.

In addition to this, three other effects can also contribute to the cavity transmission;
absorption by NV centres, the change in the absorption due to the charge state switching
and also thermal heating of the cavity fibre mirrors [47, 122]. The first one is really hard
to account. The last one is expected to play an important role when the pump power of the
red is high. When the red pump power is high, the intra-cavity power is going to be high
as it is enhance by a factor of effective finesse. As a result on top of ionization, the high
red power also impacts the cavity. Due to this reason for extracting the underlying physics
we have considered lower red powers to approximately avoid the complexities of the cavity
transmission.

4.3.4 Observation of laser amplification with the slow sweep method
method

We tried to measure the amplification through the slow sweep method mentioned in the
4.3.2, in order to proceed to measure the laser amplification in the static cavity mode. The
measurement was carried out by finding a cavity mode and sweeping through it for green
laser alone pumping and green and red lasers combined pumping. One data set shows
amplification, as shown in the Figure 4.23. This measurement was done with arbitrary green
and red laser powers as a first step, the amplification is visible in the Figure 4.23. It is also
clear that adding a green laser changes the cavity resonance as the voltage which is a proxy
for the cavity length corresponding to the cavity resonance changes. This can be attributed
to the thermal expansion of the fibre tip [47, 122]. However, unfortunately due to the time
constraints and the breakdown of the fibre cavity setup, further systematic experiments could
not be carried out.

4.4 Implications for LTM with the NV~ laser

Within the accuracy of the model and interpretations presented in this thesis, the observed
amplifications on the transmission of fibre cavity modes, by external seeding is due to the
the stimulated emission of NV centres that forms the basis of the LTM. The main issue
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Room-temperature quantum sensor with
diamond Raman lasers combined with MW
driven NV~ centres

So far in this thesis, we have discussed magnetometry with an NV~ laser and efforts towards
the experimental realization of such a laser. On the other hand, diamond crystal itself is
an excellent gain medium for another type of laser known as a Raman laser [123-125].
Though such a laser exists in diamond itself, to the best of the authors knowledge, no
study combining such lasers with NV~ centres is available in literature. In this chapter
we theoretically investigate the response of such a diamond Raman laser modified by the
intra-cavity absorption by the NV~ centres, driven by an MW frequency similar to the IR
absorption LTM studied in reference [46]. This chapter starts with a discussion of diamond
Raman lasers in section 5.1. Then we discuss modelling of the diamond Raman incorporating
the absorption from the NV~ centres in section 5.2. The response of such a laser with the
absorption from the NV~ centres in the presence of a magnetic field is explored with numerical
solutions in section 5.3. Finally in section 5.4 conclusions with a comment about possible
extensions of the model are presented.

5.1 Diamond Raman laser

Let us briefly look into the basics of the diamond Raman laser first. For now we neglect the
NV~ centre inside the diamond crystal. The underlying physical process behind the Raman
laser is the Raman scattering [126]. Like other materials diamond crystal made out of carbon
atoms bonded together also possesses phononic energy eigen values [127]. This crystal can
thus scatter an incident optical frequency by modifying the phononic energy of the crystal and
thereby the incident frequency gets converted into a different frequency. Such a scattering
process can happen in two different ways. First, if the crystal is occupying a higher phononic
energy eigen state, the material can lose energy and de-excite to the lower eigen state when
the material is illuminated with an optical frequency. The optical frequency gains the energy
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The Raman gain from the SRS is g, 1,1, [127, 129, 132, 133], g, is the plane Raman
gain coefficient, I, is the intensity of the pump beam, and I, is the intensity of the Raman
beam. For ease of calculation, we neglect any spontaneous emissions from the diamond,
including spontaneous Raman Scattering and NV~ emission from diamond at all the Raman
frequencies. Then the depletion of pump when it propagate through the diamond can be
written as [133],

di, Vp

E - _V_rgrlp(l)lr _ﬁp[p(l)’ (52)
where, the 3, represents the pump absorption, /, is approximated to be uniform throughout
the cavity and the 1, (/) is a function of length (/). Usually this pump absorption is neglected
for simplicity [133]. Since we are interested in the absorption, we keep the 3,,. However, we
make the approximation that the 3, is also uniform through out the cavity and independent
of length, for simplicity. Furthermore, we also approximate the Gaussian propagation of the
cavity mode along the cavity length to a cylinder shape with top-flat approximation.

Using the method of separation of variables and integrating over the cavity length, we

obtain 7, (/) as [133],
IAD:#%*}K?&L+@ﬁ, (5.3)

where Ig is the intensity of the pump entering to the cavity through mirrorl as it hits the
diamond crystal. If [.,, is the cavity length, then the depleted intensity of the pump when it
passes through the diamond sample can be written as,

Alp = 11(7)(1 - exp{ cm( grl +ﬁp)}) (5.4)

Following the method in reference [133], the total intensity of Raman generated from equation
5.4 can be written as,
gl o { }
Al = —I 1 —ex ¢ o1+ 5.5)
V”grl +ﬁp ( p av( g ,819) ) (
Considering c¢ as the speed of light and the n,, as the refractive index of the medlum which
is diamond here, the time for the pump to just pass once through the cavity is ~ /— Then

the rate of Raman generation is Cl/ “n A [, [132]. Hence, the rate equation for the Raman laser

intensity inside the cavity can be written as,
dl, _c/ny gl
dr lcav Z_fg"l" +ﬁp

Ig(l - exp{ cav( ng +,Bp)}) — (c/nm)Br1y — kr 1., (5.6)

where ¢ represents time, S, is the Raman absorptlon along the cavity length, and «, Raman
photon loss rate of the cavity. At steady state = 0. Then from equation (5.6), we can
write Ig as

’dt

70— (¢/nw)Br + &, . (5.7)

P
LIZZ'V” m(l - exp{ leav (52,1 +ﬁp)})

Equation (5.7) gives a relation between the incident pump intensity Ig and the intra-cavity
Raman laser intensity. From the intra-cavity Raman laser intensity, the intensity of the Raman
laser output emitted from the cavity can be written as

¢W=lmvmb- (5.8)
c/ny,
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dpji2 . Q

7 = (A = rp = TPz =i =5 (P) = Pin). (5.10)
dpj21 _ Q

dlt ) _ —(iAg +1, + ) pp1y — ITg(pm - PR))s (5.11)
dpll} .Qg

PRl —17(p|21> = Pl12)) = TpPi1y + 13103y +T51P)5), (5.12)
dp|2) .Qg
4 17(P|21> = P112)) = FpPp) + 2Py + r52p)s)s (5.13)
dpjs
ﬁ =rppny — (r31 + 15 +735)P3ys (5.14)
dpja
% =1pppy — (rao +rs +145)Plays (5.15)
dpis
% =7135pp3y +ra5pjay — (rs2 +751) |5y, (5.16)

where the occupational probability of a particular level is,

5
P =1l (5.17)
Jj=0

Solving equations from (5.10) to (5.17) analytically for steady state, the ground state
population fraction can be written as p|gry = p|1y + pp2). Then the absorption per unit length
for both the pump and Raman frequency, neglecting the orientation of NV~ centres for
simplicity, can be written as,

Bp, + = Op, rP|gr) PNV, (5.18)

where o7, ; is the absorption-cross section for the pump or Raman frequency and pnv is the
density of NV~ centres in the diamond crystal. The 3, , is actually a function of intensity of
the pump rate from the ground state rj, through p|e;y. The pump rate from the ground state
Pler) Can be written as,

_ 0 plp N oy

= 5.19
"p hvy — hve ( )

Hence, S, - is a function of pump and Raman Intensity. In the previous section, for deriving
the Raman laser absorption, we made the approximation that 5, and g, are independent of
length for simplicity. In other words, the pump depletion is neglected due to the NV~ centre
absorption. Then we can approximate ry, so that the laser equation is easy to compute,

0
O-Plp o:l;
+

hvy hv,

rp ~ (5.20)
This equation is valid only close to the threshold where only a negligible fraction of the pump
power is depleted.

We can identify two different possibilities for absorption by the NV~ centres, due to the
position of the pump and Raman wavelengths with respect to the ZPL. If both the pump
and Raman wavelengths are below ZPL, the NV~ centres can absorb both the wavelengths.
However, if only the pump wavelength is below ZPL and the Raman wavelength is above
ZPL, the NV~ centre absorbs only pump wavelength as the Raman wavelength cannot excite
the NV~ centres ideally.
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5.3 Numerical results of the Raman laser model with NV~
absorption

Now using £, ,, we can numerically solve equation (5.9) to understand the Raman laser
behaviour with NV~ absorption in these two wavelength regimes. We solve equation (5.9)
numerically using Brent’s root finding method (brentq method in Python). In order to
numerically solve the equation, a closed interval in which the sign of the function changes
is required. The sign changing interval for Brent’s method is obtained from equation (5.9)
itself. The right hand side of the equation (5.9) also contains 12 through the absorption
terms and it makes the equation complicated. We have seen that the Ig dependence on the
absorption terms come through the ground state population fraction p|s;). However, we can
write 0 < pjgy < 1. Hence, we can write IJ(pjgy = 0) < IS < ID(pjgny = 1), where,
12 (plery = 0) and 12 (Plery = 1) can be written as

V_plout
L
(pg =0) = v —— , (5.21)
(1 = exp{ =l (22 L) & )|
and,
+
Ig(pg 1) = — ((c/np)ospny) + K; (5.22)
'_gr m I
V_pwif_:l;;}ttz_'_(o_spnv) (I- exp{_lca"(% ((Z:‘, ) i_,];)m + ‘Tspnv)})

vr lcav kr

Then the sign changing interval can be written as [Ig (pg =0), Ig (pg = DI

For numerical solving, we consider a micro cavity with a diamond sample of around 50 ym
thickness as in the previous chapters. Then the cavity length is [.,, = 50 um. The small
mode volume and the tight focusing of the micro-cavity is expected to provide Raman lasers
with low threshold pump power. As we mentioned earlier in this chapter, we approximate the
beam shape inside the cavity to a cylinder shape with flat-top approximation. The base radius
of the cylinder is assumed to be the cavity beam waist. We consider a beam waist around
Spum. As we have already seen earlier in this thesis, such beam waist values are possible with
fibre cavities [47]. We can set the cavity loss rate to 1 GHz, similar to the NV~ laser case
and then we can use the parameters that are used in section 3.2.3 for the internal rates of the
NV~ centre, except the absorption cross-sections.

5.3.1 Raman lasers with absorption of both Pump and Raman wave-
lengths by NV~ centres

Here we assume the pump wavelength A, is 532 nm, which is the common wavelength
especially for NV~ excitation. Then the Raman wavelength A, is around 573 nm. The Raman
gain for this case g, is around 18.51 cm/GW [134-136]. The absorption cross-section of
the NV~ centre for the pump wavelength is same as the previously considered value in this
thesis. The absorption cross-section of Raman wavelength is o, ~ 5.3 X 10717 ¢cm? [137].

We can first consider the NV~ density pyy ~ 10'* cm™ anticipating a strong intra-cavity
absorption of the strong cavity field at the Raman wavelength by the NV~ centres above
threshold. The obtained steady state numerical solution for the Raman laser output power as
a function of pump power is shown in Figure 5.4.
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Figure 5.4: Diamond Raman laser bistability when NV~ centres in the crystal absorb both pump and
Raman wavelengths. The blue curve corresponds to resonant microwave driving and the orange curve
corresponds to a detuning between the MW and the ground state splitting by ~ 2.88 GHz. The Raman
laser output is shown in dBm to show two threshold pump powers, which are pump powers for which
the slope of the laser curve tends to infinity. The threshold with the higher pump power is the forward
threshold and the threshold with a lower pump power is the backward threshold.
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Figure 5.5: (a) Absolute difference in the bistabity region § BSR as a function of the as a function
detuning, for different values of NV density (onyv). The blue curve is for pyy ~ 10" cm™3, The
orange curve is for pyy ~ 105 cm™3, The green curve is for pyy ~ 10'® cm™3, The red curve is for
pnv ~ 107 cm™3, The purple curve is for pyy ~ 10'8 cm™. (b) Absolute difference in the bistabity
region d BSR and the forward threshold pump power for the resonant case as a function NV density in

the crystal (onv ). The blue curve shows how the § BSR changes and the orange curve shows how the
corresponding threshold values changes.
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In the Figure 5.4, we can see a bistable [138—143] behaviour of the Raman laser. When
the pump power increases from zero, the Raman laser output remains zero unless it reaches
the forward threshold. When the pump power reaches forward threshold, the laser output
power switches to a high value. Decreasing the pump power, after bringing the laser output
power to a high value, the laser output does not go to zero even if it is below the forward
threshold. Once it reaches the backward threshold, Raman laser output will switch back to
zero. The region of the plot in Figure 5.4 with negative slope appeared since we numerically
solved for the pump power corresponding to each Raman laser output. In experiments, this
region is invisible directly. This bistability behaviour is due to the saturation of absorption of
the NV~ centres in the diamond crystal. Since we have a really good cavity, the competition
between the cavity loss through the mirror and the absorption by the NV~ centres happens.
Above threshold the strong intra-cavity field saturates the NV ™, and as a result the cavity loss
through the mirror dominates and the laser output can be observed.

It is interesting to see that we obtain the bistability curve with magnetic/MW tunability,
even with very low NV density, pyy ~ 10'4cm?. However, no such bistability has been
reported so far in diamond Raman laser experiments, to the best of author’s knowledge. We
can interpret that this might be an effect of the micro-cavity that reduces the threshold pump
power of the Raman laser and there by enables NV~ centres’ absorption significant.

We can now further explore the tunability of the bistability. For this we consider the
bistable regions of the two cases in the pump powers. The bistable region in the pump
power means the difference between forward and backward thresholds’ pump powers. Since
the backward threshold is not tunable with magnetic field, magnetic field tunability of the
bistability can be expressed as the difference between the forward thresholds of the detuned
and resonant cases. We can represent this as the absolute difference in bistability (6 BSR).
The absolute difference in 6 BSR as a function of detuning, for different NV~ densities in
shown in Figure 5.5(a). Furthermore, 6 BSR as well as forward threshold as a function of
NV~ density is also shown in in Figure 5.5(b). From the Figures 5.5(a) and 5.5(b), we can
see that the 0 BSR is a few milli Watts and it increases initially with the density, but drops for
higher densities. Increasing the density, the line-width of each plot in Figure 5.5(a) increases,
indicating the insensitivity against MW. The tunability of bistability should be coming from
the availability of NV~ centres in the ground state for absorption. The NV centres in the
ground state also absorb pump wavelength along with the Raman wavelength. Then one
could interpret that the reason for a maximum in Figure 5.5(b) is due to the decrease in the
availability of NV~ centres due to the pump absorption dominating over the increase in the
total number of NV~ centres in the cavity due to the NV~ density increase.

Developing a magnetic sensing module using the discussed diamond Raman laser bista-
bility remains an open challenge at the time of this thesis submission. More studies are
required towards this direction.

5.3.2 Raman lasers with absorption of Pump wavelength by the NV~
centres

In this subsection, we consider that the pump wavelength is below ZPL and the Raman
wavelength is above ZPL. To see the effect we can arbitrarily consider the pump wavelength
A, is around 620 nm, and the corresponding Raman wavelength A, is around 676 nm. The
Raman gain for this case is then g, ~ 14.64 cm/GW [134-136]. The absorption cross-section
of the pump wavelength o, ~ 1.27 x 10~"7cm? [137]. As we have already approximated, the
absorption cross-section of the Raman wavelength o, ~ 0. This is only true in ideal case, but
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Figure 5.6: Raman laser output power as a function of pump power for resonant and detuned cases.
The axis is dpump power obtained by subtracting a constant power of 4.292 W from the pump powers
for clear visualization. The blue line shows the output power for the resonant driving and the orange
curve shows the output power when the MW is detuned from the ground state splitting by ~ 2.88 GHz.

at least the o, is expected to be negligible compared with the o,.

Since there is no Raman wavelength absorption, intuitively one does not expect to see the
bistability, instead a threshold shifted laser with detuning. In order to see this effect clearly,
we consider a high density of NV~ centres, 1 x 10! cm™3 roughly in the range as we have seen
in the previous chapters. Then the Raman laser equation is numerically solved as mentioned
in the previous subsections and the resultant Raman laser output as a function of pump laser
power in shown Figure 5.6.

In Figure 5.7, two laser output curves are shown. The first one in blue color is the output
power when the NV~ centres are resonantly driven with a MW frequency. The second one
in orange color is the Raman laser output power when there is a detuning of ~ 2.88 GHz
between the NV~ centres and the MW. The threshold of the detuned laser curve is shifted to
a higher value, than that of the resonant one. For the resonant case less spins are available
in the mg = 0 of the ground state compared with that of the non-resonant case for absorption.
Hence, the resonant case reaches the threshold faster than the detuned case.

To see how the laser output behaves as a function of detuning for a fixed pump power, we
can assume that the MW frequency for driving the NV~ centres is constant at a fixed value
and the detuning is induced by some external magnetic field. Then we can see how the laser
behaves as a function of magnetic field for a fixed pump power. We numerically solve the
Raman laser output as a function of external magnetic field as shown in Figure 5.7(a). The
detuning to the resonant driving can be done in two different ways. The MW frequency itself
can be detuned with respect to the resonant to the NV~ centres ground state splitting. Or
bringing a magnet close to the NV~ centre can induce detuning.

For ease in calculating the slope of the curve in Figure 5.7(a), we fit the numerical solution
with a Lorentzian function. The derivative of the obtained Lorentzian function with the fit
parameters gives the slope of the curve. From that we can estimate the sensitivity for each
external magnetic field present and the result is shown in Figure 5.7(b) similar to the NV~
laser. Similar to the NV~ laser, close to zero magnetic field the laser is not sensitive to the
external magnetic field. This can be attribute to the fact that the slope of the Figure 3.8 tends
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Figure 5.7: (a) Raman laser output power as a function of relative magnetic field present The blue
points are the numerical solution. The orange line is a lorentzian fit to the numerical solution. (b) DC
magnetic field sensitivity of Raman laser as a function of relative external magnetic field.

to zero. This suggests that one needs to provide detuning via magnetic field if the MW is
resonant to the ground state splitting of NV centres or via adjusting the MW frequency itself
for engineering a magnetic sensor with the minimum sensitivity. The minimum sensitivity
estimated in the present case is ~ 226 pT/VHz. The advantage of this method compared
to the usual absorption method [71, 144] is that unlike these methods, we can eliminate
background photons in the signal containing information about magnetic field, by working
at the threshold. Then the noise in the magnetic field measurement with the Raman laser is
expected to be lower, compared to the usual absorption magnetometry with NV~ centres.

5.4 Comments on the approximations of the modelling

So far in this chapter we have only considered the NV~. However, the charge state switching
of the NV centres is possible as we have already seen in the previous chapters and the present
model shown here is an ideal case. As a result for an accurate modelling of the Raman laser
response against the magnetic field should include the charge state switching between NV~
and NVY centres. However, unlike the model that is shown in section 4.3.4 in the Chapter 4,
such a model should include coherence effects due to the MW driving.

In experiments ionization from NV~ centres to NV centres is a challenge to overcome,
particularly when only the pump wavelength is below ZPL of NV~ centre, since there the
pump wavelength in this case is higher than than the ZPL of NV°. A way to circumvent
this problem might be to illuminate the diamond with another green light that is enough
to re-pump from NV centres to NV~. However, in this case the sensitivity is expected to
reduce.

Apart from that, for the case considered in subsection 5.3.1, the Raman wavelength 573 nm
is close to the ZPL of the NVY at 575 nm, which might bring some additional resonance
effects. As a result including the charge state switching into the present model, requires
careful master equation modelling, which is beyond the scope of this thesis. Furthermore,
since we are considering cavities with high Q-factor, the cavity can alter the both the emission
of the NV~ centres and the Raman emission. In the case considered in section 5.3.2, the
emission is around 676 nm. The NV~ centres emit around this wavelength due to the phonon
side band. The presence of a cavity with high Q-factor can induce Purcell enhancement [50]
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on the NV~ emission or the stimulated emission of NV~ centres as we discussed before, and
thereby can alter the population fractions of different states of NV~ centres. The Raman
spontaneous emission can also altered by the Purcell enhancement [145] and the gain due
to the stimulated emission can also enhanced. In an accurate model, these cavity effect also

should be considered.



"It doesn’t matter how beautiful
your theory is, it doesn’t mat-
ter how smart you are. If it
doesn’t agree with experiment,
it’s wrong."

Richard P. Feynman

Conclusions and outlook

This thesis has demonstrated substantial progress towards the understanding and engineering
of high-sensitivity, robust magnetic-field sensors using diamond lasers based on fibre-cavity
platforms. A room-temperature fiber cavity has been designed, implemented, and refined to
provide the platform for a range of experiments. In particular, we were able to observe the
interplay of stimulated emission and charge state switching for an NV-diamond-loaded fiber
cavity. Amplification of laser light resonant with the phononic NV sideband was observed,
and the qualitative agreement between our model and the experiments suggests stimulated
emission to be the main mechanism. This strengthens the interpretation of the previously
reported experimental results in the Jeske et al paper from 2017 [45], and we have gone
beyond the previous work by considering the known effect of ionization. In this regard, our
findings give a more complete (and complex) picture of the physics of stimulated emission
of NV centres.

While no self-seeded NV~ lasing was observed, the results presented in this thesis do
not preclude this possibility. The key consideration illuminated here is the fact that under
strong resonant intra-cavity power, the ionisation dynamics shift the balance between NV~
and NV towards the neutral charge state. As a result, self seeded NV lasing in a fiber cavity
with better Q factor still seems feasible, with both the neutral and the negatively-charged NV
states contributing as gain medium. However, the strong NV contribution puts a question
mark behind the feasibility of reaching the originally anticipated sensitivities for a laser
threshold magnetometer based on an NV laser [43]. Clearly, this question deserves more
work both on the experimental and theoretical side, including a detailed consideration of the
spin-dependence of the singlet ionisation process. Once a better understanding is reached,
careful materials engineering might allow for stabilization of the NV~ centre.

Furthermore, improvements to the fiber-cavity design, specifically a suitably designed
coating that enhances the green pump laser on top of the red laser, could be advantageous
since the green laser favours NV® to NV~ recombination. Experimentally, active feedback
and stabilization of the cavity would allow for more systematic studies and better controlled
external parameters. First efforts are under way at Macquarie University, with pioneering
work from other groups[122, 146], demonstrating the feasibility of achieving stable fiber-
cavity operation under ambient conditions.
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illustrated in Figure 6.1. However, the present fiber coatings were not designed for this
purpose and hence a new generation of fiber cavities is required in order to further pursue
this line of research in the future.

This thesis makes it apparent that some important challenges remain in order to achieve
the proposed Laser Threshold Magnetometry. Although engineering challenges remain in
cavity design and construction, it is clear that the fibre-cavity system is capable of providing
the physical compactness desired in a magnetic field sensor probe. It is important to better
understand and characterise the light induced charge-state conversion of NV centres, and these
problems are receiving attention do to the wide range of applications outside magnetometry
that demand this information. The transformative and disruptive impact of a compact, high-
sensitivity, room-temperature magnetic field probe provide substantial motivation to continue
this line of research.
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