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Abstract

Studieswere performed to progress the application of nitrogenvacancy (NV) centres

to the sensing of magnetic fields.

A magnetometer using an NV centre ensemble contained within a 150 (diameter
diamond was built.Using anadapted epifluorescence microscopy setu@nd 2 mW of
optical excitation, a sensitivity of 70 £ 26 nT/HZ2 was achieved with eébandwidth of
3.1 kHz. This was 110 times above the shaiise limit of 639 pT/HzY2 and 1129 times
above the spin projection noise limit of 62 pT/H22, This was likely due to noise in the
laser, microwaves and detectors. The experimental method requires large
improvements in spin dephasing time 4°) to enable the intended detection of marine

worm action potentials via bio-magnetism.

Secondly, twephoton excited opticaldetection of magnetic resonance (2PODMR) of NV
centre ensembles was successfully demonstrated. This proves typhioton excited
magnetometry with NV centres possible. The 2PODMR linewidth and contrast were
found to be reduced by 39.6 % and 73.7 % respectilye when compared with
measurements ofsingle-photon excited ODMR. The reduction in ODMR contrast can
only partially be explainedby the increased temperature and lower NVNVO ratio

under two-photon excitation. Two-photon excited fluorescence was also found to
saturate at low fluorescence rates compared witlsingle-photon excited fluorescence.
This is likely to be related to previasly measured effecs where 1064 nm excitation

has quenched 532 nm excited fluorescence.



Finally, a first step towards building a magnetesensitive laser using NV centres for
ultra-sensitive magnetometry was made. Direct measurements of stimulated emissio
from NV centre ensembles contained withira mmscale diamond were attempted but
were inconclusive. Despite measuring a change in probe power using a puipmbe
setup, the wavelength, pwer and temporal dependencies weraot fully consistent
with a measurement of stimulated emission. However, ODMR was successfully

measured using the probe beam.
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Chapter 1

Introduction

Since the early 2000s, research intbluorescentatom-like defects in diamond, called
nitrogen-vacancy centregNV centres), has dramatically increased This has been
driven by the discoveriesthat single NV centrecanbe measured using cordcal
microscopy, used as a single photon emitteand have magnetically sensitivespin states
that can beoptically polarised at room temperature[1]. Furthermore, microwave
excitable transitions betweenthe NV centrespin stateswere found to be optically
detectabledue to spin-state dependentfluorescence rates[1]. Using this principle, high
sensitivity, nanoscale magnetometry with NV centres was proposei@] . Furthermore,
as the spn state can be controlled coherentlyf3], quantum logic operations are
possible using NV centres and can be repetitively reamlut using proximal nuclear spins
[4]. In future, thismay leadto quantum information processing usingNV centres as

qubits [4].

In 1995, diamond was also shown to be as biecompatible ascommonly used medical
implant materials such agitanium and stainless stee]5] . Later work showed
fluorescent nanodiamond, which are nanosale diamond crystals doped withNV

centres,are biocompatible at the cellular level[6] .

Given the biocompatibility of diamond and the ability to measur® EA . 6 AAT OOAS O

state, it was realised that fluorescent nanodiamonds could be uséa make biologically



relevant measurements such as nanoscateermometry and nuclear magnetic
resonance[7]. One particularly interesting avenue of research is that of the sensing of

electrical impulses generated by neurons.

Although there are many types of neurons, they commonly possess dendrites, a cell

body, an axon and axoterminals[8], a depicted inFigure 1.

Dendrites

.Cell Body

¢Action Potential
NV Centre Doped
Nanodiamond

Axon Terminals

Figure 1z Motor neuron (based on [8]) and NV centre doped nanodiamond located on
the axon (not to scale). Action potentials travel from the cell body to the axon terminal
along the axon. The inset shows a simulated magnetic sa&j during an action potential

(reproduced and adapted from [9]).

The dendrites receive chemical signals from other neurons and convert them into
electrical signals[8]. These serveo reduce the electrical potential between the inside
and outside of the cell (membrangootential) [8]. Once a threshold is reached, a rapid
increase and decrease of the membrane potential occur before it returns to its resting

value [8]. This voltage fluctuation is called an action pential [8]. It travels down the
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calcium ions to facilitate communication with other neurons or cell$8]. A simulated
magnetic field generated by a single neuronal action potential is shown kgure 1 and
experimentally measured marine wormaction potentials and magnetic field

fluctuations are shown in Figure4.

Currently, action potentials are measured either using mroelectrodes[9], patch clamp
techniques|8] or optically using voltagesensitive[10] or calcium-indicating [11]
fluorescent dyes. Microelectrodes and patclelamp techniquesboth have excellent
signalto-noise ratios. However,patch-clamp techniques require a separate probe per
neuron, which limits scaling-up. Mcroelectrode arrays are currently limited to a ~20

t [ spatial resolution [9].

Both voltage-sensitive and calciumindicating fluorescent dyes allow multiplexed
imaging of individual action potentials However, wltage-sensitive dyes have a poor
signalto-noise ratio and cannot be used for longerm studies due totheir toxicity [10].
Calciumtindicating dyesexhibit poor temporal resolution with single (~2 ms [10])
action potentials causingfluorescence changes of 100s of millisecond$2].
Furthermore, chemical dyes can exhibit an irreuesible quenching of fluorescence

(photobleaching), when in theexcited state[13].

NV centres in diamond can potentially address all of these issues as they are +ioxic
[6] and do not photobleach[7]. Theyhavealsobeentheoretically shown to be sensitive
enough to extracellularly measure the magnetic field fluctuation associated with single
neuronal action potentials[10]. A longterm goal of this research is to provide a

microscope system capable of simultaneous, reéime detection of thousands of

&E



individual action potentials. This would be a considerable technological step forward as
there is currently no instrument capable of such measuremest{14]. Fgure 2ashows a

system potentially capable of this.

a) b)

High-speed Camera ‘

Fluorescence

Dichroic Mirror 532 nm Excitation Laser

Water Dipping
Objective Lens

Phosphate Buffer
/# Saline Solution

!

Microwave Antenna

Neuronal Sample with
NV Centre Doped Nanodiamonds

Figure 2z a) System capable of using NV centre doped nanodiamonds to measure
action potentials in neuronal samples measurements are made bypplying resonant
microwaves whilst exciting fluorescence with a 532 nm laseand imagingit with a
high-speed camerab) Depiction of a typical neupnal sample loaded with

nanodiamonds- not to scale.

A fluorescence microscope with a watedipping lens would be used to perform live cell
imaging ona neuronal sample containing nanodiamonds (Fige 2b). Imaging would be
performed in a phosphatebuffered saline solution to maintain biccompatible
conditions. Microwaves resonant with the NV centres would be applied and the
fluorescence imaged at suffiently high frame-rates to detectthe changes n NV centre

fluorescence associated with action potentials.



The original short-term goal of this research was to measure the action potential
transmitted along an excised marine worm axon (Figur8). The aimwas toprovide a

proof-of-concept measuremenof alive action potential using NV centres.

NV Centre
Doped ....
Microdiamond

; Action
g8 Potentials

Figure 3z Excised marine worm axon (reproduced and adapted from [15]) with
microdiamond placed on the axon. Action potentials can propagate in either direction

along the axon.

Marine worms provide a large(~0.5 mm), robust axon and can be stimulated to
transmit action potentials on demand. This has been possible to measure since the
1960s[15]. Whilst this PhD was being undertakerg measurementof a marine worm
action potential was successfully performed using NV centres in bulk diamorid6], as
shown in Figure4. The perimental design used to achieve this is discussed in Section

2.2.7.
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Figure 4z Measured marine worm action potential and associated magnetic field
(reproduced and adapted from [15]).

Two-photon excited fluorescencgrom NV centres haslsobeen denonstrated [17].
This has several advantages over singlghoton excitation when performing
microscopy on live biological specimensThese include increased imaging depth and,
due to an inhibition of fluorescence outside of the focal plane, reducgthototoxicity
when performing 3D imaging[18] . Previous to this research optical detectionof the NV

centre spin state ha not been demonstratedunder two-photon excitation.

NV centres in diamond have also been proposed as a lagain material in the visible
range due to the high thermal conductivity, low thermal expansion and high damage
threshold of diamond[19, 20]. In particular, given the broad emission spectrum of NV
centres, they may find use athe gain material infemtosecondand wavelengthtunable
lasers[21]. Previous research has demonstrated lasaction using another defect in
diamond [19], called the H3 defect, andarecent study has reported stimulated
emission from NV centreq22]. Given the ability to measure magnetic fields with NV
centres, a magnetesensitive NV laser wih the ability to perform ultra-sensitive
magnetometry has recently been proposef3]. Thisis asecondlong-term goal of this

research



With this in mind, there are three aimsof the research presented in this thesis:
1. Tobuild and quantify the sensitivity ofa fluorescerce microscopy system
capable of magnetometry with NV centr@nsembles
2. To ascertain whether twophoton excitation of NV centresallows
magnetometry to be performed in a similarmicroscopy setup
3. Toquantify the optical gain due tostimulated emission from mmscale, NV
doped diamond samples and to demonstrate the ability to use stimulated

emission for magnetometry

The background andtheory of diamond and nitrogenvacancy centresare discussedin
Chapter 2, theexperiments performed to accomplish the listed aimare discussedin

Chapters 35 andthe conclusions of the researclare presented in Chapter 6



Chapter?2

Backgroundand Theory

2.1z Diamond

Diamond isawell-known allotrope of carbon andrenowned for its outstanding

material properties. It is one of the fardest substances on eartlowing to its dense,
strong bonding [24, 25] and is regularly used in industry for cutting, polishing and
drilling glassrock and gems[25-27]. Pure diamond is also optically transparent due to
its wide band gap of 5.4%&V|[28]. It transmits over abroad wavelength range from 226
nmto500t i A@AlI OAET ¢ A -6B3A CERDAA Olth@Bpghonord b A
absorption [24] . However, its transmittance is reduced byts high refractive index of

2.43 (at 532 nm) [29]. Thiscausesa reflection of~17% at normal incidence in ar [30].

There are two abundant isotopes of carbort2C andt3C, with natural concentrations of
~98.1 % and ~1.1% respectively[31, 32].12C exhibits no nuclear spin (1=0)[31]
whereas13C exhibits a nuclear spin of 1=1/2[32], where | is the nuclear spin quantum
number. As13Chas nuclear spinjt is paramagnettc, andcan be a major source of
decoherence in NV centre experimentddowever, isotope concentration is controllable

in synthetic diamond[33-35].



One of themost exciting properties of diamond is itsbiocompatibility . Non-toxicity, bio-
conjugation andthe uptake of nanodiamonds in living cdk have been demonstrated in
the past decadd6, 36, 37]. This haded to the use offluorescent nanodiamondsin
super-resolution imaging [38], magnetic imagind39] and nanometre-scale
thermometry [40] experimentswith living cells. In future, they may also be usedas

biomarkers for long-term tracking or as vehicles foradvanceddrug delivery [28].

2.1.1- Diamond Synthesis

Although natural diamond can cotain NV centres, synthetic diamond is commonly
used in experiments to allow the defect concentration to be controlled ant allow
reproducibility [30].Synthetic diamond production began in the 1950s with a
technique called high pressure/high temperature (HPHTJ41, 42]. Over time, further
methods such as chemical yaour deposition (CVD) created the abilityto perform
controlled doping of diamond with various impurities during growth. Both types of

diamond are used in experiments described in this thesis.

2.1.1.1- High Pressure / High Temperature (HPHT)

Fundamentaly, HPHT synthesis converts graphite toidmond by increasing the
temperature and pressure of theD A I D énfirdrthent [43, 44]. This makes diamond
thermodynamically favourable and causes a phase transition to occ{#4]. Although
graphite is more stable than diamondat room temperature, a large activation energy

prevents it from converting back[45].



HPHT synthesids the dominant manufacturing method for abrasive and cutting
applications [46]. These diamonds are also used to produce commercial
microdiamonds and nanodiamondsontaining NV centres The nanodiamonds are
milled down from microdiamonds [28, 47, 48]. Isotopically purified samples (99.97%
12C) can also be made using a purified carbon sourf@4]. The isotopically purified
HPHT can contain 1.4ppm of substitutional nitrogen [33] making it useful for nitrogen-
vacancy ensemble applications. The best HPHTathonds are also used as seeds for

CVD diamond synthesi$42].

2.1.12 - Chemical Vapour Deposition (CVD)

Chemical vapou deposition creates diamonds via epitaxial growth on a substratg! 2].
The process involves heating a mixture of hydrocarbons (typically methane) and
molecular hydrogen in a reactor causing the molecules to disassociate and to form
atomic hydrogen and hydrocarbon radtals[46]. These participate m chemical
reactions on the seed diamond surface resulting in carbon deposition and diamond
growth [46]. The chemical reactions and reactors are discussed in detail in the

following references[42, 46, 49].

The majority of impurities in CVD diamond originate from the gases used in theawth
process[24]. These gases are commercially available at contaraimt levels below 1
ppm [24] allowing the creation of ultrapure diamord. Isotopically pure methanel2C
can also be used to create an ultrapure and isotopically pure diamond cdgpe of
hosting nitrogen-vacancy centres withhigh room-temperature 4° (inhomogeneous
electron-spin dephasing timg of 2 ms[35]. Under ideal conditions, this would allow

single NV magnetometry with a sensitivity of ~127 pT H22 [50] and could be
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increased further using multi-pulse sequences to extend the coherence tinjgl]. By
altering the amounts of N gas added during growth, the concentration of doped
nitrogen can also be controlled31]. Thisis an attractive techniqueas substitutional
nitrogen concentrations up to ~170 ppm[52, 53] or ~6.4 ppm in isotopically purified

samples[54] have been achieved.

2.2 - Nitrogen-Vacancy Centres

2.2.1- Structure

The ntrogen-vacancy(NV) centre is auseful defectin diamond. It is an atom-like
system of electronscreatedwhen two adjacentcarbon atonsin a diamond crystalhave
been substitued with a nitrogen atom and avacant lattice site(vacancy)[50, 55, 56],
as shown in Figue 5. There areat least two charge states, neutral and negatively
charged[50, 55, 57], with some evidenceof a non-fluorescing positively charged state

[58, 59].

11



Figure 5 z Single nitrogenvacancy centrez carbon contributing electrons to NV centre
are in red, nonrcontributing carbon atoms are inpink, N stands for nitrogen and V for

vacancy- based on[56].

The neutral state (NV?) is made up of five electronstwo from the nitrogen atom and
one from each ofthe three surrounding carbon atomg50, 57]. The negatively charged
state (NV-) has one extra electron donated from elsewhere in the diamond, often
presumed to be another substitutional nitrogen aton{50, 57]. Due to diamords
tetrahedral bonding, single NV centrescan be orientated in one of four directionsn the
crystal, as shown in Figures. In ensembles, NV centres arasually equally distributed

amongstall four orientations [53, 56].

12



Figure 6 z Four possible orientations of NV centre and theintrinsic spin quantisation

axes- based on[56].

2.2.2- NV Centre Synthesis

NV centre synthesis is performed in three main stages: nitrogeéncorporation,
irradiation and annealing[42, 60, 61] As described in Section 2.1.1t is possible to
incorporate nitrogen during diamond synthesis, aherwise, it can beadded through
nitrogen ion implantation [60, 62]. Vacanciesre createdin diamond by irradiation
with electrons, hydrogen ions, helium ions or carbon iorf{§1]. Firally, the vacancies
become mobile when anneale@t high temperature (typically 800 °C[17, 47, 63)
allowing them to bind with the nitrogen atomsto form nitrogen-vacancy centreq31,

60].
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2.2.3- Optical Properties

NV centres have remarkable optical properties that make them of great interestfor
sensingapplications whether in bulk or nanodiamond form. Unlike organic dyes
commonly used in fluorescent microscopyiNV @ntres do not photobleach11, 64-66].
They aretherefore well suited to superresolution techniques such as stimulated
emission depletion microscopy[38, 67, 68] for long-term fluorescent tracking [38] or
potentially as a laser gain materia[21, 29]. Furthermore, fluorescence fromasingle NV
centre can be measuredising confocal microscopy at room temperaturd69] and can
be used & asingle photonsource[70, 71]. Individual NV centres from within a single
nanodiamondcanevenbe resolved using stimulated emissio depletion (STED)

microscopy[68, 72].

2.2.4- Optical Transitions

Fluorescert transitions occur between electronic statesof the NV centre the
nomenclature of which come from group theoryln this model, thecombination of sp?
orbitals from the contributary nitrogen and carbon atoms form N\Mmolecular orbit als
[28]. The letter and subscrip number are known as the irreducible representation.
Details of the mokcular model can be found irareview by Doherty ef a/ [73]. The
superscript number refers to the spin multiplicity where 1 is a singlet, 2s a doublet, 3
is a triplet and 4 is a quartet spin state Both the NV ground (3A2) and excited3E states
are spin triplets and can bemeasuredoptically [74, 75]. The energy levelof the N\2

and NV are shown in Figures 7b and 7c respectively.
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Figure 7 z a) NV visble emission spectraunder 532 nm excitation(reproduced and
adapted from[22]).b) NV- and c) NW electronic structures - fluorescent transitions are

shown with arrows z diagram not to scale- based on[28, 55].

At room temperature,NV centres exhibit broadfluorescencespectradue to their
phonon sidebards (PSB), the physicsof which is described indetail in areview by
Doherty et a/[55]. In brief, PSB excitationnvolves excitation to a higher energy state,

followed by fast thermal relaxation, asdepictedin Figure 8. Phonon transitions are on

15



the time-scale of picosecond$76] whereas optical transitionsare onnanosecond time

scales @Efluorescencelifetime is 13+ 0.5ns) [77].

%honon Transitions
3 =
E A

PSB PSB
Excitation ~~— ZPL | ~~>» Emission
450 - 640 nm 637 nm 630-800 nm

E Phonon Transitions
3 A \4 =
2

Figure 8 - Optical transitions between the3A; and 3E statesare resonant on the zere
phonon line (ZPL) or off-resonant on the phonon sideband$PSB)z based on[78-80].

The NW can be excited at a wavelength from abo400 to 580 nm [80] and emits from
about 550 to 800 nm [22, 57]. The NVon the other hand, is excitable from alout 450 to
640 nm [80] and emits from about 630to 800 nm [22, 57]. Discrimination of charge

states is possible vith wavelength selective monitoring ofNV fluorescence[57, 81] and

near exclusive excitation of charge states is possible with narrowband excitatidg0].

2.2.5- Spin Transitions

Optical magnetometry with NV centresis fundamentally possible by monitoring
magneticdipole transitions within either of the NV triplet states. This process is called
the optical detection of magnetic resonance (ODMR) and is facilitated by spin state

dependent fluorescence ratesThe spin contrastis defined as theractional change of

16



the fluorescence rates betweenthe me=#1 and ms=0 states where msis the electron
spin projection quantum number. Because the spin contragif the ground @GA.) state is
significantly higher than that of the excited(3E) state [74, 75], it is commonly used for
magnetometry. The 3A; spin transitions can be described by théollowing Hamiltonian

(in units of Hertz) [50, 79] :

where:

( $3 %3 3 Ct AQ C

where D is the zerefield splitting, S=[Sx,S,S] is the electron spin operator E is the

transverse zerofield splitting, gs=2.003[50] is the electron-spin gfactorh gig the

Bohr magneton B is the external magnetic fieldand:

where A = -2.16 MHZz[50] is the axial hyperfine constant| = [I,ly,l;] is the
dimensionless spin-projection operator for the nuclear spin[30], Ay = -2.7 MHz[50] is
the transverse hyperfine castant,l = [Ix,ly,l;] is the dimensionless spirprojection

operator for the nuclear spin[30], and:

( 0) Ct AZ T
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where P = 495 MHz[50] is the quadrupole splitting parameter, g=0.403 [50] is the

nuclear spin gfactor andt v is the nuclear magneton

D, the zerofield splitting , causes sepgation of the me=0 andthe ms=+%1 states when no
external magnetic field is applied. It is ~2.87 GHz at room temperaturi®0] . E, the
transverse zerafield splitting, is intrinsically contributed by the crystal strain in the
diamond and ranges from ~100kHz in high purity CVD diamond, to a few MHz in

nanodiamonds|[79].

The zaxis is taken to be the intrinsic N\&pin quantization axis(NV axig. It is the axis
alongwhich the nitrogen atom and vacancyare physically alignedin the lattice [79], as
shown in Figures 6 and 11. A magneticdipole transition, also known asamagnetic
resonance orelectron pin resonance (ESR)can beexcited by a magnetic field

oscillating perpendicular to this axis[61].

- m;=0
m=+1 ::‘.‘:...:.._A7.11 P ) _k|P'AH| m]= 1
T MHz T 4 32 MHz A IP+A k|2A | ]
Y y 4 y! < S
o ms:il 2gupB, A =
: T % (2.8 MHz/Gauss)
K Y m;=0
D % ¢ o A 0 |P-A| met1
: P+A| Ko, ™
3A m=-1 A '| il 124, 1
2" 2.87 GHz T
l \ 4 Y o
“m.=0 . ¢ |P| =495 MHz
s Y Y VY =t

Zero Field Zeeman

Splitting Shift Zero Field Hyperfine Splitting

Figure 9 - 3A; fine structure with 14N hyperfine structure. The allowed transitions are
shown with black arrows. A snall axial magnetic fieldis applied, E = 0 andthe nuclear

Zeeman interactionis omitted - diagram not to scale based on[50, 55].
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The3A; state iscoupled to the nucleus of theompositional nitrogen atom. For the
abundant 4N isotope,this gives rise to three hyperfine transitions per spin (9
transition with the m =0 hyperfine transitions being separated from the mF+1
transitions by £ A-, where mis the nuclear spin projection qguantum numbef50]. The
magnetic dipole transitions obey the selection rulessms=+1 AT An=8 [50].The

allowed ESRtransitions are depicted in Figure9.

The gt eB-Sand gt nB:l terms indicate boththe electron and nuclearspin states exhibit
Zeeman shiftsproportional to the applied magnetic feld. Thesecausethe energy
separation between the spin statesto be proportional to the external magnetic field as
shown in Figure10. Because g nL gst 8[50, 82], the nuclear spinZeeman shift can

usually be neglected.

Zeeman Shift

A m,=+1
By
20 m=+1 nguBBz
: l
m
m,=-1
m,=0 >

External Magnetic Field

Figure 10 z Zeeman shifts cause the energy separation of the N3pin states to vary as a

function of external magnetic field
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2.2.5.1- Weak Magnetic Field Regime

The spin part of theHamiltonian can be rewritten (in Hz) [79]:

( ¢ %3 3

where:

This separates the contributiors parallel (H-) and perpendiaular (Hy) to the NV axis

and allows separation into weak and strong magnetic field regime$79]. In this thesis,

experiments areperformed in the weak field regimewhere HyL H-. This is when B, =

(Bx+tBy)¥2 L 100 mT (1000 Gauss) and theZeeman shiftedESR frequenciegin Hz)

are given by[79]:

Gt”

%

In this regime,the NV centreis sensitiveonly to the projection of the magnetic field

onto the NV axigB;) and isinsensitive to transverse magnetic fieldsasdepictedin

Figure 11.
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magnetic
field

Figure 11 z NV centre is sensitive tadhe magnetic field projection onto thez-axis -
based on[79].

Due to the E term in Equation 8, the ESRequency is quadatically dependent on B,

unlessB;l E[79].In practice, this is achieved by adding a bias magnetic fiesuch that

0 I —, in which case the ESR frequencgin Hz) depends linearly on Band is

approximated by[79]:

ct”

This allows high sensitivity magnetometry to be performed with—— ¢8y - (U

Gauss.

The magnetic sensitivity along the NV axisas significant implicationsfor the
behaviour ofthe Zeemanshift for NV ensembles As stated for a single NV centre in the
weak field regime, application of the external magnetic field causes saption of the
ms=+1 and ms=-1 states proportional to the projection of the appliel magneticfield

onto the NV axis as shown inFigure 12a.
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Figure 12 - Zeemanshifts for:
a) a single NV centre spectrum reproduced and adapted fronj83],
b) a single crystal ensemble spectrum reproduced and adated from [30], magnetic
field applied in anarbitrary direction,
¢) an aggregate/powder- based on[84], spectra reproduced and adapted fronB5] -

spectra are from O to 40 Gauss
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In a single crystal ensembleasthere are NV centes aligned along four directions
(Figure 6), the ensembleconsists offour sub-ensembles, eaclneasuring a different
projection of the external magnetic field. This causes samtion into four ms=+1
resonances, and four rgr -1 resonanceaupon application of a magnetic field50], as
shown in Figure 12b. Because df-resonant subensemblesdo not contribute to the spin
contrast but still fluoresce spin contrast is reduced by a factor of four whemddressing
a sihgle subensemble compared to a single N}50, 86]. Thisincreasesthe relative
background signaland therefore reducesthe signatto-noise ratio when performing

magnetometry.

For an aggegate (or powder) of nanodiamondsindividu al nanodiamondswithin the
aggregatecanalsohavesub-ensemblesbut the individual crystals arerandomly
orientated [87]. This @usesup to 4*n resonances per pin (ms) transition, where n is
the number of nanodiamondsheing addressedWhen an external magnetic field is
applied and a large number of nanodiamonds are addressgtthis producesa quast
continuum oftransitions between a minimum and maximum magneticiéld projection
due tothe varied Zeeman shifs (65) . This isshownin Figure 12c. This results inone
broad resonance per spin (ng) transition . As these havéow ODMRcontrast, the
magnetometric sensitivity is severly degraded61]. Therefore, it isnecessary to make
measurements using single crystalso achieve highsensitivity magnetometry with

ensembles
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2.2.6- Optical Detection of Magnetic Resonand®DMR)

The NVhas attracted much attention in recent yars asit can beoptically polarised into
the ms=0 state by simply exciting the3A,© 3E optical transition, even when at room
temperature [50, 55, 79]. This optical transition generally obeys the selection rule

3 [s=0andis therefore approximately spin conserving. However, tte intersystem
crossing (ISC) rates depend on the spin stafé0] . In particular, the 3E m=11 states
are more likely to transition to the singlet states tha the 3E m=0 state. This is

depicted in Figure 13.

T~10 ns
m5=+1 v E llllll .IIIIIIIIIIIIE
3 m=-1 A ’\_\ Spin State :
E : Dependent :
ISC Rates :

ms=0 T

Spin Conserving

: Optical Cycling :
my=+1 l ¢ i Spin State :
3 mg=-1 H :
AZ ST : Dependent ;
Y : 15C Rates

m,=0

Figure 13 z Mechanism ofspin contrast and optical spinpolarisation. NV centres
optically cycle on the3A,P 3E transition. Spin state dependant ISC (intersystem

crossing) ratescause spin polarisatbn into the me=0 state - based on[50].

When the NVis in the singlet state, itcannot undergo the3A;P 3Etransition.

Therefore, the ms=+ 1 states haveareduced probability of visible fluorescence
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compared with the ms=0 state. This createdistinguishability between the spin states

via monitoring of the NV- fluorescencerate.

Optical spin polarisation & further enhanced byspin state dependnt ISC ratesrom the
singlet statesto the triplet states. ThelEC 3A; ISC transition is preferential to the3A,
ms=0 state which, coupled with the3EC A, preference, causesiccumulation inthe
ms=0 state of at least 80% of the NV population [50, 55]. Once polarisedNV-sare in
their most fluorescent (brightest) state. Ifthe me=00© ms=+1 transition occurs, a
corresponding reduction in fluorescence is observed until spime-polarisation into the
ms=0 state. This facilitates the optical detection of magnetic resonance which is the

backbone of magnetometry withNVcentres.

2.2.6.17 Optical Magnetic Resonance Spectroscopy

When performing optical magnetic resonance spectroscopy, the Niuorescence rate
is monitored whilst the frequency of applied microwaves isswept across that ofa
magneticresonance Neglecting power broadening, aingle hyperfine resonance has a
Lorentzian line-shaped ODMR spectrurthat can be described as a functioof angular
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where Aumaxis the maximum fluorescence intensity, C is the ODMR contrast angl E O
the full-width -half-maximum (FWHM) linewidth , as shown in Figurel4. The ODMR

contrast is defined aq79]:

pP

Ro
Ro| O
Oy Ro

where Flumin is the minimum fluorescence rate as shown in Figue 14.
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2.2.6.27 ODMR Linewidth

The minimum linewidth is the natural FWHMIinewidth (3na). This can bedetermined

using thenatural dephasing time of the NVelectron spin (4 [79]:
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However,the experimentally measuredFWHMIinewidth (3),in CW-ESR
measurements,s set by the inhomogeneous dephasing time of the N&lectron spin

4° :

where4® 4 .4° is reduced die tomagnetic field noise in theenvironment [79], the

readout method and the properties of the diamond

With respect to the readout method, ptical and microwave excitation canpower
broadenthe ODMR resonancB8, 89]. However, ifmaking ameasurementof a

magnetic field of known frequency and phase (AC magnetometry), coherent techniques

z

can be used to improve sensitivity by a factor of —, as described irareview by Rondin

[79]. It should be notedthat DC magnetometers measure fields within the bandwidth of
the detector and, therefore actually measure both AGind DC magnetic fields. For the
intended application of magnetometric action potential detection, a DC magnetometry

scheme is lilely to be required as the action potentials occur with random phase.

As described in Section 2.1.1, the diamondsat exhibit NV centres with the bes#4” are
ultrapure and isotopically pure.4° is increased byreducing the number of
paramagneticdefects such as substitutional nitrogerand 13C, thus minimising the

randomly fluctuating spin bath internal to the diamond[88]. Of course, without any
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substitutional nitrogen, you could not synthesise an NV centres, thus a balance must
be struck in ensemble experimets. Thisalsostresses the importance ofleveloping
techniques to improve substitutionalnitrogen to NV centre conversion rats. Recent

papers have demonstratedhis to be around ~10% with current techniques [90, 91].

2.2.6.3 7 Magnetometric Sensitivity Limits

The ODMRspectrum parameters limit the sensitivity of magnetometrywith NV centres

(s),defined as[50]:

3.2 P

where Breasuredis the measured magnetic fiellz, EO OEA 1 A Aa6d®QRE AT O OEI|
the signaltto-noise ratio of the measurementUsing the NV spin state for

magnetometry has aspin-projection-noise-limited sensitivity given by[16]:

where N is the number of NV centreaddressed

By continually applying microwaves resonant with one of thens=0 © ms=+1
transitions, the NV fluorescence maintairs proportionality to the projection of the
magnetic field applied to the measured axisMagnetometry can, therefore,be
performed by simply fixing the microwave frequency and detectinfuorescence

changes due t&Zeeman shifs of the ODMR resonancg’9]. This technique is called
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continuous-wave electron spin resorance (CWESR) and has a minimum detectable

magnetometry sensitivity set by[88]:

0 2 3 00
Ct #m2

where R is the measured photon ratand R is a constant set by the ODMR lineshapgs

2,6 AT Aarg fixed, he sensitivity is determined by the ODMR linewidth, contrast and

measured photon rate.

The ODMRcontrast is fundamentally limited by theintersystem crossing rates and the
singlet and triplet state lifetimes [55]. Experimentally, it isproportional to the coupling
strength of the microwaves to the NV centre This depends on the applied microwave
power [89, 92, 93]and the antenna alignment whichshould produce an oscillating B

field perpendicular to the measuredNV axis[61].

The measured photon rate (R) depends on thexperimental photon collection efficiency
and the number of NV centres being measuredth ensemble measuremens, R should

scalelinearly with the NV centre density resulting in a shotnoise limited sensitivity
decrease by a factor o&: [79], where N is the number of NV centres measuredlhe

photon collection efficiencydepends on the paricular technique used

29



2.2.7 7 ODMR Techniques

There have beenseveral methodsutilised to read out magnetic resonance from NV
centres. Broadly, these can be split up into experiments that use single NV cestrand

those that use ensembles.

Recent breakthroughs were ir2008 when both coherent control of a single N¥entre in
ultr apure bulk diamond[94], and nanoscale imaging W a single nanodiamond were

demonstrated at room temperature[95].

Photodetector
Fluorescence
Dichroic Mirror 532 nm Pump
Laser
Objective Lens NV _Centre Do.ped
.+ Diamond Tip
AFM Probe
Microwave-——— g .- Sample
Antenna

Magnetic Field Gradient

Figure 15z Scanning magnetic imaging setup. NV centre is attached to AFM (atomic
force microscope) probe and reaebut optically. By scanning the tip or sample,

magnetic imaging can bachieved.
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Although the setups varythey generally involve attaching asingle NV centre to a
combined atomic force microscopy (AFM) / confocal fluorescencemicroscopy setup as
shown in Figure15. Scanning can be performed by moving the sample under
meadaurement [96] or AFM tip[97] and the NV centrecan becontainedin a
nanodiamond[95] or in abespoke bulk diamondAFMtip [98]. ODMRon a single NV is
performed with a 532 nm excitation laser and gptical filterin gis achievedwith a
dichroic mirror. By performing spectroscopy in a known magnetic field gradient, the
measured ODMR resonance becomes proportional to tiN position in the field and
further spatial resolution improvements are possible[79]. By 2013, a single pixelDC
sensitivity of ~2 uT/Hz 2 and AC sensitivity of B nT/Hz2 had been achieved in a
scanning setup[98]. Although nanoscalespatial resolution can be achievedsuch

measurementsare extremely slow(42 min per point [98]).

In recent years,improvements in diamond sample quality have allowed\Csensitivities
of 140 nT/Hz¥2[99] and 4 nT/Hz¥2[100] to be demonstrated with nanodiamond and
bulk diamond respectively. However, these were in norscanning setups. Ew
techniques sich as magnetic gradient sensing via coupling single NV centres to a
mechanical resonator{101], coherent control d optically levitated nanodiamonds
[102], relaxometry[103] and NV spin state to chargestate conversion[104] may lead

to improved single NV centresensorsin the nearfuture.

Point magnetic field sensors using\V centreensembles have also deveped greatly in
recent years. In 2015, ® pT/Hz¥2 was achievedwith an AC magnetometry setuppl05]
and,in 2016, 15 pT/HzY2 was achievedwith a DC magnetometry setupvith 3.6 kHz of
bandwidth [16]. The DC magnetometer was used to measure the first amot potential

using NV centreq16].
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Figure 16z Widefield fluorescence imaging / pointmeasurement ODMR setup. Pump
laser is reflected off the diamond to minimise sample heating. Laser induced

fluorescence is collected an@ither imagedwith a camera or photodetector.

In this setup, the exitation beam wasreflected off of the diamond to minimise heating
of the sample, as shown in Figur&6. With this arrangement, fuorescence is collected
with an objective lensand can beimaged onto aphotodetector for point measurements
or acamera to facilitate widefield magnetometry Because thisenablessimultaneous
measurement of the magnetic field over thentire microscopesfield of view, this
dramatically increases the bandwidth éwidefield magnetic imagingcompared with
point scanningmagnetometers.However, nanoscale resolution is lost as measurements
are diffraction limited. Since 2010, his has led toseveralwidefield experiments
demonstrating both AC[106] and DC[107] magnetic imagingtechniques. It should be
noted that relatively long acquisition times are still currently required for high
sensitivity measurements For example, a DC sensitivity of 20 nT/Hz2was achieved

but with an imaging rate ofonly 10 frames per second[107] andin 2017, asensitivity
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of ~1 uT/Hz Y2 was achievedwhilst measuring at 60frames per second108]. As
cameraswith 10 kHz frame ratesare available[108], widefield measurement of action
potentials may be possible irfuture. The sensitivity limits using cameras are discussed

in a recent paper bywojciechowsk [108].

Another advantageof using NV centreensemblesis the ability to perform
magnetomety in multiple directions (vector magnetonetry). This is achieved i
measuring multiple NV axesand, since 2A0[107, 109], has been demonstrated in
scanning imaying [109], widefield imaging [107] and point measurement system$16].
The best sensitivity to date was with a norscanning vector point measrement system,
similar to that shown in Figure16. A sensitivity of50 pT/Hz /2 was simultaneously

achievedalong each Cartesian componerji10].

Not all NV magnetometers rely onhe detection of fluorescence to make
measurements. Severabther point measurement magnetometersiave been developed
that rely on absorption of a probe beam by the NV singlet stat¢11-114]. These
typically use setupslike that depictedin Figure 17, where a pump and probe beam are

combined, passed through a diamond sampleyén the probe isolated and measured.
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Figure 17z Probe absorption ODMR setup. 1042 nm probe @&verlappedwith a 532
nm pump laser and passed through a diamond sample commiéng NV centres. The

probe is subsequently filtered from the pump and measum with a photodetector.

Unlike fluorescence which is emitted in all directions,the probe beam is collimated and
allows for easy measurementThis was first demonstrated in 2010 a¥5 K and
achieved asensitivity of 7 nT/HzY/2[111]. Since thenin 2017, by placing the
experiment in an optical cavity that was resonant with the singlet stateansition, a
sensitivity of 22 pT/Hz Y2 was achievedat room temperature [114] . Recenty, multiple
magnetometry schemes havelsobeenproposedthat utilise stimulated emission from
NV centres which could, theoretically, achieve recorsensitivities of ~1 fT/Hz/2[23,

115]. Thesemotivate the researchinto stimulated emissionpresented in Chapter 5.

Finally, detection of magnetic resonance from M centres need not even be optical.
Since 2016[116], several experiments have demonstrated detection of magnetic
resonance va monitoring currents generated by spinstate dependant photoionisation

of NV centreq[93, 116, 117] A typicd setup is depicted in Figurel8.
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Figure 187 Photoelectric detection of magnetic resonance setuplagnetic resonance is
measured using electrodes placed on the diamond. These measure phanisation

currents whilst microwaves and optical excitation ae applied to the diamond.

In these experiments, the diamond is optically pumped, and electrodes goéaced on
the surface to readout the photoionisation currentsThese are connected t@a lock-in
amplifier that is referenced to the modulation rate of the pump. This circumvents the
problem of fluorescence collection efficiency and could, in future, lead sensors that

are faster and more sensitive than those that rely on optical detectid116].
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2.28 - Charge State Conveion

Although NV centresdo not permanently photobleach[11, 64-66], the photo-stability is
a complicated matter.Charge state conversion has been experimentally demonstrated
by both altering the local environmentof the NV centre as well as through optical
processes (photochromism). Charge state ratios have been demonstedtto be affected
by irradiation with neutrons [118], doping with nitrogen [119] or phosphorus[120],
applying electrochemical potentiak [58, 121, 122]and using currentinjecting micro-
electrodes[123]. Recently, t has been proposed that NVand N\ may form NV-NV

molecules that share an electron through ground state tunnelling process§s24].

In work with HPHT nanodiamond, variability in the charge state stabilitybetween
individual NV centresunder optical excitation was demonstrated[78]. Some NV
centres remaired in their charge state under relatively high excitation powers (10
mW), whereas others readily convered between charge state$78]. In earlier work
with ultrapure bulk CVD, it was demonstrated thatxeitation with a wavelength that
exclusively excited the negative charge statecausedrapid photoionisation [125].
However, at commonly usedexcitation wavelengthssuch as532 nm, both chargestates
are excited and the NV centre does not photobleachEvidence suggestshis is achieved
by dynamic photoionisation (NV-© NW) and recombination (NW © NV/) processes
[80]. SeveralNV centre photoionisation and recombination processeshave been
demonstrated and shownto be proportional to excitation power and wavelength57,

80, 81, 126, 127] These proesses are summarised in Fige 19.
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Figure 19 z Photoionisation and recombination processes of the NV centre:
1 z one-photon ionisation [57]
2 z two-photon ionisation via excitedtriplet state [55, 57]
3 z ionisation via excited state tunnelling[55, 81]
4 z ionisation via singlet state[127]
5 - two-photon recombination [55, 57]
6 z one-photon recombination via tunnelling [55]
Ground state tunnelling [124, 128] has been omittedfor clarity .

The average contributions of the competing ionisation and recombination processes
vary between diamond samples depending on factors such as electron donor/acceptor
density [124, 128]. Although theseprocesses are still not fully understood, they have
already been utilised for multiple super-resolution and spin state readout techniques

[104, 116, 117, 129131].
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Chapter 3

Optical Magnetometry under a Microscope

using Nitrogen Vacancy Centre Ensembles

3.1-Overview

In this chapter, the building of a fluorescencérased optical microscope system capable
of magndometry will be discussed. The system fundamentally uses the optical
detection of magnetic resonance (ODMR) of nitrogemacancy centres in microdiamond
to facilitate magnetometry. The system was designed to perform measurements of bio
magnetismwith the goal of measuringaction potentials of a dissected marine worm.

The method of operation and performance in relation to this goal will be discussed.

3.2 - Introduction

The original aim of this research was to ascertain the sensitivity achievable using
ensemnbles of fluorescentnanodiamonds to measure magnetic fields under a
microscope Theintended long-term goalwasto measurethe action potentials of
mammalian neurons as a tool for neural researchAs discussed irsection 2.2.5.1, use of

aggregates of nanomonds cannot be used to makhighly sensitive magnetic field
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measurementsand single crystals must be used 50 pm diameter HPHTdiamonds
containing nominally 2.5 ppm of NVwere purchased from Adamas Nanotechnologies
for use inthese studiesUse ofalarger microdiamond increased the fluorescence rate
and signatto-noise ratio compared with a single nanodiamondFurthermore, itallowed
different methods and detectors to beasilytested using the sameample. Use of
microdiamond is justified in that it is the samematerial as nanodiamonds before
milling and should, therefore, have similar physical properties. Onc¢he
magnetometric sensitivity of the microdiamond is known, this can be considered an
upper limit for the achievable sensitivity using a sigle nanodiamond of this type and

with this method of magnetometry.

To testthe instruments biocompatibility , the aim wasto measure a marine worm
action potential. In a recent measuremen{16], a peakto-peak magnetic field of~1 nT
was measured at ~1.2 mm from the axon centr&he DC equivalent / RMS value can be

calculated from the following equation[132]:

where Vjy, is the peakto-peak voltage. For M, of 1 nT,Vrus~ 0.35 nT.

As the diamond isin closeproximity of the neuron,the action potentialcan be
approximately modelled as a currentin aninfinite wire. The magnetic field (B)

generated isthen [133]:

. )
0O pu

N
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Using Equation B, amagnetic field of0.35nT at 1.2 mm would require a current oR.1

t! 8 &3 & the diamond is approximately in contact witlthe wire of nominal
diameter 561 [ I8the radial distance between theexcitation focal point on the

diamond and the wire centre is approximated® v t | h ®EAquivaed AA OA A
magnetic field is8.4 nT. For an action potential duration of 2 mg16] andB = 8.4 nT, a
sensitivity of ~0.38 nT/Hz 2 is, therefore, expected toallow measurement with a

signalto-noise ratio of 1, if averaged for 1 second16].

Giventhat high optical excitation powers are likely to harm biological specimenghe
excitation power was limited to 2 mW for the final results. Thispower was advisedby
colleagues in the Centre for Biophotonics (University of Strathclydeyho routinely
image neuonal samples Should this need to be adjusted in future, magnetometric

sensitivity was measured as a function abptical power (Figure 41) for reference.

3.3 - Experimental Method

3.3.1- Experimental Overview

Magnetometry was performed using the optical detection of magnetic resonance
(ODMR)of a nitrogen-vacancy centre ensembleontained within a single
microdiamond. By continually applying modulated microwaves resonant with one of
the ms=0 © ms=%1 transitions ,the NV fluorescence maintaired proportionality to the

projection of the magnetic field applied tathe measuredsub-ensemble NV axigCW-
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ESR) All three microwave hyperfine transitions were excited simuttaneously. A

simplified experimental setup is shown in Figire 20.

Fluorescence

DiC.hI'OiC Refeéence ‘.‘Vom
Long Pass Mirror Signal
Filter >
Excitation A
E " Control
Signal
Microwave
NV Doped | System
Microdiamond }
L Frequency
Microwave Antenna Modulated
Bias Microwaves
Magnet

Figure 20 z Simplified experimental setup for magnetometry. Microwaves areapplied,
and fluorescence is excited with a 532 nm laser and collected with an objective lens. A
lock-in amplifier is used to convert the measued fluorescence signal into a

magnetometry signal.

3.3.2- Theory of Operation

Optical excitationwas achieved using 532nm continuous wave (CW) laser which
provided simultaneous optical spinpolarisation and read-out. By using an
epifluorescence micoscope setup, excitation and fluorescence collectiomas possible
via a single objective lens and optical filteringvas achieved with a dichroic mirror and
long-pass filter. Fluorescencevas measured with aphotodetector and the signal sent to

a lockin amplifier referenced to the frequency modulation rate of the microwaves
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(fem) . Microwaves were square-wave modulated at #w~ 20 kHz around a centre

frequency d ¢, with a deviation of 3 pey ~ 3.4 MHz as such

As with previous experiments, modulation athigher frequencies fem) was found to
decreaseODMR amplitudesand resulted in a reduced signato-noise ratio for
magnetomery [16, 134]. This limitation has previously been attributed to the time
taken for optical spinre-polarisation [134]. Microwaves were applied with a microstrip
antennaon which the microdiamond was placed The output of the lockin amplifier

(Vout) was themagnetometry signal.

3.3.3- Lock-in Amplifier Output

As described in Sectior2.2.6.], a single hyperfine resonance has a Lorentzian line
shaped ODMR spectrumHowever, dter frequency modulation and demodulation, the
output of the lock-in amplifier (Vou) is a dispersbn-like signal, shown inFigure 21b,

described by[16]:

N6 # 2 : v
N 3 3
sy c C 0
G % 5 ) 5 % 5 ) 5
(0 o)

where and Vy is a constantset bythe signalamplitude and lock-in amplifier settings.

HPHT diamond with a similar NVconcentration to that used in the following
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experiments (~2.5 ppm) has previously been measured to have4 of ~145 ns[61].
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Figure 21 7 a) Plot of dngle hyperfine ODMR featuravith 5 o= 2A*3 GHz C= 0.1, b=
1and3 2.2 MHzandb) corresponding lockin amplifier output x E O fzy= éM—_
based on[16].

As discussedn Section2.2.5, due to the14N hyperfine coupling, there are three
microwave hyperfine resonancescentred around 3 ¢,as shown in Figure 22a, and
contrast can beincreased by addressing all three simultaneouslji6]. This is achieved
by mixing 3 1 with a sinewave of 5 ie= A (the hyperfine separation). When applying
the multi-frequency microwaves, the ODMRspectrum showsfive peaks as shown in
Figure 22b. The outer peaks correspond toa single hyperfine resonancdeing
addressed the second and fourtlcorrespond to two and the centre resonance

corresponds to whenall three hyperfine resonances are excitegimultaneously[16] .
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Figure 22 z a) Plot of three hyperfine transition ODMR featurewith 5 o= 2A*3 GHz, C =

0.1, h=1and3 2.2 MHzandb) same resonanceneasuredwith multi-frequency

excitation x E O fzy= 4=z based on[16].

This results in acorresponding lock-in amplifier output described by[16]:

3

6 5 6 # q
%bE)bb 5 /b

3
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cp

asshownin Figure 23.
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Figure 23 z Plot of lock-in amplifier output with three hyperfine resonances and multi
frequency excitationwith 5 o= 2A*3 GHz, C=0.1,Ff p ATRAMHZAT Aveyd

< based on[16].

" U OA Q@IE]the ouiput of the lockin amplifier is proportional to Zeeman shifts
of the ODMR resonance[16]:
O ¢ q

o o 8FCL,
3

0

where B,(t) is the magnetic field projection onto themeasuredNV axis as a function of
time, 2 is the reduced Planck's constant,s is the Bohr magneton and gis the electron

spin g-factor.
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3.3.4- Sensitivity Limits

The microdiamond used in this experiment had a nominal N\¢oncentration of 2.5
ppm. HPHT diamondwith ~2.5 ppm NV- concentration has previously been measured
to have a4® ~145 ns[61]. If a1 micron diameter beamaddresses avolume roughly
approximated by a sphere of 1 micrordiameter, a volume 0f5.236 x 10-1 m3 or 5.236 X
10-13 cm3is addressed. As a N\¢oncentration of 1 ppm = 1.76 x 107 cm3 [61], this
corresponds t0230 x 103NV-. Assuming ¥4 of the NV centre ensembleontribute to the

signal,from Equation 15, this givesSspin ~62 pT/Hz2,

For CWESR magnetometry with a Lorentzian lineshape, the photeshot-noise limited
sensitivity is [16, 88]:
T E 3

T =N  ~= o
8 oloGCt #2 G

where h is Planck's constath psis the power broadened fultwidth -half-maximum

resonance linewidthandR is the detected photon ratelefined as[16]:

6

2 <
2 N

where q is the elementary chargeand Vepis the voltage measuredicrossa R.mload

due to the signalphotocurrent generated by the measured fluorescence

Experimentally, the sensitivity was quantified by measuring asinusoidal magnetic field

oscillation of known amplitude (Bmeasured). The signatto-noise ratio (SNR)is defined as:
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where Vsignai and Vhoise are therespective RMS(root mean square)voltages. Vsigna Was
obtained by fitting sinewaves to averaged measurements in MATLAB and calculating
the RMS value from the amplitude. Mise Wwas oltained by taking the RMS of the

residuals of the fit. This allowed the sensitivity to be calculatedusing Equation 14.

3.4 - Experimental Setup

A detailedexperimental setup is shown in Figire 24:
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Figure 24 z Magnetometry experimental setup. Microwave signal components are
generated with signal generators, mixed, filtered and applied to an NV centre doped
diamond. Fluorescence is excited with a 532 nm laser, collected with an objective lens

and measured with aphotodetector. The fluorescencesignalis processed by a lockn

amplifier to produce the magnetometry signal

3.4.1- Optics

The excitation laser was coupled into the microscopewith a series of mirrors and a
periscope. It was subsequentlyfocusedinto the microdiamond and thefluorescence
collectedwith asingle objective lens Optical powers were measured at the sample
using a calibrated optical power meter (Thorlabs PM100D, S130C) and used to

calibrate a beam pickoff measured witha photodiode. This wasused to monitor the
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excitation powers during experimentation. Fluorescence passedhrough the dichroic
mirror and long-pass filter andwas focused onto the photodetector This was
connectedto alock-in amplifier to reduce the noisecontributed to the magnetometry
signalfrom the photodetection, microwave and laser systemddowever, this is

incapable ofreducing any noise at thelock-in modulation frequency.

Several photo-detectors were alsotested that aimed to reduce laser amplitude noise
from the signalentering the lock-in amplifier. Thesesubtracted or divided a reference
laser signal from the fluorescence signal This required a pick offfrom the excitation
beam to be separatelycoupled viamirrors and a periscopeadjacentto the microscope
as shown inFigure 25. Intensity control was achieved using thdasers control box,
stacked neutral density filtersand a variable neutral density filter on thereference
beampath. A commercial auto-balanced subtraction detector (Newport- Nirvana

2007) and a homebuilt divider circuit were tested.

Figure 25 z Photograph ofmagnetometer.
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3.4.2- Microwave Generation

The b 1 signal was generated by Keysight N5171Bsignal generatorusing theinbuilt
frequency modulation (FM) function. The FM modulatiorrate was sentfrom the QF
OUTdport as aTTL (transistor-transistor logic) signaland connected to the®REF INSof
the lock-in amplifier to be used as thelemodulation reference.The ) ; signalwas sent
from the ®F OutpuBport and comected to a doublebalancedmixer. Thed e signal
was generated with a Keysight 33522B function generator and connected to the
double-balancedmixer via a BNC cable. The mixed signal wasssedthrough a high
pass filter, was amplified and then sent to a microstrip antenna after passing through a
microwave isolator to prevent microwave power being sent back to the amplifierAll
connections, exept where specifiedwere with SMA cables and componentaere
nominally at 50 mimpedance. The N5171Bvas connected to a computer via USB to

allow automated controlvia scripts written in MATLAB.

3.4.3- Microwave Negative Feedback System

When measuring a repeatable magnetic field fluctuation, such as thggnerated bya
current pulse, averaging measurements can significantly increase tBR 6ignal-to-
noise ratio) at the expense ofmeasurementbandwidth. Assumingnoise sources are

random or chaotic, they tend to zeroupon averagingand an improvement in SNR scales

as;= [135],where N is the numberof measurementsaveraged As[50]:
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increasing theSNR carsignificantly decrease he smallest detectable magnetic field

(Bmin)-

—— is the rate of change of output voltag&ith respect to the change in magnetidield

andis set by thephysical properties of the NV centres, he angle between the magnetic

field vector and NV axisthe fluorescence collection efficiesy andthe gain of the

photodetector and lock-in amplifier. To maximise —— for agiven photodetector

voltage (Vep), the lockin amplifier sensitivity setting should beminimised (i.e. highest
gain). When the inputvoltage exceeds the lok-in amplifie OsBoutput range, itis said to
overload. By using a negative feedback system, theensitivity can be kept at a low

setting, and measurementscan be performed for extended periods of timavithout low

frequency drift causing the lockin amplifier to overload. As the zercfield splitting d) is
sensitive to temperature variations( — = -74.2(7) kHz/K [136]), significant sources of

drift include laboratory temperature or laser intensity fluctuations [16].

The feedback systentonsisted of acontrol computer which was connected via USB to
both an oscilloscope displaying the output of the lockn amplifier as well asthe
Keysight N5171B which generatd the microwave signd (5 1). A MATLAB script
(Appendix 2) read the waveform displayed on the oscilloscope and calculadghe
mean. Thescript then adjusted 5 ; proportionally to the calculated meanthereby
driving the lock-in amplifier output towards zero. The microwave frequaécy was

adjusted at a rate of ~ 0.6 Hz

51



3.4.4- Microwave Antennae

Several microwave antenna designs were tested. Initial tests were with straight wires
and loops soldered taSMAconnectors butoptimising their position was found to be
difficult. To overcome this, atennae were fabricated using printed circuit board (PCB)
fabrication facilities. The process involveccreating antennae designs with PCB design
software (Autodeskz Eagle) and laser printing thedesign ontoa transparentacetate
sheet. Thiswas placed onto adouble-sided photoresistcoated PCB copper laminate
and exposed toultra-violet (UV) light. The acetate was removed and then the laminate
placed in a developing solution and subsequently placed in an etchasdlution. This
processremoved the photoresist and copperfrom the laminate where the UVlight was
exposed, thus leaving only the antenredesign. The resolution was technically limited
by the printer at 600 dots per inch or~1 dot per 42 microns. However, die to
imperfections in the exposing, developing and etchinghe thinnest track/ gapwas

limited to about 0.5mm with the in-housefacilities.

There are severabntennaedesignsoptimised for NV centre coupling discussedh the
literature . Unfortunately,many havedimensionsbeyondthe discussedabrication
resolution limits [92, 137] or required expensive components such as microwave phase
shifters [138, 139]. Furthermore, microwave design softwarewhich has been used by
several groups to optimise antennadesign[92, 137, 138], wasprohibitively expensive

in both time and money.

A microstrip transmission line was fabricated and gluedn top of a microscopeslide as

shown in Figure 26. This allowed the antenna to be positioned using the microscopes

mechanical stage.
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Figure 26 - Microstrip microwave antenna

The transmission lineis similar to astraight wire antenna describedby Yanget a/[140]
but allowed asampleto sit on top of the microstrip at the most resonant position.The
following calculations are for the antenna alone due to the difficulty of calculating the

effect of the sampleon the antennawithout the aid of software.

The microstrip transmission line ischaracterisedby the substrate thickness (h), the

in Figure 27.

Substrate
W (FR4)

th

................

Figure 27 z Microstrip transmission line. Front facing view.

Theimpedance of a microstriptransmission line (Z) with W > h can becalculatedby

the following equation[141]:
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The photoresist board used (CIFz ABB16) had a nominalrzof 4.7 andh = 0.8 mm. For
a50 mimpedance aW of ~1.47 mm is required according toEquations 27 and 28. A
range ofantennaewith widths ranging from 0.5 to3 mm were fabricated to test the
validity of these modelsand to find the optimum dimensions toenable coupling of the

microwavesto the NV centres

3.4.5- Photodetector

To mitigate laser noise entering the lockn amplifier, a detectorwas designed and
fabricated to divide the experimental fluorescence signal froma referencesignal

derived from an excitation laser pick-off. The division detector consisted of two reverse
biased transimpedance amplified photodiodesising Hamamatswz S122301
photodiodes and an Analog DevicesAD822N dual opamp. This wasconnected to an
analogcomputation unit (Analog Devicesz AD538) to perform the division. The circuit
diagram is shown inFigure 28. The detector was powered by four lithium 9\batteries

regulated to 12V to minimise power supply noise.
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Figure 28 z Circuit diagram for division detector, 100nF capacitors on all power rails

have been omitted for clarity. Circuit consists of two transimpedance amplified

photodiodes connected to a analog dvision integrated circuit. The entire circuit is

powered by four 9 V batteries.

The circuit was fabricated ontoprinted circuit board (PCB)(layout and fabrication by

Ged Drinkwater, Department of Physics, University of Strathclydepopulated with

components and placed into a metal boxas shown inFigures 29 and 30.
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Figure 29 - PCB of division detector with all components except the photodiodes

Figure 30 z Division detector box

BNC connectors weraitilised to allow the output from each transimpedance ampiffier
to be monitored as well asthe output of the AD538.This alloweda single TIA
photodiode to be tested as well as theubtraction of the generated signal andeference
voltagesOE A O BA ED 'Be@obkiniamplifidr. The detectorwas compared with a

commercially available autebalanced subtraction detector (Newportz Nirvana 2007).
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3.4.6- B-Field Generation

To mimic the measurement of a neuron, mgneticfields were generated using a current
through a wire. The wire had anominal diameter of 56 um and wasplaced on the
microwave antennain contact with the diamond, as shown inFigures 31 and 32. 500

Hz to 1 kHzsquare andsinusoidal currents from 1 pA to 1mA were generated using a
Keysight B2902Awhich is capable of directly geneating modulated currents and
current pulses with subnA resolution. The current supply also outputteda TTL trigger

signalfor synchronisation of repeatedmeasurements.

Figure 31 z Arrangement showing wire used to generate magnetic fieldsitting on the

antenna, in contact with the microdiamond
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Figure 32 z Micrographs showing the microdiamond in contact with the wireat

different focal planes approximate beam placement and sizehown by red spotin b).

A bias magnetic fieldup to ~20 Gaussvas generated withpermanent ferrite magnets
(Supermagnetez FEQ-50-50-05) placed below the antenna on the microscopes
condenser lens holder. As thenicrowave antenna blocked microscopdransmission
light in the setup, placement here did not limit the micoscope use any further This
alsoallowed convenient tuning of the magnetic field bias by varying the distance

between the magnets and the sample using the condenser lens adjusint.

3.4.7- Data Acquisition

Data was acquired using a National Instrumest- USB6251-BNCanalogto digital
converter (ADC)controlled by a computer running MATLAB(Appendix 1). The ADC
has al6-bit resolution and atotal sample rate of 250kHz to beequally shared across
the channels.Two channels were recordedvith a sample rate 0of125 kHz; the output of
the lock-in amplifier and atrigger TTL signalfrom the current supply generating the

repeated magnetic field. This allowed averaging and analysis to be performed after
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recording the raw data. As themeasurement sample rate \vas over 40 times the
magnetometer bandwidth of 3.1kHz, aliasing is avoidedit was found that the ADC
exhibited crosstalk between the channels. This wasinimised by using physically
separated channels (0 and 7) but was dealt with bgliscarding the first 0.5 ms of
sampled magnetometry data corresponding to when the trigger was high. Finally, the
output of the lock-in amplifier exceeded the input voltage rails by aproximately 1 Volt,

therefore asimple voltage divider circuit was added to the channel input

3.5- Results

3.5.1- Antennae

To characterise the antennae, th© DMRcontrast was measured as a function of
position lengthwise on eachantenna. The same microdiamond was used throughout
these measurements and was sandwiched between two glass cov@rs| adhered with
nail varnish, to allow easy handlingThe ODMRcontrast was detemined by measuring
the fluorescence rate (p) with and without microwaves applied. A typical antenna
response as a function of positionis shown in Figure33. Error bars correspond tothe
oscilloscope resolution and DC accuracy uncertainty fathe ODMRcontrast and

estimated at + 1 mm for position onthe antenna
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Figure 33 7 ODMR contrast as a function of sample position on antenna mW of optical

excitation and full microwave power was used in these measurements.

Figure 33 shows there wasa clear peak inantennaperformance ~9 mm from the tip of
the antenna. This gives a convenient position to place samples and based on presiou

research[140], it is assumed to be due to thiermation of a standing wave.

The maximum ODMR contrasthat could be achievedor each antennavas measured
as a function of microstrip width, as shown inFigure 34. Error in antenna width
corresponds toan estimated fabrication tolerance of £0.25 mmand the oscilloscope

resolution and DC acuracy uncertainty for ODMR contrast.
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Figure 34 - ODMR contrast as a function of microstrip width2 mW of optical excitation

and full microwave power was used in these measurements.

Individual maxima were detemined by measuring the CDMR contrast fa each antenna
as a function of sample positionFigure 34 shows two antennae clearly outperformed
the others, both of which were suitable for use in the magnetometry experiments.
Overall contrast was lower than in Figure33 as this data was taken befor¢he
microwave amplifier was upgraded from al-Watt model (ZVE8G+) to the 3-Watt

model (ZVE-3W-83+) used in the magnetometry experiments.
Figure 35 shows the ODMR contrast as afigtion of microwave power forasingle sub

ensembleat a constant 2mW optical excitation power. Error bars correspond to the

standard deviation of the measurements.
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Figure 35 - ODMR contrast as function of microwave powerout of signal generator 2

mW of optical excitation was used in these measurements.

Figure 35 shows the ODMRcontrast saturates at approximately 4%.

3.5.2- Resonance Features

ODMRspectra were obtainedto qualitatively compare the lineshapes with the expected
spectra shown in Section 3.3.3. Spectra are shown at low and high microwave power to
demonstrate the loss of resolution at high power due to power broadenindgecause
magnetometric sensitivity is proportional to linewidth (Equation 23), power

broadening would be expected to decrease the magnetometric sensitivity. However, as
shown in Figure35, the ODMR contrast increased with microwave power and therefore
there is a tradeoff between the resonancdinewidth and ODMR contrastin Section

3.5.4,the overall magnetometric sensitivity as a function of microwave power is

measured
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To obtain the specta shown in Figures36-39, the microwave frequency was swept,
and the output of the lockin amplifier was recorded using an oscilloscopé-igure 36
shows ODMRspectraat low and high microwave power using a single microwave
frequency andusing amplitude modulation. Sngle frequency measurements were
made by plugging) 1 directly into the high pass filter,thereby bypassing thedouble-
balancedmixer. Microwave powers arethose set by the signal generator. The muhi
frequency microwave powers usedare higherthan the single frequency powers due to

the additional attenuation by the double balanced mixer.
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Figure 36 z ODMRspectrausing amplitude modulationof the microwavesand a single

microwave frequency. 2 mW of optical excitation was used in these measurents.

Figure 36a showsthe expected hyperfine couplingshown in Figure22awas observed,
confirming that the sample contains mainly4N. Figure36b shows that at high
microwave power,there is sufficientpower broadeningto obscure the hyperfine

structure

63



Figure 37 shows ODMRspectra takenusing frequency modulationand a single

microwave frequency.
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Figure 37 z ODMR spectroscopy usinfrequency modulation of the microwavesand a
single microwave frequency 2 mW of optical excitation was used in these

measurements.

The expected dispersiodike signalis observedand again the hyperfine structureis

obscured at high microwave power

Figure 38 shows ODMRspectra takenusing multi-frequency excitation and amplitude

modulation. Figure 38a clearly showsthe expected five peaks shown in Figurg2b thus

demonstrating successful mixing of the microwaves.
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Figure 38 z ODMR spectroscopysing multi-frequency excitation and amplitude
modulation of the microwaves 2 mW of opticalexcitation was used in these
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The expected five peaks are less defined in FiguB8b due to power broadening.

Figure 39 shows ODMR spectra taken using mulfrequency excitationand frequency

modulation.
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Figure 39 z ODMRspectroscopy using multifrequency excitation and frequency
modulation of the microwaves 2 mW of optical excitation was used in these

measurements.

Compared withFigure 23, the lineshapeshown in Figure da comparesreasonably
well. At higher powers (Fgure 39b) the hyperfine structure is againobscured by power

broadening and is qualitatively similar to the spectum shown in Figure37b.

3.5.37 ODMRContrast

ODMR contrastwas measuredas a function of optical powerat the sample as shown in
Figure 40. This was accomplished by measuring thBuorescence rate, with and without
the application ofresonantmicrowaves and calculating the percentage differenceasing
Equation 11. These measurements wer@erformed under ambient magnetic field
conditions and use the entire ensemble Error bars correspondto the oscilloscope

resolution and DC accuracy uncertainty
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Figure 40 z ODMR contrast as a function of optical poweat the sample Full microwave

power was used in these measements.

Figure 40 demonstrates that the ODMR contrast is approximatg constant overthe

range of powers testedBy using a 10X lens with an NA of 0.3 and a 40X lens with an NA
of 0.75,a large range of optical intensitiesvere measured This is true as thespot size

is inversely proportional to the NA of the len4142].In terms of ODMR contras there

is no preferential opticalintensity in this range.

3.5.4z Magnetometric Sensitivity

Magnetometric sensitivities weredetermined by applying 1 kHz sinusoidal magnetic
field oscillations of known amgitude (Bmeasured and fitting the obtained magnetometry
signals to a sinewaveo obtain the signal voltage (Vgna). The RMS of theesiduals of
the fit were used to obtainthe noise voltage (Moise) and these values plugged into

Equations14 and 25 to obtain the magnetonetric sensitivities.
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The magnetometric sensitivity as a function of optical power at the sample, shown in
Figure 41, was measuredising a Thorlabs - DET36photodiode. Error bars correspond

to the standard deviation of the measurements.
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Figure 41 z Magnetometric sensitivity as a function of optical powerFull microwave

power was used in these measurements.

Figure 41 shows thesensitivity is greatly enhancedoy performing experiments at
higher optical powers. Because the contrast is gpoximately constant over the
measuredrange of optical powers, as shown inFigure 40, theincreasein sensitivity is
likely due to the increasen signalsize. This decreases the shatoise limit, increases

the SNRout of the photodetectorand allows a reluction in lock-in amplifier gain, for

the same——. Sensitivity is ~200 nT/Hz 2 at 1 mW excitation power and increases to

~34 nT/Hz12 at 36 mW. However, increasing the optical power is at the expense of

reducing the biological applicability.
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The dependenceof magnetometric sensitvity on microwave power was also measured
as shown inFigure 42, usinga Thorlabs- DET36 photodiode Eror bars correspondto

the standard deviation of the measurements.
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Figure 42 7 Magnetometric sensitivity as a function of microwave power2mW optical

excitation was used in these measurements.

Figure 42 shows themagnetometric sensitivity increases with microwave power over
the range available. This suggests thag¢ven when performing experiments at
maximum microwave power,the detrimental effectof power broadening the ODMR
linewidth is insufficient to outweigh the benefit of the increase in contrastshown in
Figures 39 and 35 respectively. As there are no known biologically harmful effects from

microwaves at these frequencies (~2.8 GHz)the miadowave system is generally run at

maximum power.
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3.5.5z Bandwidth

The bandwidth of the magnetometerwas measured by applying sinusoidal varying
magnetic fields of increasing frequency and measuring the detect&ifield amplitude.
The results areshownin Figure 43. The auto-balanced subtraction detector wasused
for these measurementsError bars correspondto the oscilloscope resolution and DC

accuracy uncertainty.
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Figure 43 - Measurement ofmagnetometerbandwidth. Full microwave power and 2

mW of gotical excitation was used for these measurements.

Figure 43 shows the frequency response of the magnetometer with 2dB point around

3.1 kHz.

The bandwidth was further demonstrated by measuring a 500 Hz square wave

modulated Bfield, as shown inFigure 44.
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Figure 44 z Demonstration of bandwidth by measuring a 50Hz square wave magnetic
field modulation. Full microwave power and 2 mW of optical excitation was used for

these measurements.

This measurementUEAT AAA A OEOA OEI A.divén be expeatedt O pmb
action potentials are ~2 ms in duration (500 Hz) [16], there is sufficient bandwidth for

the intended measurements.

3.5.67 Photodetectors

The achieved sensitivities for the different detectordéested are shown in Table 1.2 mW

optical power and maximum microwave power was used to characterise these.
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Detector Sensitivity (nT/Hz 1/2)
Commercial AuteBalanced 66 + 2

Subtraction Detector
Subtracted TIA Photodiodes | 87 =7
TIA Photodiode 160 £ 12
Divided TIA Photodiodes 500+ 116

Table 17 List of sensitivities achieved for different detectors- each detector was tested
10 times with 1, 10, and 100 s measurements of 500 nT 1 kHz sinusoidal magnetic

fields and the standard deviation calculated

There is a 1.% times improvement when subtracting the reference signal using the
lock-in amplifier 0" 8 Eovebu8ify asingle TIA photodiode. The division detector,
although functioning, was 3.07 times worse than usinga singleTIA photodiode. Further
investigation would be required to determine the causeOptimisation of the signal to
reference vdtage ratios, multiplying gain factor and the relative phase of the signal and

reference may lead to future improvements in the division detector.

The comnercial auto-balanced subtraction detector showed a further 1.33 times
improvement over the subtraced homemade TIA photodiodes. Given the homemade
TIA photodiode circuit is very simple and costs around £20 to build, it is a more
economical option over theauto-balanced subtraction detector costing over 100 times

more.

An improvement in the TIA subtraced performance may be possibley performing the

subtraction in the detector before entering the lockin amplifier and could be checked

in future experiments.
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3.5.7- Demonstration of Magnetometry

A measurementof arepeated magneticfield oscillation generated by10 pulses of al

t !'1 kHzsinusoidal varying current over 12 hours is shown in Figre 45. This
demonstrates thenegative-feedback system allows measurements over long periods of
time left unattended. This allows low precision reattime measurements over long
periods of time or a high precision measurement to be made by repeating
measurements and averaging thenThe auto-balanced subtraction detector was used

for this measurement.

No Applied Field
— Applied B Field

Magnetic Field / nT
(@]

4 6 8 10

Time / ms

o A
N

Figure 45 z Measurement of a repeatedanagnetic field modulation- number of
measurementsaveraged = 4282408. Full microwave power and 2 mW of optical

excitation was used for these measurements.

Figure 45 shows the magnetometer signal after averaging for 12 hours, with and

without a magnetic ield applied. The amplitude of themeasuredsinewave was 27.36

73



mV, giving anRMSof 19.34 m\, and the RMS of the residuals was 1.467 mikhis
corresponds to measuring 10 pulses of a 1 kHz sine wave with a sigitatnoise ratio of
~13.2. Given the 12 hoursacquisition time, this corresponds to a sensitivity of-45

nT/Hz12,

The same experiment was performed with no applied magnetic field and the RMS

voltage of the noise(Vnoise) Was measured as a functionf number averaged as shown

in Figure 46.
10 5
Model Allometric2
] Equation y =a+ b*x"c
Plot RMS Voltage / V
= 14 a 8.22155E-4 + 4.60074E-7
E : b 5.05687 + 4.34159E-4
o0 c -0.57448 + 1.74995E-5
§ 0.1 - Reduced Chi-Sqr 4.84081E-7
g R-Square(COD) 0.98676
%2 Adj. R-Square 0.98676
E ]
. 0.014
0.001 -
1 100 10000 1000000
Number Averaged

Figure 46 z RMS voltage of noise as a function of numbef magnetometry
measurementsaveraged Full microwave power and 2 mW of optical excitation was

used for these measurements.

This demonstrates that Vnoise Can decrease foat least 12 hours of acquisitiortime. As
discussed in Section 3.4.3, the noise was eqied to reduce ael‘./l: where N is the

number of measurements averagedHowever,according to the fit shown inFigure 46,

Vhoise reduced as N-57. This suggests the mgnitude of the noise signal was notonstant
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throughout the measurement. This is not unreasonable given ghexperiment was run
from ~4pm until ~4am w hen thelaboratory temperature and seismic noiseare likely

to reduce. Althoughthe general trend was as epected, this could be checked in future

The same data is shown as.® versusaveragingtime in Figure 47:
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Figure 47 z Minimum detectable magnetic field as a function of averaging timé&ull

microwave power and 2 mW of optical excitation was used for these measurements.

At this sensitivity, a measurement of aepeated1 nT magnetic field oscillation, wth a
SNRof 1,would take ~23 minutes of averaging Measurements in reatime do not
allow for averaging and would be limited to a singleshot sensitivity of fields of ~723
nT, with a SNRof 1,based on Figured7. Reductions in laser, microwave and detecto
noise,an increase in samplet” or optimisation of the angle between the NV
measurement axis and the applied magnetic field, couldcreasethe magnetometer

sensitivity and, therefore, minimum detectable magnet field per unit time.
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3.6z Discussion

3.6.1- Antennaand Microwave System

As shown in Figure34, antenna performance peaked with microstrip widths around 0.5
Z 1 mm in the range tested. Although the impedance was expected to be matched
around 1.5mm, this does not account for the effect of the sample or coverslip on the
antennae. It should be noted that without a circulator to measure the returned
microwave power, we could not ascertain the efficiency of the antenna in general. By
measuling ODMR contrast, we only gain knowledge of which antenna best coupled the
microwaves to the NV centres. If using a pulsed ODMR scheme, filegjuency of
oscillation between the m=0 and ms=+ 1 spin states(Rabifrequency) could be
measured directly to givea better understanding of the coupling strength up to and
above the maximum contrastThis was not possible with the current setup as it would
require an AOM to be used to pulse the excitation laser as waian increase in the

detector bandwidth to measurethesuf O AEAT CAO 1T £ £ 01 OAOGAAT AAS8

Previous research suggests that the Rafiequency of the magnetic dipole transition is
proportional to the square root of the microwave power89, 92, 93]. Figure35 shows
there is na a linear relationship between the square root of power out of the signal
generator and theODMRcontrast. Reasons for this could include the microwave
amplifier saturating or an impedance effect in the antenna at high power. However, due
to the value athined, it is likely that this is an indication of reaching maximum contrast.
Previously, NV ensembleswere measured to have an ODMR contrast of ~4 950].

Therefore, given the ~4 % ODMR contrast achieved (FiguBb), this simple antenna
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design appears to generate sufficient magnetic fields for this worlat maximum
contrast, higher microwave powers are likely only to power broadenhe linewidth of

the transition which would be detrimental to magnetometric sensitivity.

3.6.2- Targeted Sensitivity

The homemadetransimpedanceamplified photodiode measured ~2V per mW of
excitation with a 180 kmload. Based on Equatioi24, this givesa measured photon rate
of R ~ 1.5*10“s1for 2 mW of excitation. The measured contrasvas ~4 % and full-
width-half-i AGET O1 1 Edg)NasEW ®Hz. Based on Equatios3, this gives a
shot-noise-l EI EOAA O AN-GPEEH R The séngiivity achieved wast6 +
2.2nT/HzV2assuming aradial distance of 50t i A A O x A A tior&égidn oht@eA E O
diamond and the core of thecurrent carrying wire generating the magnetic field
Estimating an uncertainty in this distance of 20 microns adds an additional uncertainty
of 40 % for the magneticfield value. Adding this in quadrature with the previous
uncertainty valueyields anachieved sensitivity of 70 £ 26 nT/Hz 2 This is110 times
above the shotnoise limit and 1129 times above the spin projection noise limit of ~&
pT/Hz 2, The reduction in sensitivity is likely due to noise in he laser source,
microwaves and detectorsThe achieved sensitivityfalls belowthe target of 0.38

nT/Hz Y2 with which it would be reasonabk to allow measuremnent of the action
potential of a marine wormwith 1 second of averagingThis is true even when ging
optical excitation powersover 15 times abovethe target of 2mW. At 2 mW excitation

power, our minimum detectable field for a singleshot measurement is~ 723 nT with a

bandwidth of 3.1 kHz.Given the shot noise limit is aboveur desired sensitivity, it is

77



not possible to achieve the required sensitivity using this techniquevith diamond with

this 4°.

The successfulapproach by Walsworthet a/[16] has a large advantagever the
presented experimental design By using a diamond chigontaining NV centreshat
was not in contact with the specimenthey were able to use2.75-4.5W of excitation

power and collect 1728 mW of fluorescencd16]. Thisdramatic increasein R (signal

photon rate) is greatly beneficial as shot noise sensitivity scales as (Equation 23).

The disadvantage ofhe diamond chip design is the increased distance between the NV
centres and thespecimenbeing measured (~13 pm). Given the ~400um diameter of

the marine worm axon[16], the chip approach is superior as th gain in SNR fronthe
fluorescence is greater than the increase in-Beld magnitude by reducing the distance

between the sensor and specimehy 13 um.

In future, it is desirable to measure mmmalianneuronsthat are expected to generate
~1 nT on therr axon surface[16]. The largest nanodiamonds currently commercially
available are 140nm in diameter (Adamas Nanotechnology)The smallerparticle size
would result in lower fluorescencerates as there ae fewer emitters. Thiswould cause
an increase in the shotnoise limit and a decrease in sensitivitgompared with the
current set-up. Furthermore, the excitation beam could not be focused tighter than the
particle size, thus wasting power and reducing the excitation efficiencyThe 140nm
particle nominally has ~800 NV centres giving aspin-projection-noise-limited
sensitivity of ~1.05 nT/Hz 12 for a 4°= 145 ns. Given the action potentials are only a

fraction of a seconda realtime measurementwould require a single-shot senstivity
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below 1 nT/Hz 2. Therefore, thismeasurementis impossible to make in realtime with

a single nanaiamond of this quality, usinga CWESRechnique.

3.6.3- Scaling up

When using multiple micro/nanodiamonds to measure multiple neurons, each
diamond has a most snsitive axis to measure from, each of which is at a different
microwave frequency due to the different projections of the magnetic field for the
individual NV axes. The technique used in these experimentsecessitates measuring
each diamond individually,in a laser scanning configuration for example, with different
microwave frequencies or magnetic fields applied duringhe measurementof each
diamond. Compared with a widefield setup, this haan inherently lower bandwidth.
Furthermore, it is expected thatgains in sensitivity in future are likely possible by using
coherent magnetometric methods developed itthe field of nuclear magnetic resonance

This would likely allow measurements closer to the spirprojection noise limit [16].

Previous research has shown tha4”, and thereforemagnetometric sensitivity, is

greatly enhanced by applying the bias magnetic field along the NV axis being measured
[143]. This would also require magnetic fieldalignment for each diamond anl re-
alignment upon displacementof the diamond. Under biological experimental

conditions, where the diamondcould be moving, this could be very challenging.
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3.7 - Conclusion

A magnetometer using a nitrogervacancy centre subensemblecontainedin a single
~150 pm diameter diamondwas built. The sensitivity achieved wag0 + 26 nT/Hz 12
with a bandwidth of 3.1kHz using 2mW of optical excitation. This is110 times above
the shotnoise limit of ~639 pT/Hz 12 and 1129 times above the spin projection nois
limit of ~6 2 pT/HzY2. The reduction in sensitivity is likely due to noise in the laser
source, microwaves and detectors. The sensitivity achieved in our experiment falls
abovethe target 0f 0.38 nT/Hz 2 which could reasonablyallow measurement of the

action potential of a marine worm with a SNRof 1, using 1 second of averagin($4).

The experimentalmethod would require large gains in sample quality to be useful for
the intended bio-magnetometry applicatiors. In particular, without gains in 4°, the
long-term goal of mammalian neural sensing in redime appears to beunattainable
with a quantitative spin-projection based measurementising a single nanodiamond of
this quality. Furthermore, the technique used in these experimentLannot be easily
scaled up to a multiplexed widefield setup for magnetic imaging with

nano/ microdiamonds.

Given that he discussedexperimental method does rot give the required sensitivity
and that themeasurement of action potentialsvia magnetic field fluctuationsneednot
be quantitative to be useful, future experiments using nano/microdiamond of this
quality should investigatedetection methodssuch asrelaxometry [144, 145] or the

electric-field detection of membranepotentials [7].
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Chapter 4

Two-photon Excited Optical Déection of
Magnetic Resonance dflitrogen Vacancy

Ensembles

4.1 - Overview

The previoussectiondiscussed a optical microscope system capable of performing
magnetometryin the microscopes field of view. In this section, it will be demonstrated
that two-photon excitation can be used to make the same type of measurement. The
experiments will compare the performance of onephoton excited optical detection of
magnetc resonance (ODMR)used in the previous chapter, taovel measurements of

two-photon excited ODMR2PODMR)

4.2 - Introduction

Two-photon excitation has several advantages over singlghoton excitation when
performing microscopy on live biological specimens. These include increased imaging
depth and, due to an inhibition of fluorescence outside of the focal planeeduced

phototoxicity when performing 3D imaging [18]. Should improvements in
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magnetometric sensitivity allow measurements ofbio-magnetometry, it may be

possible tocombine NV magnetometry wih the advantages of twephoton microscopy.

Although two-photon excited fluorescence of NV centres has previously been
demonstrated[17, 146], 2RODMR has notTherefore, theaim of this work wasto

demonstrate 2PODMR, to thus provetwo-photon excited NV magnetometryfeasible.

4.3 - Theory

Two-photon fluorescenceis a nonlinear process involving transitions between two
molecular/electronic states of a fluorophore. ltinvolves the absorption of two photons
and is generally followed by emission of a single photon of greater enerd¢8], as

depicted in Figure 48.

E\Phonon Transitions

3E Y

PSB T~ PSB
Excitation A ZPL P Emission
637nm 630 - 800 nm

1064 nm W
A\
3 Phonon Transitions
\4 =
A,

Figure 48 z Proposedmechanism of twvo-photon excited fluorescenceof NV - excitation

is via the phonon sideband (PSB)zero-phonon line (ZPL) also shown
(based an [18, 78-80, 147]).
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In terms of geonetric symmetry, the NV- and NW belong to theG, point group [55,
148] which is non-centrosymmetric [149]. As a result, the Lporte selection rule does
not apply [150] and parity does not have to bangeduring transitions. This allowsthe

single photon transitions to alsobe excited with two-photons[17].

The number of photonpairs absorbedfrom a focusedand pulsed laser beam i§151]:

N | —

N |

m

=
(=]
Q\
N
)

x EAOA twolprOtorabsArption crossOAAOET T h z EO OEA BOI OA A

pOl OA OAPAOEOEI T OAOAR 1 EO OEA xAOAI A1 COEN
and NA is the numerical aperture of tk objective lensTwo-photon excited

fluorescence should therefare, scale as the square of the average excitation power

(00). Wavelengtts near 1070 nm have recently beenshown to most efficiently two -

photon excite NV[152]. At this wavelength, similar to the onephoton excitation

spectra, NV is also efficiently excited. This suggests that, like with opghoton

excitation, there are dynamic conversiomprocesses between the NV charge states

taking place.

Two-photon excited optical spin polarisation depicted inFigure 49, is expected to be

analogous toone-photon optical spin polarisation, asdiscussed inSection2.2 6.
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Figure 49 z Proposedmechansm for two-photon excitedoptical spin polarisation. NV
centres are expected to optically cycle on thtd,P 3E transition and spin state
dependant ISC (intersystem crossing) rates toause spin polarisation into the rg=0
state - based on[18, 50, 147, 153]

Because the intersystem crossing ratesnder 1064 nm excitation are not published,

the expected 2PODMR contrast was unknown prior to measuremetdowever, because
the ODMR contrast comes from spistate dependent intersystem crossing rates,
assuming excitation is to the same state, there is ikmown reasonto assunethey

would differ from the one-photon excitedintersystem crossing rates

4.4 - Experiments

Three experiments were performed namelymeasuremens of emission spectra,
fluorescence as a function of excitation power and 2PODMR. Measurements were made
using adaptedepi-fluorescencemicroscopy setups, asshown in Figures50, 54 and 57.

Abroadband50:50 beamsplitter was usedto allow both 1064 nm and 532nm excited
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fluorescenceto be measured using the same optics. This allowedmparisonsto be
made at thesamemeasuredfluorescencerate for either one or two-photon excitation.
AFianium z FP-1060-2-fs laser was used as the twgohoton excitation source. It
nominally provides 200fs pulses at a repetition rate of 80 MHzat a wavelength of
1064 nm, with average optical powers up to 3N.By using a pulsedaser, thepeak
optical power is greatly increasedover a continuouswave laserwith the same average
power [153]. This increases theprobability of two photons arriving at the NV centre
simultaneously and, therefae, increasesthe two-photon excitedfluorescencerate

[153].

Experiments were performed using a commercially available microdiamon@Adamas
Nanotechnologiess MDNV150umHi) with a nominal diameter of 150t | AT M A1l
concentration of 2.5 ppm. By using amicrodiamond with a high concentration of NV

centres, the fluorescence yieldwas increased It was also found thasmaller diamonds

(151 [ diameter) moved from focus under highpowered 1064 nm excitationwhereas

the same section of the same 1501 AT O1 A AA OOAA &I O | 01 OEPI A

better comparison of restts.

4.4.1 - Emission Spectra

4.4.1.1- Experimental Setup

The setup used to measure emission spectra is shown in gig 50.
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Spectrometer: Laptop

Ocean Optics - USB4000-VIS-NIR " Computer
A Convex Lenses
- 30 mm Focal Length
-
900 nm Shortpass Filter: _..... «m 550 nm Longpass Filter:
Edmund Optics - #64-335 l Thorlabs - FELH0550
50:50 Beamsplitter: _,.i...s N\
Thorlabs - BSW26R
Objective Lens:
Olympus LUMPLFL
60x water immersion -...;
0.9 NA )
Microdiamond: =& Longpass
Adamas Pick-Off Filter . —
Nanotechnologies R Optical Fianium -
- MDNV150umHi \ v Isolator FP-1060-2-fs
Microscope:
Olympus Photodiode: [ A
BX-60 Thorlabs -
DET100A/M

532 nm DPSS Laser Diode:
Thorlabs DJ532-40
LDC205C Current Controller
TED200C Temperature Controller

Figure 50 z Experimental setup used to measure emission spectrd064 and 532 nm
lasers are combined with a longpass filter and coupled into a microscope. These are
used to separately excite fluorescence from an NV centre doped diamond sample.
Fluorescene is collected with an objective lens, long and short pass filtered to remove

excitation wavelengths, and measured with a spérometer.

A water-emersion lens was used as it had the besansmittance at 1064 nm out of the
available objective lenses and was intended to be used fiuture measurements of bie
magnetism.The emissionfilters were chosento transmit fluorescencebetween 550
and 900nm. This allowed measurement of both NVand N\ fluorescence[22, 57].
Filters were chosen withrelatively flat wavelength dependenges acrossthe

measurement window . This ensured an accurate masurement of the wavelength
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dependency of the fluorescence. The spectrometer hadhaminal resolution of 1.5- 2.3
nm (full-width -half-maximum), which was sufficient to measurghe broad emission
window and features such as theero-phonon lines. Optical powers were measured at
the sample using a calibrated optical power meter (ThorlabsPM100D, 330C, S350C)
and used to calibrate beam picloffs measured with photodiodes. Theewere usedto
monitor the excitation powers during experimentation. Along passfilter was used to
combine the 532 and 1064 nm beams andhaoptical isolator was used to ensure no
laser light was back reflected into the 1064hm laser.For these experiments, optical

DT xAO xAO AT 1 OOl lin-bhiicoOET ¢ OEA 1 AOAOSO

4.4.1.2- Reallts

The emission spectra for both 1064m and 532nm excitation are shown in Figure 51.
Eachspectrumis normalised to its individual maximum.Results were obtained at low,
medium and high powers with equivalent fluorescence rates for 532 and 1064m

exdtation.
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Figure 51 z Normalised amission spectraunder CW532 nm andfs-pulsed 1064 nm

excitation.

Peaks at 575nm and 637nm canbe clearly distinguished when usingeither 532 nm or

1064 nm excitation. These correspond to the zergphonon lines of the N\? and NV

respectively[154-156].
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Figure 52 z Difference of CW 532 nm and fpulsed 1064 nm excitation spectra at
different fluorescence rates High, medium and low refer to thexcitation powers

shownin Figure 51.

Figure 52 showsthe differenceof the normalised one and two-photon emission
spectra.These were obtained by subtracting thexormalised onephoton spectra data
from the two-photon spectra datashown in Figure51. Increased emission at
wavelenghs below the zerephonon line of the NV (637 nm) demonstratesN\W is

more efficiently excited at 1064 nm than at 532 nm.
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Figure 53 z Difference of emission spectra at high and low power of CW 532 nm and fs

pulsed 1064 nm excitation. High and low refeto the powers used in Figuresl.

Figure 53 shows the differenceof emission spectra at the highest and lowest powers
shown in Figure51 for each excitation wavelength This demonstrates at either
wavelength,the NV/NV O ratio decreases withincreasingexcitation power. Thisagrees
with previously published resultsand is attributed to photoionisation of the NV[17,

152].
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4.4.2- Fluorescenceas a function of excitation power

4.4.2.1- Experimental Setup

The experimental setup used to measuréiuorescence as a function of excitation power

is shown in Fgure 54.

Photodiode: Oscilloscope:
' F==p==4 Tektronix - TDS2002C (one-photon)
Thorlabs - DET100A/M Picoscope - 4262 (two-photon)

A Convex Lenses

= 30 mm Focal Length

| |
2 x-900 nm Shortpass Filter: : 9 % - 600 nm Longpass Filter:
= — 3
n
L]

Thorlabs - FES900 ™= Thorlabs - FEL600

900 nm Shortpass Filter: ..... <l 550 nm Longpass Filter:

Edmund Optics - #64-335 A Thorlabs - FELH0550
[ ]
)
50:50 Beamsplitter: \
Thorlabs - BSW26R
Photodiode:
Objective Lens: Thorlabs -
Olympus UPLANFL DET100A/M
40x 0.9 NA Air
Polarising
Microdiamond: Longpass Beam
Adamas Filter Splitter
Nanotechnologies R Optical Fianium -
- MDNV150umHi \ Isolator FP-1060-2-fs
. Pick-Off
Microscope: A2
O]ympus A Beam Plate
BX-60 Dump
Picl-Off > Photodiode:
. Thorlabs -
Stacked ND Filter DET36A/M

| Coherent - Verdi V5 |

Figure 54 - Experimental setup used to measure the dependence thie fluorescence
rates on excitation power. 1064 and 532 nm lasers are combinedith a long pass filter
and coupled into a microscope. Fluorescence is collected with an objective lens, filtered

with long and short pass filters and measured with a photodiode. Optical powers are

monitored with beam pick-offs measured with photodiodes.
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Because the diamond would move when rapplying water for the water-immersion
lens, he objective lens was changed to a dry objectiwgith the same NADue to the

I AEAAOCEOA 1 AT 08 n ad£0B40k thd avallabladovier &f DG aEniplewas
reduced at this wavelength However,it meant the same part of the diamond could be
used in the remaining measurementsThisallowed for afairer comparison of resultsas
the diamond was not polished andhe transmission likely varied as a function of

position on the diamond.

Further long andshort passfilters were added to ensure no reflected excitation light
reached the detectorA polarising beam splitterand rotatable halfwave platewere
added to allow better control over the 1064nm power levels This dso ensured the
same pulse length was used throughout the experimentsy constantly running the
1064 nm laser at full power. An oscilloscopgTektronix z TDS2002C)with a 1 Mm)
termination was used to measure the output of the photodiodfor the one-photon
excited measurements. Due to the low signal levels for thepghoton excited
measurementsa 16-bit oscilloscope (Picoscopeg 4262) was used to measure the
output of the photodiode.This oscilloscope also had a 1 iMtermination allowing direct

comparison ofthe valuesmeasured using either oscilloscope

4.4.2.2- Results

Figure 55 shows the dependence of twegphoton excited fuorescence as a function of
excitation power. Error bars correspond to theresolution and DC uncertainty of the

oscilloscope.
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Figure 55 z Fluorescence as a function of excitation poweannder fs-pulsed 1064 nm

excitation. Measured using setup shown iffigure 547 limited range fitted using

Equation 30. The same ydata is plotted ona) with power on the x-axis andb) with

power squaredon the xaxis.
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Figure 55 showsthe fluorescencerate did not follow the expectedsimple quadratic
power dependencyat these excitation powersand appears to saturateThis is
discussed in Section 4.5Fitsto the datafrom 94 to 304 mW of excitation power is
shown in Figure55. This range was chosen as the first 4 points did not fit well due to
the very low signal levels and powers above 304 mW were not included due to the
saturation effect. The data shows an exponent of 82 + 0.02 when fitted to the

equation:

This confirms the excitation process is mainly due to twgphoton excitation.

The dependency of the fluorescenceate on excitation power at 532nm is shown in
Figure 56. The fluorescence is normalised to the maximum twphoton excited
fluorescence shown in Figre 55.1 on this scalecorresponds to65 nW of measured

fluorescencebased on the generategbhotodiode voltage.
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Figure 56 z Fluorescence as a function of excitation powannder CW532 nm

excitation.

Figure 56 shows the 532 nm excited fluorescencedata fits to equation30 with an

exponent of 1.02+ 0.02. This confirms the fluorescence is due to onphoton

excitation. Furthermore, the datashowsthat at least twoorders of magnitude more

fluorescence can bechieved using onephoton excitation versustwo-photon excitation

with no evidence of saturation

4.4.3 - Two-photon Excited ODMR ZPODMR

4.4.3.1- Experimental Setup

The experimental setup used to measure 2PODMR is shown in g 57.
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Photodiode: Lock-in Amplifier:

Thorlabs - DET100A/M [**""=**==** Perrsrnannnnnas SRS - 810
A Convex Lens H :
= 30 mm Focal Length Vour % : Reference
; . <mlm .. . Y H (fModulation)
2x-900 nm Shortpass Filter: <=9 *2 x - 600 nm Longpass Filter: : :
Thorlabs - FES90Q === Thorlabs - FEL600 Oscilloscope: H
Tektronix - Signal
900 nm Shortpass Filter: . <« 550 nm Longpass Filter: TDS2002C Generator:
Edmund Optics - #64-335 Thorlabs - FELHO550 H Keysight -
RETEE TETEY) NS 1718
50:50 Beamsplitter: Sweep Out .
- plitter: .. N ¥ o
Thorlabs - BSW26R
Obiective Lens: Microwave High-Pass Filter: Microwave
Jective Lens: Isolator: |.gd Mini-Circuits - |---o Amplifier:
Olympus UPLANFP MCLI - 1S10 VHF-1200 Mini-circuits
40x 0.9 NA Air ™ - - ZVE-3W-83+
Microdiamond: » Photodiode:
Adamas i, Thorlabs - Polarising
Nanotechnologies ) - DET100A/M Beam
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Filter Pick-Off
Microscope: B A/2
Olympus \ Dﬁ?nlg Plate
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Pick-Off = Photodiode:
Thorlabs -
T DET36A/M

Coherent - Verdi V5

Figure 57 z Experimental setup used to measurePODMR1064 and 532 nm lasers are
combined with a longpass filter and coupled into a microscope. Fluorescence is
collected with an objective lens, filtered with long and short pass filters and measured
with a photodiode. ODMR spectra are produced by applying and sweeping microwaves
whilst measuring laser induced fluorescence. The fluorescence signal is processed by a
lock-in amplifier, referenced to the microwave modulation rate, to produce th© DMR

spectra.

A signal geneator was used to generate sgare-wave anplitude-modulated
microwaves. Modulation was performed using the in-built modulation function of the
signal generator.Thesewere passed through a highpass filter to remove the
modulation frequencies, an amplifierto increase themicrowave power and an isolator

to prevent back reflections into the amplifier. Microwaves wereapplied to the NV
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centresvia the microstrip antenna described in Section 3.4.4and the microwave
frequency swept from 2.75 to 3 GHZlhe modulation depth was 100% to maximise
contrast and the acquisition time was two minutes per sweep. The fluorescence was
measured with a photodiode connected to ock-in amplifier referenced to the
amplitude modulation rate. A modulation rate of 223Hz and atime constant of 300ms
were usedon the lock-in amplifier. The optimum phase setting was found to be the
same for both excitation wavelengths and the same d#tgs were used forboth
measurements Toenable comparison ofbne and twophoton excited ODMR, th same
DC voltage~30 mV) was inputted tothe lock-in amplifier for both measurements This
ensured differences in ODMR amplitude corresporati to differencesin ODMR contrast.

However, this was not corrected for the different NVNV 0 ratios.

4.4.3.2- Results

Measurements of both onephoton excited ODMRand 2PODMRare shown in Figures

58 and 59.
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Figure 58 z One-photon excited ODMR and 2PODMReasuredat the same
fluorescence rate Measured with 557 mW of 1064 nm and 28W of 532 nm excitation

at the sample.

A Gaussianfit to each spectrum yields an amplitude ratio (2P/1P) of 26.36. The
reduction in ODMRcontrast can be partially explained by the decreased NV 9ratio
shown in the emission spectraHowever, for this to fully account for thereduction in
contrast would require there to be more NV fluorescencethan NV, This can be
discounted by the emission speita shown in Figure51. Figure 59 shows the same data

as Figure58 but shown onseparateY-scales
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Figure 59 z One-photon excited ODMRand 2PODMR at the same fluorescence rata

separate yaxes Same data as Figure 58.

Figure 59 clearly shows both a reduction in linewidth and shift of the resonance when

using 1064 nm excitation. A Gaussianfit to each spectrum yields a linewidth ratioof
60.4 % and a shift of the ODMR resonance &7 MHz.Previous work with similar
HPHT diamondhas shown laser intensities up to 36 mW mraresulted in sample
heating up to 372 K[157]. It is, therefore, reasonable to assume there significant

heating of the samples tested in the presented experimentdsinga polynomial

approximation of the temperature dependence of theero-field splitting [158], the shift

of -27 MHz corresponds to aemperature of ~520 K (~247 °C) during the two-photon

excited measurement At this temperature, previous measurements have shownma

approximately 22 % reduction in single-photon excited ODMR contrasf158].
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4.5 - Discussion

2PODMR was successfully demonstrated using a nitrog@acancy ensemble contained
in a single microdiamond. This conclusively demonstrates the viability of twqphoton
excited magnetometry using N\tentres. The 2PODMR contrast was found to be
reduced by 73.7 %&and the 2PODMR linewidth was found to be reduced by 39.6 %
when compared with measuringsingle-photon excited ODMR at the same fluorescence

rate.

Two-photon excited fluorescencevas alsodemonstrated to saturate atfar lower

fluorescence rateghan under onephoton excitation (Figures 55 and 56) . As discussed

in Section 3.3.4, the CVWESR shotoise limit scalesasm—_, where R is the detected

photon rate. The low fluorescence rate under wo-photon excitation,compared with
that under one-photon excitation, would, therefore,limit the achievable magnetometric

sensitivity.

The reduction in two-photon excited fluorescences likely due torecently discovered
processesthat cause onephoton excited fluorescence to quench under simultaneous
532 and 1064 nm excitation [155, 159, 160] Recent research hagonfirmed multiple
processes undeisimultaneous532 nm and 1064 nm excitationwhich can both increase
and decrease NMluorescence rate4155]. Thesedepend on optical intensityand relate
to both thermal and NVT NW conversion processeg155]. Unlike in previous
research, n the presented results the two-photon excited fluorescence appears to be

quenched by thesame laser that is exciting théluorescence.
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The measuredreduction in ODMRcontrast of 73.7% is not trivial to explain with the
presentedexperimental data. Assuminghat, due to the elevated temperaturethere is
the same reduction inODMRcontrast under one andtwo-photon excitation, a drop in
ODMRcontrast of 22 % is expected158]. To account for the additional 51.7 %
reduction in contrast would require there to bean NV/NVratio of ~34 %. This is

ruled out by the emission spectra shown in Figur®1 and suggests that there is another

reason for the reduced 2PODMR contrast.

A likely candidateis that high optical excitation powers causd heating of the
microwave antenna. This cald potentially cause a change ithe AT O A TinipAdande
and acorresponding reduction in microwave coupling efficiency.To test whether
heating o the antennareducesits efficiency, using a microwave circulatorthe
microwave power back-reflected from the antennacould be measured as a function of

excitation power/ temperature.

To mitigate any heating of the microwave antenna under high excitation power, a loop
antennathat is not in contact with the diamondcould beused This may require
increased miclowave powers to maintain the same contrast as the distance between

the antenna and NV centre is increased.

Another possibility for the reduced 2PODMR contrags that the excited state
intersystem crossing rates nay differ for the two excitation wavelenghs.
Measurements of intersystem crossing rates have been made under 532 excitation

[161] and could berepeated under 1064 nm excitationin future experiments.
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The reduction in 2PODMR linewidth wasinexpected and is not currently understood.
Compared with onephoton excitation at the same fluorescence rate, lower linewidths
under two-photon excitation would increase magnetometric sensitivity. Therefore, this

is potentially a very interesting avenue ofnvestigation for future work.

It may be the case that therés preferential optical excitation of certain NV axes taking
place due to the polarisation dependency of twghoton excitation [147]. Experiments
should be repeatedas a function ofangleof polarisation and with circular polarisation
for the optical exctation. Experiments should also be repeated with a bias magnetic
field applied to allow measurement of theindividual sub-ensembles. Thisvould allow
the ODMR contrast of the individuaNV axeso be compared. Furthermore,
measurement of asingle sth-ensembleODMRIlinewidth would provide a definitive

demonstration of a reductionin linewidth.

By repeating experiments with aggregates of nanodiamonds under both one and two
photon excitation, effects owing to theorientation of the diamonds should be averaged

out. This may also provide insight when compared with single crystal regdts.

A reduction in ODMR linewidth underincreasing532 nm excitation has previously
been reported[89] and mayalsobe related.This could be tested by epeatng

measurementsas a function of excitation powe, starting atlower excitation powers.

Given the successfullemonstration of 2PODMR conclusively demonstrates twphoton
excited spinpolarisation, a two-photon excited version of recent spirto-charge
readout protocols[104] should be possilte. Thiscould be an interesting avenue of

investigation for future two-photon excited magnetometry researctusing NV centres
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Future work could also demonstrate coherent spin state contrabf NV centresunder
two-photon excitation to verify the viability of coherent two-photon excited

magnetometry. This would be best perbrmed with high quality CVDdiamond samples.

Although the experimental setup was adequate to measure 2PODMR, several
improvements could be made. Given the low fluorescence rate, an avalanche
photodiode or photomultiplier would likely be a more suitable plotodetector for these
measurements. With greateioptical detection sensitivity, measurements could be
made at lower optical ex@ation powers and bandpass filters could be used to

differentiate fluorescencecontributions from NV- and N\L.

To allow a bette comparison between one and twephoton excited fluorescence rates,
a confocal setup should be employed to reject out of foctlsorescence. This likely has
a far greater contribution to the onephoton excited fluorescence signal as twghoton
excitation is only probable in the focus of the 1064 nm excitation beam and not from

scattered light.

Finally, temperature control of thesample, such as use of a cold finggk55] , could be

implemented to mitigate thermal effects.

4.6 - Conclusions

Two-photon excited optical detection of magnetic resonancPODMR has been

successfully demonstratedusing a nitrogen-vacancy ensemble containeth a single
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microdiamond. This conclusively demonstrates the viability of twephoton excited

magnetometry using NV centres.

The 2PODMR contrast was found to be reduced by 734 when compared with
measuringsingle-photon excited ODMRat the same fluoregencerate. This can only
partially be explained by the increased temperature and lower N¥YNV 0 fluorescence
ratio under two-photon excitation. The 2PODMRnewidth was alsofound to be

reduced by39.6 %, though the mechanism is not currently understood

Evidenceof saturation of two-photon excitedfluorescencewas found atrates at least
two orders of magnitude lowerthan under onephoton excitation. This is assumed to
be relatedto thermal and NVVP .0 6onversion processesiemonstrated under

simultaneous 532 nm and 1064 nm excitation155].
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Chapter 5

Stimulated Emission from Nitrogen Vacancy

Ensembles in Bulk Diamond

5.1-Overview

The previoustwo sectionsdiscussedthe developmentof a niche magnetometer using
nitrogen-vacancy centres in a fluorescence igroscopy setup for biological research. In
this section,research towardsanovel andmore general magnetometer thatlsouses

the optical detection of magnetic resonance (ODMR) wille discussed.

This work takesearly steps towards building a magnetesensitive laser usingnitrogen-
vacancy centre dopedliamond as thelaser gain material. Such aaser is expected to
allow ultra-sensitive measurements of magnetic fieldg23]. This could be useful for a
variety of applications such asnapping of the eartld agneticfield, the detecion of
submarines, shipwrecks and mines, andex-vivo bio-sensing applications such as
electrocardiographic (heartbeat) and electroencephalographic (brain activity)sensing

[50].
The first two sections describe attempts to measure stimulated emission from a

nitrogen-vacancy centre ensemblgunder both non-resonant and resonant excitation.

This would demonstrate the fundamental process on whicthe proposedlaser would
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be built. The third section describes attempts to usstimulated emission to perform

ODMR This woulddemonstrate the magnetosensitivity of the proposed laser.

5.2 - Introduction

Magnetometry using ensembles of nitrogetvacancy centres can rely on measurements
of small changes in fluorescence intensitji 6, 162]. As fluorescenceés generally

emitted in all directions, achieving high collection efficiencies is challenging. A typical
25 mm diameter lens with a 35.1 mm focal length in air and a highuality oil -
immersion objective lens with an NA of 1.4, have maximum fluorescence leaition
efficiencies of 3.£6 and 31% respectively[163, 164]. In contrast, aheoretical 100 %
collection efficiency oflight generated bystimulated emission is possible ashe

photons areemittedinto a single mode. Furthermore, stimulated emission from NV
centre ensembles could allow the creation of a laseising diamond as an optical gain
medium [165] . Thisis attractive for both its excellent thermal conductivity as well as an
ability to output in proportion to shifts of the NV- magnetic resonarce[23]. Based on
this principle, a room temperature magnetometer has recently been proposed with an

expected sensitivity near fT/Hz 2 [23].

Whilst this work was being undertaken, a sumessful demonstration of stimulated
emission from anitrogen-vacancycentre ensemble was reported22]. Although the
efficiencywas not quantified, it was accompanied by indirect evidence of stimulated
emission. Ths included areported reduction in fluorescene with nanosecond-scale
temporal dynamics and a wavelength dependency proportional to the fluorescence

emission spectrum. Previously, there have been several demonstrationssaefper-
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resolution imaging using stimulated emission demtion microscopy with nitrogen-
vacancycentres[38, 68, 166]. As these rely on stimulated emission to suppress

fluorescence, it is further indirect evidence of stimulated emission from NV centres.

The aim of this research was tdlirectly quantify the optical gain of a probébeam due to
stimulated emissionfrom a nitrogen-vacancy centre ensemble contained ia mmscale
diamond. A secondary aim was to perform the optical detection of magnetic resonance
(ODMR) using stimulated emissionThis would demonstratethe feasibility of using

stimulated emission to perform magnetometry.

5.2.1- Diamond Samples

The diamonds used irthe presentedexperiments and the information in Table 2 was
provided by the Institute of Photonics (Universityof Strathclyde). Substitutional
nitrogen concentrations were determined using Fouriertransform infrared
spectroscopy and theconcentration of theother defects were determined by

absorption spectroscopy at 77K [90].

107



Sample | Name Pre- NVN NV N\ \o Size (mm)

# Treated Conc. | Conc. | Conc. | Conc.
Ns Conc. | (ppm) | (ppm) | (ppm) | (ppm)
(Ppm)
1 1409E6 45 0.069 | 0.549 | 0.578 | 0.088 | 2.93x3.08x1.85
sCVDO02
2 1409E6 45 0.495 | 0.313 | 0.099 0 1.5x1.5x1.8
sCVvDO04
-01
3 E6H3A 7 0.06 0.76 0.13 0 2.96x2.97x2.16

Table 2zDiamond Specifications:

Ns = substitutional nitrogen, NVN = nitrogenvacancynitrogen, \0 = neutral vacancy
- data provided by the Institute of Photonics (University of Strathclyde)

All samples were synthesised using chemical vapour deposition by Elemerdfd
approximately 2x2x3 mm in size Additional treatments including electron irradiation
and annealirg were performed by the Institute of Photonics. Sample #2 has undergone
the same treatment as sample #1 except for an additional higbressure,high-
temperature treatment. Details of similar samples created by the Institute of Photonics
can be found at thdollowing reference[90] . Although sample #3 looksto have the best
specifications, it was unavailablevhen the measurementsin Sections 5.3.1 and 5.3.3

were performed.

5.3 - Experiments

Experiments to measure stimulated emission and ODMR using stimulated emission
were initially performed using 532 nm excitation. Due to inconclusive results, a
measurement of stimulated emission using resonant 637 nm excitation was

subsequently attempted.
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5.3.17 Attempts to MeasureStimulated Emission under 532

nm Excitation

5.3.1.1- Theory

Stimulated emission is & optical process whereby a incident photon causesan
excited fluorophore to emit aphoton in the same direction with the same polarisation
and in-phasewith the incident photon [167]. As two photons are nowin the mode of

the incident photon, gotical amplification has ocairred. This isdepicted in Figure60.

a) b) Phonon
Transitions

3E .
Excitation ~—— ~~> Emitted
Photon ~ Stimulating ~~> Photons
3 Photon =
A2 = =

Figure 60 z a) Excitation via the phonon sideband l§ased on[78]). A 532 hm photon
excites the NV centre first to |3> before it decays to |2>.
b) Process of imulated emission (based on[78, 142, 168)) z stimulating photon

causes deexcitation of an NV centre and the emission of a photon.

The loss or gain of a flux of photons passing through a medium can be described as the
absorption or stimulated emission of photons respectiely. Spontaneous emission has a

negligible contribution to gain as photons are emitted in all direction$142]. The rate of
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change of a flux of photons at a position z in a gain medium can be descrilsthg the

following equation [142]:

—. K . . &U op

x E A Qdis the transition cross section, F(z) ithe photon flux at position z and N
and N\; are the populationdensities of the |1> and |2> states respectively, as showiin
Figure 60. With N>>N 1, optical amplification occurs whereaswith N:>N », absorption
occurs[142]. The requirement of N>N is known as population inversion. This should
be easily achievable as, neglecting the Nainglet states, the NVis a4-level system with
fast decaying B> and | 1> states relative to state P>, from which stimulated emission
should occur. Therefore, in theory, it requires only a single N¥o be pumped to create

population inversion [142].

The stimulated emissioncrosssection &» h AO A A£O1 AOCGEIT 1T 1 £ xAOAI
a0 OOEA 1 AOGAO CAET 1T &£# A OOAT OEOGEIT DPAO O1 EO |
OAOOOAQGET T 1T O A gAmoAttanddcalCuitedsiAgine DDWIMGT T 6
equation[169]:
11
£ s 1) oc

z 1A AAA

wEAOA s EO OEA OAAEAOEOA NOAT O00i AmsAEAEAT AU

emission spectrum, c is the speed of light, n is the refractive index and:
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where Noumped iS the population density of NV- in all the pumped states, including théE
and singlet statesz; is the fluorescence lifetime of the excited state which is defined as
the mean time the fluorophore remains in the excited state, including radiative and

non-radiative emission processe$170].

As the stimulated emission cross section has a wavelength dependency proportional to
that of the fluorescence enssion spectrum, at room temperature, stimulated emission
from NV-is expected to most efficiently occur at the peak of the phon@idebandnear

700 nm [22].

NV- centre based lasers, which use stimulated emission as the optical amplification
process, are expected to be pumped into the excitél date via excitation on the
phonon sideband at 532 nn{23], as shown in Figure60a. A 532 nm pump istypical of

many previous magnetometry experiments using N\[16, 39, 162]

For pump and probe intensities well below saturation, he gptical gainin an ideal4-

level laser gain material can be describedvith the following equation [171]:

where and Pusis the absorbed pump powerE  E O CcondtantizE 8 s the

frequency of the pump light and ° is the effective pump area
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The fraction ofabsorbedpump power to incident pump powercanbe estimated from

the following equation [171] :

x E A QdAis tife absorption crosssectionat the pump wavelengthN is the fluorophore

density and L is the length of the gain material.

Using Equation35, the absorbed pump power can be calculatdd71]:

where PappiiediS the applied pump power.

The effective pump area is related to the overlap integralf the pump and probe beams

and can be approximated by171]:

~
~

o X

N>

where 7 and7 are the average pump and probe radii respectivelj171].

For the NV; Aaps= 3.1 x 1027 at 532 nm[17]h sim =A3.6 x 1017 cm2[172],z ~ 13 ns
[77],the samples used had a length of ~ 2 mand the pump and probe radii were 47
and 211 I respectively. Using Equations34-37, the expected gain as a function of pump

power can be calculated and is shown in Figur@l.
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Figure 61 7 Expectkd gain as a function of pump powefor diamond sample with an NV

concentration of 0.5 ppm

Based on EquatiorB4, the gain is expected to increase linearly with pump power and
should be invariant to probe power, assuming you are well below therobe saturation
intensity. For a 4level system, this can be calculated from the following expression

[173]:

oy

Using Equation 3, the satuation intensity is ~ 0.59 MW cm? at 723 nm.

5.3.11.1- Reference Sample

For these experiments, titaniumsapphire was chosen as a reference sample to ensure
the apparatus was working as expected. It was chosen as it is a commonly used and

commercially available laser gain material that can be pumped at 532 nm and
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fluoresces around the same wavelength range as N¥uthermore, neglecting the NV
singlet states, both titaniumsapphire and the NV are 4-level systems and should
exhibit similar behaviour. For the titanium:sapphire sample, the doping concentration
was nominally 0.25 % by weight, which corresponds to a deity of ~8.25 x 10t cm-3
[174]. Thefluorescencelifetime of titanium :sapphire E Q= 322t 175], absorption
AOT OO0 OAAOQEIT 4s= 490 1020@m2 [176], pekCstimulated emission cross
O A A O&n= B x 1012 cm? [172] and the sample had a lengtiof 15 mm.At 723 nm, the
stimulated emission cross section is about 0.85 times that of the pefk74]. Using
these numbers and Equatiord4, the gainusing titanium:sapphire was expected to be

~4.1times larger than that with diamond containing anNV- concentration of 0.5 ppm.

5.3.1.2- Experimental Design

A simplified experimental setup designed to measur a change in probe power due to

stimulated emissionis shown in Figure62.

Probe
Prism
Modulated
Pump (NN SR e ——— ‘Q]A
Dichroic Sample o~
Mirror

Figure 62 z Simplified experimental setup for measurements of a change in probe
power. Pump and probe beams are combined using a dichroic mirrorapsed through

the sample, and the probe measured after separation from the pump.
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A modulated pump beam is overlapped with a continuous wave (CW) probe beam

using a dichroic mirror and passed through a sample. The normalised powebsfore

passing throughthe sample are shan in Figure 63.

Normalised Probe Power
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Normalised Pump Power
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0.6 1
0.4 1
0.2
0.0 1

b)
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Figure 63 z Normalised probe and pump power as a function of timbefore passing

through the sample.

After passing through the sample, the beams are separated using a prism and the probe

power measured as a functiorof time. If stimulated emission occurs, the probe beam

should exhibit increased power in phase with the pump excitation as shown in Figure

64.
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Figure 64 7 Expected experimental outputz 10% relative gain Probe power is expected

to increase in phase withthe pump power due to stimulated emission.

This allows measurement of the probe power gain, relative to the pump being on and

off, where:
oy s A,,,.,_:z(z
OAI AQONEEOO ow

As stimulated emission can only occur when the sample is in the excited state, whba
pump beam is turned off, stimulated emission is expected to cease on a timescale
comparable with the fluorescencelifetime of the state.At room temperature, this is

~13ns[77] forthe Nvand3.2t O &I O OEOAI7HYOi  OAPPEEOA
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5.3.1.3- Experimental Setup

The experimental setup designed to measurdimulated emission is shown in Figure

65.

Figure 65 z Experimental setupusedto measure stimulated emission witha532 nm
pump wavelength. Modulated pump and probe beams are combined using a dichroic
mirror, passed through the sample, and the probe meared with a photodiode after
separation from the pump using a prism. Modulation of the pump is achieved using an
optical chopper, and the probe using an acoustoptical modulator. Demodulation of
the probe is atieved using a lockin amplifier referenced to the probe modulation rate

andis recorded with an oscilloscope.

To mitigate imperfect separation of the pump and probe, both the pump and probe
were modulated. This enabled a lockn amplifier to isolate the probe signal from any

fluorescence or pumplight that may have reached the detector. This was possible by
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