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Abstract 

 

Studies were performed to progress the application of nitrogen-vacancy (NV) centres 

to the sensing of magnetic fields. 

 

A magnetometer using an NV centre ensemble contained within a 150 µm diameter 

diamond was built. Using an adapted epi-fluorescence microscopy setup and 2 mW of 

optical excitation, a sensitivity of 70 ± 26 nT/Hz1/2 was achieved with a bandwidth of 

3.1 kHz. This was 110 times above the shot-noise limit of 639 pT/Hz1/2 and 1129 times 

above the spin projection noise limit of 62 pT/Hz1/2. This was likely due to noise in the 

laser, microwaves and detectors. The experimental method requires large 

improvements in spin dephasing time (T2
∗) to enable the intended detection of marine 

worm action potentials via bio-magnetism.  

 

Secondly, two-photon excited optical detection of magnetic resonance (2PODMR) of NV 

centre ensembles was successfully demonstrated. This proves two-photon excited 

magnetometry with NV centres possible. The 2PODMR linewidth and contrast were 

found to be reduced by 39.6 % and 73.7 % respectively, when compared with 

measurements of single-photon excited ODMR. The reduction in ODMR contrast can 

only partially be explained by the increased temperature and lower NV-/NV0 ratio 

under two-photon excitation. Two-photon excited fluorescence was also found to 

saturate at low fluorescence rates compared with single-photon excited fluorescence. 

This is likely to be related to previously measured effects where 1064 nm excitation 

has quenched 532 nm excited fluorescence. 
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Finally, a first step towards building a magneto-sensitive laser using NV centres for 

ultra-sensitive magnetometry was made. Direct measurements of stimulated emission 

from NV centre ensembles contained within a mm scale diamond were attempted but 

were inconclusive. Despite measuring a change in probe power using a pump-probe 

setup, the wavelength, power and temporal dependencies were not 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 into fluorescent atom-like defects in diamond, called 

nitrogen-vacancy centres (NV centres), has dramatically increased. This has been 

driven by the discoveries that single NV centres can be measured using confocal 

microscopy, used as a single photon emitter and have magnetically sensitive spin states 

that can be optically polarised at room temperature [1].  Furthermore, microwave 

excitable transitions between the NV centre spin states were found to be optically 

detectable due to spin-state dependent fluorescence rates [1]. Using this principle, high 

sensitivity, nanoscale magnetometry with NV centres was proposed [2]. Furthermore, 

as the spin state can be controlled coherently [3], quantum logic operations are 

possible using NV centres and can be repetitively read-out using proximal nuclear spins 

[4]. In future, this may lead to quantum information processing using NV centres as 

qubits [4].  

 

In 1995, diamond was also shown to be as bio-compatible as commonly used medical 

implant materials such as titanium and stainless steel [5]. Later work showed 

fluorescent nanodiamonds, which are nanoscale diamond crystals doped with NV 

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

 

Given the biocompatibility of diamond and the ability to measure the NV centre’s spin 

state, it was realised that fluorescent nanodiamonds could be used to make biologically 
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relevant measurements such as nanoscale-thermometry 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 axon terminals [8], as depicted in Figure 1.  

 

 

Figure 1 – 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 signal 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 serve to reduce the electrical potential between the inside 

and outside of the cell (membrane potential) [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 potential [8]. It travels down the 
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neuron’s axon towards the axon terminals (Figure 1) where it initiates the release of 

calcium ions to facilitate communication with other neurons or cells [8]. A simulated 

magnetic field generated by a single neuronal action potential is shown in Figure 1 and 

experimentally measured marine worm action potentials and magnetic field 

fluctuations are shown in Figure 4.  

 

Currently, action potentials are measured either using microelectrodes [9], patch clamp 

techniques [8] or optically using voltage-sensitive [10] or calcium-indicating [11] 

fluorescent dyes. Microelectrodes and patch-clamp techniques both have excellent 

signal-to-noise ratios. However, patch-clamp techniques require a separate probe per 

neuron, which limits scaling-up. Microelectrode arrays are currently limited to a ~20 

μm spatial resolution [9].  

 

Both voltage-sensitive and calcium-indicating fluorescent dyes allow multiplexed 

imaging of individual action potentials. However, voltage-sensitive dyes have a poor 

signal-to-noise ratio and cannot be used for long-term studies due to their toxicity [10]. 

Calcium-indicating dyes exhibit poor temporal resolution with single (~2 ms [10]) 

action potentials causing fluorescence changes of 100s of milliseconds [12]. 

Furthermore, chemical dyes can exhibit an irreversible quenching of fluorescence 

(photobleaching), when in the excited state [13].  

 

NV centres in diamond can potentially address all of these issues as they are non-toxic 

[6] and do not photobleach [7]. They have also been theoretically shown to be sensitive 

enough to extracellularly measure the magnetic field fluctuation associated with single 

neuronal action potentials [10]. A long-term goal of this research is to provide a 

microscope system capable of simultaneous, real-time detection of thousands of 
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individual action potentials. This would be a considerable technological step forward as 

there is currently no instrument capable of such measurements [14]. Figure 2a shows a 

system potentially capable of this.  

 

 

Figure 2 – a) System capable of using NV centre doped nanodiamonds to measure 

action potentials in neuronal samples - measurements are made by applying resonant 

microwaves whilst exciting fluorescence with a 532 nm laser and imaging it with a 

high-speed camera. b) Depiction of a typical neuronal sample loaded with 

nanodiamonds - not to scale. 

 

 

A fluorescence microscope with a water-dipping lens would be used to perform live cell 

imaging on a neuronal sample containing nanodiamonds (Figure 2b). Imaging would be 

performed in a phosphate-buffered saline solution to maintain bio-compatible 

conditions. Microwaves resonant with the NV centres would be applied and the 

fluorescence imaged at sufficiently high frame-rates to detect the changes in NV centre 

fluorescence associated with action potentials.  
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The original short-term goal of this research was to measure the action potential 

transmitted along an excised marine worm axon (Figure 3). The aim was to provide a 

proof-of-concept measurement of a live action potential using NV centres.  

 

 

Figure 3 – 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 undertaken, a measurement of a marine worm 

action potential was successfully performed using NV centres in bulk diamond [16], as 

shown in Figure 4. The experimental design used to achieve this is discussed in Section 

2.2.7. 

 



6 
 

 

Figure 4 – Measured marine worm action potential and associated magnetic field 

(reproduced and adapted from [15]). 

 

 

Two-photon excited fluorescence from NV centres has also been demonstrated [17]. 

This has several advantages over single-photon excitation when performing 

microscopy on live biological specimens. These include increased imaging depth and, 

due to an inhibition of fluorescence outside of the focal plane, reduced phototoxicity 

when performing 3D imaging [18]. Previous to this research, optical detection of the NV 

centre spin state had not been demonstrated under two-photon excitation. 

 

NV centres in diamond have also been proposed as a laser gain 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 as the gain material in femtosecond and wavelength tunable 

lasers [21]. Previous research has demonstrated laser action using another defect in 

diamond [19], called the H3 defect, and a recent study has reported stimulated 

emission from NV centres [22]. Given the ability to measure magnetic fields with NV 

centres, a magneto-sensitive NV laser with the ability to perform ultra-sensitive 

magnetometry has recently been proposed [23]. This is a second long-term goal of this 

research.  
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With this in mind, there are three aims of the research presented in this thesis: 

1. To build and quantify the sensitivity of a fluorescence microscopy system 

capable of magnetometry with NV centre ensembles 

2. To ascertain whether two-photon excitation of NV centres allows 

magnetometry to be performed in a similar microscopy setup 

3. To quantify the optical gain due to stimulated emission from mm-scale, NV 

doped diamond samples and to demonstrate the ability to use stimulated 

emission for magnetometry 

 

The background and theory of diamond and nitrogen-vacancy centres are discussed in 

Chapter 2, the experiments performed to accomplish the listed aims are discussed in 

Chapters 3-5 and the conclusions of the research are presented in Chapter 6. 

 

 

  



8 
 

Chapter 2 

Background and Theory 

 

2.1 – Diamond 

 

Diamond is a well-known allotrope of carbon and renowned for its outstanding 

material properties. It is one of the hardest substances on earth owing to its dense, 

strong bonding [24, 25] and is regularly used in industry for cutting, polishing and 

drilling glass, rock and gems [25-27]. Pure diamond is also optically transparent due to 

its wide band gap of 5.47 eV [28]. It transmits over a broad wavelength range from 226 

nm to 500 μm excluding a region around 2.5-6.5 μm due to two and three phonon 

absorption [24]. However, its transmittance is reduced by its high refractive index of 

2.43 (at 532 nm) [29]. This causes a reflection of ~17% at normal incidence in air [30]. 

 

There are two abundant isotopes of carbon, 12C and 13C, with natural concentrations of 

~98.1 % and ~1.1 % respectively [31, 32]. 12C exhibits no nuclear spin (I=0) [31] 

whereas 13C exhibits a nuclear spin of I=1/2 [32], where I is the nuclear spin quantum 

number. As 13C has nuclear spin, it is paramagnetic, and can be a major source of 

decoherence in NV centre experiments. However, isotope concentration is controllable 

in synthetic diamond [33-35]. 
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One of the most exciting properties of diamond is its biocompatibility. Non-toxicity, bio-

conjugation and the uptake of nanodiamonds in living cells have been demonstrated in 

the past decade [6, 36, 37]. This has led to the use of fluorescent nanodiamonds in 

super-resolution imaging [38], magnetic imaging [39] and nanometre-scale 

thermometry [40] experiments with living cells. In future, they may also be used as 

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

 

2.1.1 - Diamond Synthesis 

 

Although natural diamond can contain NV centres, synthetic diamond is commonly 

used in experiments to allow the defect concentration to be controlled and to allow 

reproducibility [30]. Synthetic diamond production began in the 1950s with a 

technique called high pressure/high temperature (HPHT) [41, 42]. Over time, further 

methods such as chemical vapour deposition (CVD) created the ability to 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) 

 

Fundamentally, HPHT synthesis converts graphite to diamond by increasing the 

temperature and pressure of the sample’s environment [43, 44]. This makes diamond 

thermodynamically favourable and causes a phase transition to occur [44]. Although 

graphite is more stable than diamond at room temperature, a large activation energy 

prevents it from converting back [45]. 
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HPHT synthesis is the dominant manufacturing method for abrasive and cutting 

applications [46]. These diamonds are also used to produce commercial 

microdiamonds and nanodiamonds containing 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 source [34]. The isotopically purified 

HPHT can contain 1.4 ppm of substitutional nitrogen [33] making it useful for nitrogen-

vacancy ensemble applications. The best HPHT diamonds are also used as seeds for 

CVD diamond synthesis [42]. 

 

2.1.1.2 - Chemical Vapour Deposition (CVD) 

 

Chemical vapour deposition creates diamonds via epitaxial growth on a substrate [42]. 

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 radicals [46]. These participate in 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 the growth 

process [24]. These gases are commercially available at contaminant levels below 1 

ppm [24] allowing the creation of ultrapure diamond. Isotopically pure methane-12C 

can also be used to create an ultrapure and isotopically pure diamond capable of 

hosting nitrogen-vacancy centres with high room-temperature T2
∗ (inhomogeneous 

electron-spin dephasing time) of 2 ms [35]. Under ideal conditions, this would allow 

single NV magnetometry with a sensitivity of ~127 pT Hz-1/2 [50] and could be 
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increased further using multi-pulse sequences to extend the coherence time [51]. By 

altering the amounts of N2 gas added during growth, the concentration of doped 

nitrogen can also be controlled [31]. This is an attractive technique as 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 nitrogen-vacancy (NV) centre is a useful defect in diamond. It is an atom-like 

system of electrons created when two adjacent carbon atoms in a diamond crystal have 

been substituted with a nitrogen atom and a vacant lattice site (vacancy) [50, 55, 56], 

as shown in Figure 5. There are at least two charge states, neutral and negatively 

charged [50, 55, 57], with some evidence of a non-fluorescing positively charged state 

[58, 59]. 

  



12 
 

 

Figure 5 – Single nitrogen-vacancy centre – carbon contributing electrons to NV centre 

are in red, non-contributing carbon atoms are in pink, N stands for nitrogen and V for 

vacancy - based on [56]. 

 

 

The neutral state (NV0) is made up of five electrons, two from the nitrogen atom and 

one from each of the three surrounding carbon atoms [50, 57]. The negatively charged 

state (NV-) has one extra electron donated from elsewhere in the diamond, often 

presumed to be another substitutional nitrogen atom [50, 57].  Due to diamonds 

tetrahedral bonding, single NV centres can be orientated in one of four directions in the 

crystal, as shown in Figure 6. In ensembles, NV centres are usually equally distributed 

amongst all four orientations [53, 56].   
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Figure 6 – Four possible orientations of NV centre and their intrinsic spin quantisation 

axes - based on [56]. 

 

 

2.2.2 - NV Centre Synthesis 

 

NV centre synthesis is performed in three main stages: nitrogen incorporation, 

irradiation and annealing [42, 60, 61]. As described in Section 2.1.1, it is possible to 

incorporate nitrogen during diamond synthesis, otherwise, it can be added through 

nitrogen ion implantation [60, 62]. Vacancies are created in diamond by irradiation 

with electrons, hydrogen ions, helium ions or carbon ions[61]. Finally, the vacancies 

become mobile when annealed at high temperature (typically ≥ 800 °C [17, 47, 63]) 

allowing them to bind with the nitrogen atoms to form nitrogen-vacancy centres [31, 

60].  
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2.2.3 - Optical Properties 

 

NV centres have remarkable optical properties that make them of great interest for 

sensing applications whether in bulk or nanodiamond form. Unlike organic dyes 

commonly used in fluorescent microscopy, NV centres do not photobleach [11, 64-66]. 

They are therefore well suited to super-resolution techniques such as stimulated 

emission depletion microscopy [38, 67, 68], for long-term fluorescent tracking [38] or 

potentially as a laser gain material [21, 29]. Furthermore, fluorescence from a single NV 

centre can be measured using confocal microscopy at room temperature [69] and can 

be used as a single photon source [70, 71]. Individual NV centres from within a single 

nanodiamond can even be resolved using stimulated emission depletion (STED) 

microscopy [68, 72]. 

 

2.2.4 - Optical Transitions 

 

Fluorescent transitions occur between electronic states of the NV centre, the 

nomenclature of which come from group theory. In this model, the combination of sp3 

orbitals from the contributary nitrogen and carbon atoms form NV molecular orbitals 

[28]. The letter and subscript number are known as the irreducible representation. 

Details of the molecular model can be found in a review by Doherty et al  [73]. The 

superscript number refers to the spin multiplicity where 1 is a singlet, 2 is a doublet, 3 

is a triplet and 4 is a quartet spin state. Both the NV- ground (3A2) and excited 3E states 

are spin triplets and can be measured optically [74, 75]. The energy levels of the NV0 

and NV- are shown in Figures 7b and 7c respectively. 
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Figure 7 – a) NV visible emission spectra under 532 nm excitation (reproduced and 

adapted from [22]). b) NV- and c) NV0 electronic structures - fluorescent transitions are 

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

 

 

At room temperature, NV centres exhibit broad fluorescence spectra due to their 

phonon sidebands (PSB), the physics of which is described in detail in a review by 

Doherty et al [55]. In brief, PSB excitation involves excitation to a higher energy state, 

followed by fast thermal relaxation, as depicted in Figure 8. Phonon transitions are on 
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the time-scale of picoseconds [76] whereas optical transitions are on nanosecond time-

scales (3E fluorescence lifetime is 13 ± 0.5 ns) [77]. 

 

 

Figure 8 - Optical transitions between the 3A2 and 3E states are resonant on the zero-

phonon line (ZPL) or off-resonant on the phonon sidebands (PSB) – based on [78-80]. 

 

 

The NV0 can be excited at a wavelength from about 400 to 580 nm [80] and emits from 

about 550 to 800 nm [22, 57]. The NV- on the other hand, is excitable from about 450 to 

640 nm [80] and emits from about 630 to 800 nm [22, 57]. Discrimination of charge 

states is possible with wavelength selective monitoring of NV fluorescence [57, 81] and 

near exclusive excitation of charge states is possible with narrowband excitation [80]. 

 

2.2.5 - Spin Transitions 

 

Optical magnetometry with NV centres is fundamentally possible by monitoring 

magnetic dipole 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 rates. The spin contrast is defined as the fractional change of 
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the fluorescence rates between the ms=±1 and ms=0 states, where ms is the electron 

spin projection quantum number. Because the spin contrast of the ground (3A2) state is 

significantly higher than that of the excited (3E) state [74, 75], it is commonly used for 

magnetometry. The 3A2 spin transitions can be described by the following Hamiltonian 

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

 

Htotal = Hspin + Hhyperfine +Hnuclear (1) 

 

where: 

 

Hspin = DSz
2 + E(Sx

2 − Sy
2) + gsμB𝐁 ∙ 𝐒 (2) 

 

where D is the zero-field splitting, S = [Sx,Sy,Sz] is the electron spin operator, E is the 

transverse zero-field splitting, gs =2.003 [50] is the electron-spin g-factor, μB is the 

Bohr magneton, B is the external magnetic field and: 

 

Hhyperfine = A∥SzIz + A⊥(SxIx + SyIy) (3) 

 

where A∥ = -2.16 MHz [50] is the axial hyperfine constant, I = [Ix,Iy,Iz] is the 

dimensionless spin-projection operator for the nuclear spin [30], A⊥ = -2.7 MHz [50] is 

the transverse hyperfine constant, I = [Ix,Iy,Iz] is the dimensionless spin-projection 

operator for the nuclear spin [30], and: 

 

Hnuclear = PIz
2 − gIμN𝐁 ∙ 𝐈 (4) 
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where P = 4.95 MHz [50] is the quadrupole splitting parameter, gI=0.403 [50] is the 

nuclear spin g-factor and μN is the nuclear magneton.  

 

D, the zero-field splitting, causes separation of the ms=0 and the ms=±1 states when no 

external magnetic field is applied. It is ~2.87 GHz at room temperature [50]. E, the 

transverse zero-field splitting, is intrinsically contributed by the crystal strain in the 

diamond and ranges from ~100 kHz in high purity CVD diamond, to a few MHz in 

nanodiamonds [79]. 

 

The z-axis is taken to be the intrinsic NV spin quantization axis (NV axis). It is the axis 

along which the nitrogen atom and vacancy are physically aligned in the lattice [79], as 

shown in Figures 6 and 11. A magnetic dipole transition, also known as a magnetic 

resonance or electron spin resonance (ESR), can be excited by a magnetic field 

oscillating perpendicular to this axis [61].  

 

 

Figure 9 - 3A2 fine structure with 14N hyperfine structure. The allowed transitions are 

shown with black arrows. A small axial magnetic field is applied, E = 0 and the nuclear 

Zeeman interaction is omitted - diagram not to scale - based on [50, 55]. 
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The 3A2 state is coupled to the nucleus of the compositional nitrogen atom. For the 

abundant 14N isotope, this gives rise to three hyperfine transitions per spin (ms) 

transition with the mI=0  hyperfine transitions being separated from the mI=±1 

transitions by ± A∥, where mI is the nuclear spin projection quantum number [50]. The 

magnetic dipole transitions obey the selection rules, Δms=±1 and ΔmI=0 [50]. The 

allowed ESR transitions are depicted in Figure 9. 

 

The gsμBB·S and gIμNB·I terms indicate both the electron and nuclear spin states exhibit 

Zeeman shifts proportional to the applied magnetic field. These cause the energy 

separation between the spin states to be proportional to the external magnetic field, as 

shown in Figure 10. Because gIμN ≪ gsμB [50, 82], the nuclear spin Zeeman shift can 

usually be neglected.  

 

 

Figure 10 – Zeeman shifts cause the energy separation of the NV- spin 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 the Hamiltonian can be re-written (in Hz) [79]: 

 

Hspin = H∥ + H⊥ + E(Sx
2 − Sy

2) (5) 

 

where: 

 

H∥ = Dz
2 + gsμBBzSz (6) 

H⊥ = gsμB(BxSx + BySy) (7) 

 

This separates the contributions parallel (H∥) and perpendicular (H⊥) to the NV axis 

and allows separation into weak and strong magnetic field regimes [79]. In this thesis, 

experiments are performed in the weak field regime, where H⊥ ≪ H ∥. This is when B⊥ = 

(Bx +By)1/2 ≪ 100 mT (1000 Gauss) and the Zeeman shifted ESR frequencies (in Hz) 

are given by [79]: 

 

v± = D ±√(
gsμBBz
h

)
2

+ E2 (8) 

 

In this regime, the NV centre is sensitive only to the projection of the magnetic field 

onto the NV axis (Bz) and is insensitive to transverse magnetic fields, as depicted in 

Figure 11. 
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Figure 11 – NV centre is sensitive to the magnetic field projection onto the z-axis - 

based on [79]. 

 

 

Due to the E term in Equation 8, the ESR frequency is quadratically dependent on Bz 

unless Bz ≫ E [79]. In practice, this is achieved by adding a bias magnetic field such that  

𝐵𝐵𝑖𝑎𝑠 ≫
ℎ𝐸

𝑔𝜇𝐵
 , in which case the ESR frequency (in Hz) depends linearly on Bz and is 

approximated by [79]: 

 

v± ≈ D ±
gsμBBz
h

(9) 

 

This allows high sensitivity magnetometry to be performed with 
𝑔𝑠𝜇𝐵𝐵𝑧

ℎ
 ≈ 2.8 MHz / 

Gauss.  

 

The magnetic sensitivity along the NV axis has significant implications for the 

behaviour of the Zeeman shift for NV ensembles. As stated, for a single NV centre in the 

weak field regime, application of the external magnetic field causes separation of the 

ms=+1 and ms=-1 states proportional to the projection of the applied magnetic field 

onto the NV axis, as shown in Figure 12a. 
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Figure 12  - Zeeman shifts for: 

a) a single NV centre - spectrum reproduced and adapted from [83], 

b) a single crystal ensemble - spectrum reproduced and adapted from [30], magnetic 

field applied in an arbitrary direction, 

c) an aggregate/powder -  based on [84], spectra reproduced and adapted from [85] - 

spectra are from 0 to 40 Gauss. 
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In a single crystal ensemble, as there are NV centres aligned along four directions 

(Figure 6), the ensemble consists of four sub-ensembles, each measuring a different 

projection of the external magnetic field. This causes separation into four ms=+1 

resonances, and four ms=-1 resonances upon application of a magnetic field [50], as 

shown in Figure 12b. Because off-resonant sub-ensembles do not contribute to the spin 

contrast but still fluoresce, spin contrast is reduced by a factor of four when addressing 

a single sub-ensemble compared to a single NV [50, 86]. This increases the relative 

background signal and therefore reduces the signal-to-noise ratio when performing 

magnetometry. 

 

For an aggregate (or powder) of nanodiamonds, individual nanodiamonds within the 

aggregate can also have sub-ensembles but the individual crystals are randomly 

orientated [87]. This causes up to 4*n resonances per spin (ms) transition, where n is 

the number of nanodiamonds being addressed. When an external magnetic field is 

applied and a large number of nanodiamonds are addressed, this produces a quasi-

continuum of transitions between a minimum and maximum magnetic field projection 

due to the varied Zeeman shifts (65). This is shown in Figure 12c. This results in one 

broad resonance per spin (ms) transition. As these have low ODMR contrast, the 

magnetometric sensitivity is severly degraded [61]. Therefore, it is necessary to make 

measurements using single crystals to achieve high-sensitivity magnetometry with 

ensembles.  
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2.2.6 - Optical Detection of Magnetic Resonance (ODMR) 

 

The NV- has attracted much attention in recent years as it can be optically polarised into 

the ms=0 state by simply exciting the 3A2 → 3E optical transition, even when at room 

temperature [50, 55, 79]. This optical transition generally obeys the selection rule 

Δms=0 and is therefore approximately spin conserving. However, the intersystem 

crossing (ISC) rates depend on the spin state [50]. In particular, the 3E ms=±1 states 

are more likely to transition to the singlet states than the 3E ms=0 state. This is 

depicted in Figure 13.  

 

 

Figure 13 – Mechanism of spin contrast and optical spin polarisation. NV centres 

optically cycle on the 3A2 ↔ 3E transition. Spin state dependant ISC (intersystem 

crossing) rates cause spin polarisation into the ms=0 state - based on [50]. 

 

 

When the NV- is in the singlet state, it cannot undergo the 3A2 ↔ 3E transition. 

Therefore, the ms=±1 states have a reduced probability of visible fluorescence 
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compared with the ms=0 state. This creates distinguishability between the spin states 

via monitoring of the NV- fluorescence rate.  

 

Optical spin polarisation is further enhanced by spin state dependent ISC rates from the 

singlet states to the triplet states. The 1E→ 3A2 ISC transition is preferential to the 3A2 

ms=0 state which, coupled with the 3E→ 1A1 preference, causes accumulation in the 

ms=0 state of at least 80% of the NV- population [50, 55]. Once polarised, NV-s are in 

their most fluorescent (brightest) state. If the ms=0→ms=±1 transition occurs, a 

corresponding reduction in fluorescence is observed until spin re-polarisation into the 

ms=0 state. This facilitates the optical detection of magnetic resonance which is the 

backbone of magnetometry with NV centres. 

 

2.2.6.1 – Optical Magnetic Resonance Spectroscopy 

 

When performing optical magnetic resonance spectroscopy, the NV- fluorescence rate 

is monitored whilst the frequency of applied microwaves is swept across that of a 

magnetic resonance. Neglecting power broadening, a single hyperfine resonance has a 

Lorentzian line-shaped ODMR spectrum that can be described as a function of angular 

frequency (ω), as [16]: 

 

Fsingle(ω) = Flumax(1 − C
(
Γ
2)
2

(
Γ
2)
2

+ (ω − ω0)
2

) (10) 
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where Flumax is the maximum fluorescence intensity, C is the ODMR contrast and Γ is 

the full-width-half-maximum (FWHM) linewidth, as shown in Figure 14. The ODMR 

contrast is defined as [79]: 

 

C =
Flumax − Flumin

Flumax
(11) 

 

where Flumin is the minimum fluorescence rate, as shown in Figure 14. 

 

 

Figure 14 – Plot of single hyperfine ODMR feature centred at ω0=2π*3 GHz with C = 

0.1, Flumax = 1 and Γ = 2.2 MHz. 

 

 

2.2.6.2 – ODMR Linewidth 

 

The minimum linewidth is the natural FWHM linewidth (Γnat). This can be determined 

using the natural dephasing time of the NV- electron spin (T2) [79]: 
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Γnat = 
1

πT2
 (12) 

 

However, the experimentally measured FWHM linewidth (Γ), in CW-ESR 

measurements, is set by the inhomogeneous dephasing time of the NV- electron spin 

(T2
∗): 

 

Γ =  
1

πT2
∗  (13) 

 

where T2
∗  ≤ T2. T2

∗ is reduced due to magnetic field noise in the environment [79], the 

readout method and the properties of the diamond.  

 

With respect to the readout method, optical and microwave excitation can power 

broaden the ODMR resonance [88, 89]. However, if making a measurement of a 

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

can be used to improve sensitivity by a factor of √
𝑇2
∗

𝑇2
, as described in a review by Rondin 

[79]. It should be noted that DC magnetometers measure fields within the bandwidth of 

the detector and, therefore, actually measure both AC and DC magnetic fields. For the 

intended application of magnetometric action potential detection, a DC magnetometry 

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

 

As described in Section 2.1.1, the diamonds that exhibit NV centres with the best T2
∗ are 

ultrapure and isotopically pure. T2
∗ is increased by reducing the number of 

paramagnetic defects such as substitutional nitrogen and 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 any NV centres, thus a balance must 

be struck in ensemble experiments. This also stresses the importance of developing 

techniques to improve substitutional nitrogen to NV centre conversion rates. Recent 

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

 

2.2.6.3 – Magnetometric Sensitivity Limits 

 

The ODMR spectrum parameters limit the sensitivity of magnetometry with NV centres 

(η), defined as [50]: 

 

η =
Bmeasured√τ

SNR
(14) 

 

where Bmeasured is the measured magnetic field, τ is the measurement time and SNR is 

the signal-to-noise ratio of the measurement. Using the NV- spin state for 

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

 

ηspin =
ℏ

gsμB

1

√NT2
∗

(15) 

 

where N is the number of NV centres addressed.  

 

By continually applying microwaves resonant with one of the ms=0 → ms=±1 

transitions, the NV- fluorescence maintains proportionality to the projection of the 

magnetic field applied to the measured axis. Magnetometry can, therefore, be 

performed by simply fixing the microwave frequency and detecting fluorescence 

changes due to Zeeman shifts of the ODMR resonance [79]. This technique is called 
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continuous-wave electron spin resonance (CW-ESR) and has a minimum detectable 

magnetometry sensitivity set by [88]: 

 

ηCW−ESR = PF
ℏ

gsμB

Γ

C√R
(16) 

 

where R is the measured photon rate and Pf is a constant set by the ODMR lineshape. As 

ℏ, gs and μB are fixed, the sensitivity is determined by the ODMR linewidth, contrast and 

measured photon rate.  

 

The ODMR contrast is fundamentally limited by the intersystem crossing rates and the 

singlet and triplet state lifetimes [55]. Experimentally, it is proportional to the coupling 

strength of the microwaves to the NV centres. This depends on the applied microwave 

power [89, 92, 93] and the antenna alignment which should produce an oscillating B-

field perpendicular to the measured NV axis [61]. 

 

The measured photon rate (R) depends on the experimental photon collection efficiency 

and the number of NV centres being measured. In ensemble measurements, R should 

scale linearly with the NV centre density, resulting in a shot-noise limited sensitivity 

decrease by a factor of 
1

√𝑁
 [79], where N is the number of NV centres measured. The 

photon collection efficiency depends on the particular technique used.  
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2.2.7 – ODMR Techniques 

 

There have been several methods utilised to read out magnetic resonance from NV 

centres. Broadly, these can be split up into experiments that use single NV centres, and 

those that use ensembles.  

 

Recent breakthroughs were in 2008 when both coherent control of a single NV centre in 

ultrapure bulk diamond [94], and nanoscale imaging with a single nanodiamond were 

demonstrated at room temperature [95].   

 

 

 

Figure 15 – Scanning magnetic imaging setup. NV centre is attached to an AFM (atomic 

force microscope) probe and read-out optically. By scanning the tip or sample, 

magnetic imaging can be achieved. 
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Although the setups vary, they generally involve attaching a single NV centre to a 

combined atomic force microscopy (AFM) / confocal fluorescence microscopy setup, as 

shown in Figure 15. Scanning can be performed by moving the sample under 

measurement [96] or AFM tip [97] and the NV centre can be contained in a 

nanodiamond [95] or in a bespoke bulk diamond AFM tip [98]. ODMR on a single NV is 

performed with a 532 nm excitation laser and optical filtering is achieved with a 

dichroic mirror. By performing spectroscopy in a known magnetic field gradient, the 

measured ODMR resonance becomes proportional to the NV position in the field and 

further spatial resolution improvements are possible [79]. By 2013, a single pixel DC 

sensitivity of ~2 µT/Hz1/2 and AC sensitivity of 18 nT/Hz1/2 had been achieved in a 

scanning setup [98]. Although nanoscale spatial resolution can be achieved, such 

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

 

In recent years, improvements in diamond sample quality have allowed AC sensitivities 

of 140 nT/Hz1/2 [99] and 4 nT/Hz1/2 [100] to be demonstrated with nanodiamond and 

bulk diamond respectively. However, these were in non-scanning setups. New 

techniques such as magnetic gradient sensing via coupling single NV centres to a 

mechanical resonator [101], coherent control of optically levitated nanodiamonds 

[102], relaxometry [103]  and NV spin state to charge state conversion [104] may lead 

to improved single NV centre sensors in the near future.  

 

Point magnetic field sensors using NV centre ensembles have also developed greatly in 

recent years. In 2015, 0.9 pT/Hz1/2 was achieved with an AC magnetometry setup [105] 

and, in 2016, 15 pT/Hz1/2 was achieved with a DC magnetometry setup with 3.6 kHz of 

bandwidth [16].  The DC magnetometer was used to measure the first action potential 

using NV centres [16]. 
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Figure 16 – Widefield fluorescence imaging / point-measurement ODMR setup. Pump 

laser is reflected off the diamond to minimise sample heating. Laser induced 

fluorescence is collected and either imaged with a camera or photodetector. 

 

 

In this setup, the excitation beam was reflected off of the diamond to minimise heating 

of the sample, as shown in Figure 16. With this arrangement, fluorescence is collected 

with an objective lens and can be imaged onto a photodetector for point measurements 

or a camera to facilitate widefield magnetometry. Because this enables simultaneous 

measurement of the magnetic field over the entire microscopes field of view, this 

dramatically increases the bandwidth of widefield magnetic imaging compared with 

point scanning magnetometers. However, nanoscale resolution is lost as measurements 

are diffraction limited. Since 2010, this has led to several widefield experiments 

demonstrating both AC [106] and DC [107] magnetic imaging techniques. 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/Hz1/2 was achieved 

but with an imaging rate of only 10 frames per second [107] and in 2017, a sensitivity 
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of ~1 µT/Hz1/2 was achieved whilst measuring at 60 frames per second [108]. As 

cameras with 10 kHz frame rates are available [108], widefield measurement of action 

potentials may be possible in future. The sensitivity limits using cameras are discussed 

in a recent paper by Wojciechowski [108]. 

 

Another advantage of using NV centre ensembles is the ability to perform 

magnetometry in multiple directions (vector magnetometry).  This is achieved by 

measuring multiple NV axes and, since 2010 [107, 109],  has been demonstrated in 

scanning imaging [109], widefield imaging [107] and point measurement systems [16]. 

The best sensitivity to date was with a non-scanning vector point measurement system, 

similar to that shown in Figure 16. A sensitivity of 50 pT/Hz1/2 was simultaneously 

achieved along each Cartesian component [110].   

 

Not all NV magnetometers rely on the detection of fluorescence to make 

measurements. Several other point measurement magnetometers have been developed 

that rely on absorption of a probe beam by the NV singlet states [111-114].  These 

typically use setups like that depicted in Figure 17, where a pump and probe beam are 

combined, passed through a diamond sample, then the probe isolated and measured.  
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Figure 17 – Probe absorption ODMR setup. 1042 nm probe is overlapped with a 532 

nm pump laser and passed through a diamond sample containing NV centres. The 

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

 

 

Unlike fluorescence, which is emitted in all directions, the probe beam is collimated and 

allows for easy measurement. This was first demonstrated in 2010 at 75 K and 

achieved a sensitivity of 7 nT/Hz1/2 [111]. Since then, in 2017, by placing the 

experiment in an optical cavity that was resonant with the singlet state transition, a 

sensitivity of 22 pT/Hz1/2 was achieved at room temperature [114]. Recently, multiple 

magnetometry schemes have also been proposed that utilise stimulated emission from 

NV centres which could, theoretically, achieve record sensitivities of ~1 fT/Hz1/2 [23, 

115]. These motivate the research into stimulated emission presented in Chapter 5.  

 

Finally, detection of magnetic resonance from NV centres need not even be optical. 

Since 2016 [116], several experiments have demonstrated detection of magnetic 

resonance via monitoring currents generated by spin-state dependant photoionisation 

of NV centres [93, 116, 117]. A typical setup is depicted in Figure 18.  
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Figure 18 – Photoelectric detection of magnetic resonance setup. Magnetic resonance is 

measured using electrodes placed on the diamond. These measure photo-ionisation 

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

 

 

In these experiments, the diamond is optically pumped, and electrodes are placed on 

the surface to readout the photoionisation currents. These are connected to 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 to sensors that 

are faster and more sensitive than those that rely on optical detection [116]. 
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2.2.8 - Charge State Conversion 

 

Although NV centres do 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 environment of the NV centre as well as through optical 

processes (photochromism). Charge state ratios have been demonstrated to be affected 

by irradiation with neutrons [118], doping with nitrogen [119] or phosphorus [120], 

applying electrochemical potentials [58, 121, 122] and using current injecting micro-

electrodes [123]. Recently, it has been proposed that NV- and NV0 may form NV-NV 

molecules that share an electron through ground state tunnelling processes [124].  

 

In work with HPHT nanodiamonds, variability in the charge state stability between 

individual NV centres under optical excitation was demonstrated [78]. Some NV 

centres remained in their charge state under relatively high excitation powers (10 

mW), whereas others readily converted between charge states [78]. In earlier work 

with ultrapure bulk CVD, it was demonstrated that excitation with a wavelength that 

exclusively excited the negative charge state caused rapid photoionisation [125]. 

However, at commonly used excitation wavelengths such as 532 nm, both charge states 

are excited, and the NV centre does not photobleach. Evidence suggests this is achieved 

by dynamic photoionisation (NV- →NV0) and recombination (NV0 →NV-) processes 

[80]. Several NV centre photoionisation and recombination processes have been 

demonstrated and shown to be proportional to excitation power and wavelength [57, 

80, 81, 126, 127]. These processes are summarised in Figure 19.  
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Figure 19 – Photoionisation and recombination processes of the NV centre: 

1 – one-photon ionisation [57] 

2 – two-photon ionisation via excited triplet state [55, 57] 

3 – ionisation via excited state tunnelling [55, 81] 

4 – ionisation via singlet state [127] 

5 - two-photon recombination [55, 57] 

6 – one-photon recombination via tunnelling [55] 

Ground state tunnelling [124, 128] has been omitted for 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 these processes are still not fully understood, they have 

already been utilised for multiple super-resolution and spin state readout techniques 

[104, 116, 117, 129-131].   
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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 fluorescence-based optical microscope system capable 

of magnetometry will be discussed. The system fundamentally uses the optical 

detection of magnetic resonance (ODMR) of nitrogen-vacancy centres in microdiamond 

to facilitate magnetometry. The system was designed to perform measurements of bio-

magnetism with the goal of measuring action 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 

ensembles of fluorescent nanodiamonds to measure magnetic fields under a 

microscope. The intended long-term goal was to measure the action potentials of 

mammalian neurons as a tool for neural research. As discussed in Section 2.2.5.1, use of 

aggregates of nanodiamonds cannot be used to make highly sensitive magnetic field 
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measurements and single crystals must be used. 150 µm diameter HPHT diamonds 

containing nominally 2.5 ppm of NV- were purchased from Adamas Nanotechnologies 

for use in these studies. Use of a larger microdiamond increased the fluorescence rate 

and signal-to-noise ratio compared with a single nanodiamond. Furthermore, it allowed 

different methods and detectors to be easily tested using the same sample. Use of a 

microdiamond is justified in that it is the same material as nanodiamonds before 

milling and should, therefore, have similar physical properties. Once the 

magnetometric sensitivity of the microdiamond is known, this can be considered an 

upper limit for the achievable sensitivity using a single nanodiamond of this type and 

with this method of magnetometry. 

 

To test the instruments biocompatibility, the aim was to measure a marine worm 

action potential. In a recent measurement [16], a peak-to-peak magnetic field of ~1 nT 

was measured at ~1.2 mm from the axon centre. The DC equivalent / RMS value can be 

calculated from the following equation [132]: 

 

VRMS = 
Vpp

2√2
 (17) 

 

where Vpp is the peak-to-peak voltage. For Vpp of 1 nT, VRMS ~ 0.35 nT. 

 

As the diamond is in close proximity of the neuron, the action potential can be 

approximately modelled as a current in an infinite wire. The magnetic field (B) 

generated is then [133]: 

 

B =
μ0I

2πr
 (18) 
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Using Equation 18, a magnetic field of 0.35 nT at 1.2 mm would require a current of 2.1 

μA. Figure 32 shows the diamond is approximately in contact with the wire of nominal 

diameter 56 μm. If the radial distance between the excitation focal point on the 

diamond and the wire centre is approximated at 50 μm, the expected DC equivalent 

magnetic field is 8.4 nT. For an action potential duration of 2 ms [16] and B = 8.4 nT, a 

sensitivity of ~0.38 nT/Hz1/2 is, therefore, expected to allow measurement with a 

signal-to-noise ratio of 1, if averaged for 1 second [16].  

 

Given that high optical excitation powers are likely to harm biological specimens, the 

excitation power was limited to 2 mW for the final results. This power was advised by 

colleagues in the Centre for Biophotonics (University of Strathclyde) who routinely 

image neuronal samples. Should this need to be adjusted in future, magnetometric 

sensitivity was measured as a function of optical 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 ensemble contained within a single 

microdiamond. By continually applying modulated microwaves resonant with one of 

the ms=0 → ms=±1 transitions, the NV- fluorescence maintained proportionality to the 

projection of the magnetic field applied to the measured sub-ensemble NV axis (CW-
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ESR). All three microwave hyperfine transitions were excited simultaneously. A 

simplified experimental setup is shown in Figure 20. 

 

 

Figure 20 – Simplified experimental setup for magnetometry. Microwaves are applied, 

and fluorescence is excited with a 532 nm laser and collected with an objective lens. A 

lock-in amplifier is used to convert the measured fluorescence signal into a 

magnetometry signal.  

 

 

3.3.2 - Theory of Operation 

 

Optical excitation was achieved using a 532 nm continuous wave (CW) laser which 

provided simultaneous optical spin polarisation and read-out. By using an 

epifluorescence microscope setup, excitation and fluorescence collection was possible 

via a single objective lens and optical filtering was achieved with a dichroic mirror and 

long-pass filter. Fluorescence was measured with a photodetector and the signal sent to 

a lock-in amplifier referenced to the frequency modulation rate of the microwaves 
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(fFM). Microwaves were square-wave modulated at fFM~20 kHz around a centre 

frequency ωc, with a deviation of ωDev  ~ 3.4 MHz as such:  

 

ω1 = ωc +ωDevsquare(2πfFMt) (19) 

 

As with previous experiments, modulation at higher frequencies (fFM) was found to 

decrease ODMR amplitudes and resulted in a reduced signal-to-noise ratio for 

magnetometry [16, 134]. This limitation has previously been attributed to the time 

taken for optical spin re-polarisation [134]. Microwaves were applied with a microstrip 

antenna on which the microdiamond was placed. The output of the lock-in amplifier 

(Vout) was the magnetometry signal. 

 

3.3.3 - Lock-in Amplifier Output 

 

As described in Section 2.2.6.1, a single hyperfine resonance has a Lorentzian line-

shaped ODMR spectrum. However, after frequency modulation and demodulation, the 

output of the lock-in amplifier (Vout) is a dispersion-like signal, shown in Figure 21b, 

described by [16]:  

 

Vout(ωc) =

(

 
 V0C

2
(−

(
Γ
2)
2

(
Γ
2)
2

+ (ωc −ωDev) − ω0)
2

+
(
Γ
2)
2

(
Γ
2)
2

+ (ωc +ωDev) − ω0)
2

)

)

 
 

 

(20) 

 

where and V0 is a constant set by the signal amplitude and lock-in amplifier settings. 

HPHT diamond with a similar NV- concentration to that used in the following 
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experiments (~2.5 ppm) has previously been measured to have a T2
∗ of ~145 ns [61]. 

This corresponds to a Δνmin of ~2.2 MHz. For a Lorentzian lineshape ODMR feature, the 

slope of the zero-field splitting is maximised for ωDev = 
Γ

2√3
 [16]. 

 

 

Figure 21 – a) Plot of single hyperfine ODMR feature with ω0 = 2π*3 GHz, C = 0.1, F0 = 

1 and Γ = 2.2 MHz and b) corresponding lock-in amplifier output with ωDev = 
Γ

2√3
 - 

based on [16]. 

 

 

As discussed in Section 2.2.5, due to the 14N hyperfine coupling, there are three 

microwave hyperfine resonances centred around ω0 , as shown in Figure 22a, and 

contrast can be increased by addressing all three simultaneously [16]. This is achieved 

by mixing ω1 with a sine wave of ωHF = A∥ (the hyperfine separation). When applying 

the multi-frequency microwaves, the ODMR spectrum shows five peaks, as shown in 

Figure 22b. The outer peaks correspond to a single hyperfine resonance being 

addressed, the second and fourth correspond to two and the centre resonance 

corresponds to when all three hyperfine resonances are excited simultaneously [16].  

 



44 
 

 

Figure 22 – a) Plot of three hyperfine transition ODMR feature with ω0 = 2π*3 GHz, C = 

0.1, F0 = 1 and Γ = 2.2 MHz and b) same resonance measured with multi-frequency 

excitation with ωDev = 
Γ

2√3
 – based on [16]. 

 

 

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

 

Vout(ωc) = V0(∑ ∑ −C
(
Γ
2
)
2

(
Γ
2)
2

+ ((ωc + pωHF −ωDev) − (ω0 + qωHF))
2

1

q=−1

1

p=−1

+ C
(
Γ
2
)
2

(
Γ
2)
2

+ ((ωc + pωHF +ωDev) − (ω0 + qωHF))
2
) 

(21)  

 

as shown in Figure 23.  
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Figure 23 – Plot of lock-in amplifier output with three hyperfine resonances and multi-

frequency excitation with ω0 = 2π*3 GHz, C = 0.1, F0 = 1 and Γ = 2.2 MHz and ωDev = 

Γ

2√3
 – based on [16]. 

 

 

By setting ωc to ω0, the output of the lock-in amplifier is proportional to Zeeman shifts 

of the ODMR resonances [16]: 

 

Vout ∝
V0C

Γ

g𝑠μB
ħ
Bz(t) (22) 

 

where Bz(t) is the magnetic field projection onto the measured NV axis as a function of 

time, ℏ is the reduced Planck's constant, μB is the Bohr magneton and gs is the electron-

spin g-factor. 

 

  



46 
 

3.3.4 - Sensitivity Limits 

 

The microdiamond used in this experiment had a nominal NV- concentration of 2.5 

ppm. HPHT diamond with ~2.5 ppm NV- concentration has previously been measured 

to have a T2
∗ ~145 ns [61]. If a 1 micron diameter beam addresses a volume roughly 

approximated by a sphere of 1 micron diameter, a volume of 5.236 x 10-19 m3 or 5.236 x 

10-13 cm3 is addressed. As a NV- concentration of 1 ppm = 1.76 x 1017 cm-3 [61], this 

corresponds to 230 x 103 NV-. Assuming ¼ of the NV centre ensemble contribute to the 

signal, from Equation 15, this gives ηspin ~62 pT/Hz1/2.  

 

For CW-ESR magnetometry with a Lorentzian lineshape, the photon-shot-noise limited 

sensitivity is [16, 88]: 

 

ηCW ESR =
4

3√3

h

geμB

ΓPB

C√R
(23) 

 

where h is Planck's constant, ΓPB is the power broadened full-width-half-maximum 

resonance linewidth and R is the detected photon rate defined as [16]: 

 

R =
VPD
RL q

(24) 

 

where q is the elementary charge and VPD is the voltage measured across a RL Ω load 

due to the signal photocurrent generated by the measured fluorescence.  

 

Experimentally, the sensitivity was quantified by measuring a sinusoidal magnetic field 

oscillation of known amplitude (Bmeasured). The signal-to-noise ratio (SNR) is defined as: 
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SNR =
Vsignal

Vnoise
(25) 

 

where Vsignal and Vnoise are the respective RMS (root mean square) voltages. Vsignal was 

obtained by fitting sinewaves to averaged measurements in MATLAB and calculating 

the RMS value from the amplitude. Vnoise was obtained by taking the RMS of the 

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

 

3.4 - Experimental Set-up 

 

A detailed experimental set-up is shown in Figure 24: 
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Figure 24 – 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 a photodetector. The fluorescence signal is processed by a lock-in 

amplifier to produce the magnetometry signal.  

 

 

3.4.1 - Optics 

 

The excitation laser was coupled into the microscope with a series of mirrors and a 

periscope. It was subsequently focused into the microdiamond and the fluorescence 

collected with a single objective lens. Optical powers were measured at the sample 

using a calibrated optical power meter (Thorlabs - PM100D, S130C) and used to 

calibrate a beam pick-off measured with a photodiode. This was used to monitor the 
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excitation powers during experimentation. Fluorescence passed through the dichroic 

mirror and long-pass filter and was focused onto the photodetector.  This was 

connected to a lock-in amplifier to reduce the noise contributed to the magnetometry 

signal from the photodetection, microwave and laser systems. However, this is 

incapable of reducing any noise at the lock-in modulation frequency. 

 

Several photo-detectors were also tested that aimed to reduce laser amplitude noise 

from the signal entering the lock-in amplifier. These subtracted or divided a reference 

laser signal from the fluorescence signal.  This required a pick off from the excitation 

beam to be separately coupled via mirrors and a periscope adjacent to the microscope, 

as shown in Figure 25. Intensity control was achieved using the lasers control box, 

stacked neutral density filters and a variable neutral density filter on the reference 

beam path. A commercial auto-balanced subtraction detector (Newport - Nirvana 

2007) and a homebuilt divider circuit were tested. 

 

 

 

Figure 25 – Photograph of magnetometer. 
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3.4.2 - Microwave Generation 

 

The ω1 signal was generated by a Keysight N5171B signal generator using the inbuilt 

frequency modulation (FM) function. The FM modulation rate was sent from the ‘LF 

OUT’ port as a TTL (transistor-transistor logic) signal and connected to the ‘REF IN’ of 

the lock-in amplifier to be used as the demodulation reference. The ω1 signal was sent 

from the ‘RF Output’ port and connected to a double-balanced mixer. The ωHF signal 

was generated with a Keysight 33522B function generator and connected to the 

double-balanced mixer via a BNC cable. The mixed signal was passed through 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 amplifier. All 

connections, except where specified, were with SMA cables and components were 

nominally at 50 Ω impedance. The N5171B was connected to a computer via USB to 

allow automated control via scripts written in MATLAB. 

 

3.4.3 - Microwave Negative Feedback System 

 

When measuring a repeatable magnetic field fluctuation, such as that generated by a 

current pulse, averaging measurements can significantly increase the SNR (signal-to-

noise ratio) at the expense of measurement bandwidth. Assuming noise sources are 

random or chaotic, they tend to zero upon averaging and an improvement in SNR scales 

as 
1

√𝑁
 [135], where N is the number of measurements averaged. As [50]: 

 

Bmin =
Bmeasured
SNR

(26) 
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increasing the SNR can significantly decrease the smallest detectable magnetic field 

(Bmin).  

 

𝑑𝐵

𝑑𝑉𝑜𝑢𝑡
  is the rate of change of output voltage with respect to the change in magnetic field 

and is set by the physical properties of the NV centres, the angle between the magnetic 

field vector and NV axis, the fluorescence collection efficiency and the gain of the 

photodetector and lock-in amplifier. To maximise  
𝑑𝐵

𝑑𝑉𝑜𝑢𝑡
  for a given photodetector 

voltage (VPD), the lock-in amplifier sensitivity setting should be minimised (i.e. highest 

gain). When the input voltage exceeds the lock-in amplifier’s output range, it is said to 

overload. By using a negative feedback system, the sensitivity can be kept at a low 

setting, and measurements can be performed for extended periods of time without low 

frequency drift causing the lock-in amplifier to overload. As the zero-field splitting d) is 

sensitive to temperature variations ( 
𝑑𝐷

𝑑𝑇
 = -74.2(7) kHz/K [136]), significant sources of 

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

 

The feedback system consisted of a control computer which was connected via USB to 

both an oscilloscope displaying the output of the lock-in amplifier as well as the 

Keysight N5171B which generated the microwave signal (ω1). A MATLAB script 

(Appendix 2) read the waveform displayed on the oscilloscope and calculated the 

mean. The script then adjusted ω1 proportionally to the calculated mean, thereby 

driving the lock-in amplifier output towards zero. The microwave frequency was 

adjusted at a rate of ~ 0.6 Hz. 
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3.4.4 - Microwave Antennae 

 

Several microwave antenna designs were tested. Initial tests were with straight wires 

and loops soldered to SMA connectors but optimising their position was found to be 

difficult. To overcome this, antennae were fabricated using printed circuit board (PCB) 

fabrication facilities. The process involved creating antennae designs with PCB design 

software (Autodesk – Eagle) and laser printing the design onto a transparent acetate 

sheet. This was placed onto a double-sided photoresist-coated PCB copper laminate 

and exposed to ultra-violet (UV) light. The acetate was removed and then the laminate 

placed in a developing solution and subsequently placed in an etchant solution. This 

process removed the photoresist and copper from the laminate where the UV light was 

exposed, thus leaving only the antennae design. The resolution was technically limited 

by the printer at 600 dots per inch or ~1 dot per 42 microns. However, due to 

imperfections in the exposing, developing and etching, the thinnest track/gap was 

limited to about 0.5 mm with the in-house facilities. 

 

There are several antennae designs optimised for NV centre coupling discussed in the 

literature. Unfortunately, many have dimensions beyond the discussed fabrication 

resolution limits [92, 137] or required expensive components such as microwave phase 

shifters [138, 139]. Furthermore, microwave design software, which has been used by 

several groups to optimise antennae design [92, 137, 138], was prohibitively expensive 

in both time and money.  

 

A microstrip transmission line was fabricated and glued on top of a microscope slide 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 line is similar to a straight wire antenna described by Yang et al [140] 

but allowed a sample to 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 sample on the antenna without the aid of software. 

 

The microstrip transmission line is characterised by the substrate thickness (h), the 

dielectric constant εR of the substrate and the width (W) of the copper track, as shown 

in Figure 27.  

 

 

Figure 27 – Microstrip transmission line. Front facing view.  

 

 

The impedance of a microstrip transmission line (Z) with W > h can be calculated by 

the following equation [141]: 
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Z =
120π

√εeff (
W
h
+ 1.393 + 0.667 ln (

W
h
+ 1.444))

(27)
 

 

where [141]: 

 

εeff =
εR + 1

2
+
εR − 1

2

1

√1 + 12
h
W

(28)
 

 

The photoresist board used (CIF – ABB16) had a nominal εR of 4.7 and h = 0.8 mm. For 

a 50 Ω impedance, a W of ~1.47 mm is required according to Equations 27 and 28. A 

range of antennae with widths ranging from 0.5 to 3 mm were fabricated to test the 

validity of these models and to find the optimum dimensions to enable coupling of the 

microwaves to the NV centres.  

 

3.4.5 - Photodetector 

 

To mitigate laser noise entering the lock-in amplifier, a detector was designed and 

fabricated to divide the experimental fluorescence signal from a reference signal 

derived from an excitation laser pick-off. The division detector consisted of two reverse 

biased transimpedance amplified photodiodes using Hamamatsu – S1223-01 

photodiodes and an Analog Devices - AD822N dual op-amp. This was connected to an 

analog computation unit (Analog Devices – AD538) to perform the division. The circuit 

diagram is shown in Figure 28. The detector was powered by four lithium 9V batteries 

regulated to 12 V to minimise power supply noise. 
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Figure 28 – 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 an analog division integrated circuit. The entire circuit is 

powered by four 9 V batteries.  

 

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

Ged Drinkwater, Department of Physics, University of Strathclyde), populated with 

components and placed into a metal box, as shown in Figures 29 and 30. 
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Figure 29 - PCB of division detector with all components except the photodiodes. 

 

 

 

 

Figure 30 – Division detector box.  

 

 

BNC connectors were utilised to allow the output from each transimpedance amplifier 

to be monitored as well as the output of the AD538. This allowed a single TIA 

photodiode to be tested as well as the subtraction of the generated signal and reference 

voltages via the ‘A-B’ input of the lock-in amplifier. The detector was compared with a 

commercially available auto-balanced subtraction detector (Newport – Nirvana 2007). 
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3.4.6 - B-Field Generation 

 

To mimic the measurement of a neuron, magnetic fields were generated using a current 

through a wire. The wire had a nominal diameter of 56 µm and was placed on the 

microwave antenna in contact with the diamond, as shown in Figures 31 and 32. 500 

Hz to 1 kHz square and sinusoidal currents from 1 µA to 1 mA were generated using a 

Keysight B2902A which is capable of directly generating modulated currents and 

current pulses with sub nA resolution. The current supply also outputted a TTL trigger 

signal for synchronisation of repeated measurements. 

 

 

 

Figure 31 – Arrangement showing wire used to generate magnetic fields sitting on the 

antenna, in contact with the microdiamond. 

 



58 
 

    

Figure 32 – Micrographs showing the microdiamond in contact with the wire at 

different focal planes, approximate beam placement and size shown by red spot in b). 

 

 

A bias magnetic field up to ~20 Gauss was generated with permanent ferrite magnets 

(Supermagnete – FE-Q-50-50-05) placed below the antenna on the microscopes 

condenser lens holder. As the microwave antenna blocked microscope transmission 

light in the setup, placement here did not limit the microscope use any further. This 

also allowed convenient tuning of the magnetic field bias by varying the distance 

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

 

3.4.7 - Data Acquisition 

 

Data was acquired using a National Instruments - USB-6251-BNC analog to digital 

converter (ADC) controlled by a computer running MATLAB (Appendix 1). The ADC 

has a 16-bit resolution and a total sample rate of 250 kHz to be equally shared across 

the channels. Two channels were recorded with a sample rate of 125 kHz; the output of 

the lock-in amplifier and a trigger TTL signal from 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 the measurement sample rate was over 40 times the 

magnetometer bandwidth of 3.1 kHz, aliasing is avoided. It was found that the ADC 

exhibited crosstalk between the channels. This was minimised by using physically 

separated channels (0 and 7) but was dealt with by discarding 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 approximately 1 Volt, 

therefore a simple voltage divider circuit was added to the channel input. 

 

3.5 - Results 

 

3.5.1 - Antennae 

 

To characterise the antennae, the ODMR contrast was measured as a function of 

position lengthwise on each antenna. The same microdiamond was used throughout 

these measurements and was sandwiched between two glass coverslips, adhered with 

nail varnish, to allow easy handling. The ODMR contrast was determined by measuring 

the fluorescence rate (VPD) with and without microwaves applied. A typical antenna 

response, as a function of position, is shown in Figure 33. Error bars correspond to the 

oscilloscope resolution and DC accuracy uncertainty for the ODMR contrast and 

estimated at ± 1 mm for position on the antenna. 
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Figure 33 – ODMR contrast as a function of sample position on antenna. 2 mW of optical 

excitation and full microwave power was used in these measurements.  

 

 

Figure 33 shows there was a clear peak in antenna performance ~9 mm from the tip of 

the antenna. This gives a convenient position to place samples and based on previous 

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

 

The maximum ODMR contrast that could be achieved for each antenna was measured 

as a function of microstrip width, as shown in Figure 34. Error in antenna width 

corresponds to an estimated fabrication tolerance of ± 0.25 mm and the oscilloscope 

resolution and DC accuracy uncertainty for ODMR contrast. 
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Figure 34 - ODMR contrast as a function of microstrip width. 2 mW of optical excitation 

and full microwave power was used in these measurements. 

 

 

Individual maxima were determined by measuring the ODMR contrast for each antenna 

as a function of sample position. Figure 34 shows two antennae clearly out-performed 

the others, both of which were suitable for use in the magnetometry experiments. 

Overall contrast was lower than in Figure 33 as this data was taken before the 

microwave amplifier was upgraded from a 1-Watt model (ZVE-8G+) to the 3-Watt 

model (ZVE-3W-83+) used in the magnetometry experiments. 

 

Figure 35 shows the ODMR contrast as a function of microwave power for a single sub-

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

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

mW of optical excitation was used in these measurements. 

 

 

Figure 35 shows the ODMR contrast saturates at approximately 4 %. 

 

3.5.2 - Resonance Features 

 

ODMR spectra were obtained to 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 broadening. Because 

magnetometric sensitivity is proportional to linewidth (Equation 23), power 

broadening would be expected to decrease the magnetometric sensitivity. However, as 

shown in Figure 35, the ODMR contrast increased with microwave power and therefore 

there is a trade-off between the resonance linewidth and ODMR contrast. In Section 

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

measured.  
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To obtain the spectra shown in Figures 36-39, the microwave frequency was swept, 

and the output of the lock-in amplifier was recorded using an oscilloscope. Figure 36 

shows ODMR spectra at low and high microwave power using a single microwave 

frequency and using amplitude modulation. Single frequency measurements were 

made by plugging ω1 directly into the high pass filter, thereby bypassing the double-

balanced mixer. Microwave powers are those set by the signal generator. The multi-

frequency microwave powers used are higher than the single frequency powers due to 

the additional attenuation by the double balanced mixer.  

 

 

Figure 36 – ODMR spectra using amplitude modulation of the microwaves and a single 

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

 

 

Figure 36a shows the expected hyperfine coupling shown in Figure 22a was observed, 

confirming that the sample contains mainly 14N. Figure 36b shows that at high 

microwave power, there is sufficient power broadening to obscure the hyperfine 

structure 
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Figure 37 shows ODMR spectra taken using frequency modulation and a single 

microwave frequency. 

 

 

Figure 37 – ODMR spectroscopy using frequency modulation of the microwaves and a 

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

measurements. 

 

 

 

The expected dispersion-like signal is observed and again the hyperfine structure is 

obscured at high microwave power. 

 

Figure 38 shows ODMR spectra taken using multi-frequency excitation and amplitude 

modulation. Figure 38a clearly shows the expected five peaks shown in Figure 22b thus 

demonstrating successful mixing of the microwaves. 
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Figure 38 – ODMR spectroscopy using multi-frequency excitation and amplitude 

modulation of the microwaves. 2 mW of optical excitation was used in these 

measurements. 

 

 

 

The expected five peaks are less defined in Figure 38b due to power broadening. 

 

Figure 39 shows ODMR spectra taken using multi-frequency excitation and frequency 

modulation. 
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Figure 39 – ODMR spectroscopy using multi-frequency excitation and frequency 

modulation of the microwaves. 2 mW of optical excitation was used in these 

measurements. 

 

 

 

Compared with Figure 23, the lineshape shown in Figure 39a compares reasonably 

well. At higher powers (Figure 39b) the hyperfine structure is again obscured by power 

broadening and is qualitatively similar to the spectrum shown in Figure 37b.  

 

3.5.3 – ODMR Contrast 

 

ODMR contrast was measured as a function of optical power at the sample, as shown in 

Figure 40. This was accomplished by measuring the fluorescence rate, with and without 

the application of resonant microwaves and calculating the percentage difference using 

Equation 11. These measurements were performed under ambient magnetic field 

conditions and used the entire ensemble. Error bars correspond to the oscilloscope 

resolution and DC accuracy uncertainty. 
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Figure 40 – ODMR contrast as a function of optical power at the sample. Full microwave 

power was used in these measurements.  

 

 

Figure 40 demonstrates that the ODMR contrast is approximately constant over the 

range of powers tested. By 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 intensities were measured. This is true as the spot size 

is inversely proportional to the NA of the lens [142]. In terms of ODMR contrast, there 

is no preferential optical intensity in this range.  

 

3.5.4 – Magnetometric Sensitivity 

 

Magnetometric sensitivities were determined by applying 1 kHz sinusoidal magnetic 

field oscillations of known amplitude (Bmeasured) and fitting the obtained magnetometry 

signals to a sinewave to obtain the signal voltage (Vsignal). The RMS of the residuals of 

the fit were used to obtain the noise voltage (Vnoise) and these values plugged into 

Equations 14 and 25 to obtain the magnetometric sensitivities. 
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The magnetometric sensitivity as a function of optical power at the sample, shown in 

Figure 41, was measured using a Thorlabs - DET36 photodiode. Error bars correspond 

to the standard deviation of the measurements. 

 

Figure 41 – Magnetometric sensitivity as a function of optical power. Full microwave 

power was used in these measurements. 

 

 

Figure 41 shows the sensitivity is greatly enhanced by performing experiments at 

higher optical powers. Because the contrast is approximately constant over the 

measured range of optical powers, as shown in Figure 40, the increase in sensitivity is 

likely due to the increase in signal size. This decreases the shot-noise limit, increases 

the SNR out of the photodetector and allows a reduction in lock-in amplifier gain, for 

the same  
𝑑𝐵

𝑑𝑉𝑜𝑢𝑡
 . Sensitivity is ~200 nT/Hz1/2 at 1 mW excitation power and increases to 

~34 nT/Hz1/2 at 36 mW. However, increasing the optical power is at the expense of 

reducing the biological applicability.   
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The dependence of magnetometric sensitivity on microwave power was also measured, 

as shown in Figure 42, using a Thorlabs - DET36 photodiode. Error bars correspond to 

the standard deviation of the measurements.  

 

Figure 42 – Magnetometric sensitivity as a function of microwave power. 2 mW optical 

excitation was used in these measurements. 

 

 

Figure 42 shows the magnetometric sensitivity increases with microwave power over 

the range available. This suggests that, even when performing experiments at 

maximum microwave power, the detrimental effect of power broadening the ODMR 

linewidth is insufficient to outweigh the benefit of the increase in contrast, shown in 

Figures 39 and 35 respectively. As there are no known biologically harmful effects from 

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

maximum power. 
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3.5.5 – Bandwidth 

 

The bandwidth of the magnetometer was measured by applying sinusoidal varying 

magnetic fields of increasing frequency and measuring the detected B-field amplitude. 

The results are shown in Figure 43. The auto-balanced subtraction detector was used 

for these measurements. Error bars correspond to the oscilloscope resolution and DC 

accuracy uncertainty. 

 

Figure 43 - Measurement of magnetometer bandwidth. Full microwave power and 2 

mW of optical excitation was used for these measurements.  

 

 

Figure 43 shows the frequency response of the magnetometer with a 3-dB point around 

3.1 kHz. 

 

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

modulated B-field, as shown in Figure 44. 
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Figure 44 – Demonstration of bandwidth by measuring a 500 Hz square wave magnetic 

field modulation. Full microwave power and 2 mW of optical excitation was used for 

these measurements. 

 

 

This measurement yielded a rise time of ~189 μs (10% to 90%). Given the expected 

action potentials are ~2 ms in duration (500 Hz) [16], there is sufficient bandwidth for 

the intended measurements. 

 

3.5.6 – Photodetectors 

 

The achieved sensitivities for the different detectors tested are shown in Table 1. 2 mW 

optical power and maximum microwave power was used to characterise these. 
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Table 1 – 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 1.85 times improvement when subtracting the reference signal using the 

lock-in amplifier ‘A-B’ input over using a single TIA photodiode. The division detector, 

although functioning, was 3.07 times worse than using a single TIA photodiode. Further 

investigation would be required to determine the cause. Optimisation of the signal to 

reference voltage ratios, multiplying gain factor and the relative phase of the signal and 

reference may lead to future improvements in the division detector.  

 

The commercial auto-balanced subtraction detector showed a further 1.33 times 

improvement over the subtracted 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 the auto-balanced subtraction detector costing over 100 times 

more. 

 

An improvement in the TIA subtracted performance may be possible by performing the 

subtraction in the detector before entering the lock-in amplifier and could be checked 

in future experiments.  

Detector Sensitivity (nT/Hz1/2) 
Commercial Auto-Balanced 
Subtraction Detector 

66 ± 2 

Subtracted TIA Photodiodes 87 ± 7 
TIA Photodiode 160 ± 12 
Divided TIA Photodiodes 500 ± 116 
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3.5.7 - Demonstration of Magnetometry 

 

A measurement of a repeated magnetic field oscillation generated by 10 pulses of a 1 

μA 1 kHz sinusoidal varying current over 12 hours is shown in Figure 45. This 

demonstrates the negative-feedback system allows measurements over long periods of 

time left unattended. This allows low precision, real-time measurements over long 

periods of time or a high precision measurement to be made by repeating 

measurements and averaging them. The auto-balanced subtraction detector was used 

for this measurement. 

 

Figure 45 – Measurement of a repeated magnetic field modulation - number of 

measurements averaged = 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 field applied. The amplitude of the measured sinewave was 27.36 



74 
 

mV, giving an RMS of 19.34 mV, and the RMS of the residuals was 1.467 mV. This 

corresponds to measuring 10 pulses of a 1 kHz sine wave with a signal-to-noise ratio of 

~13.2. Given the 12 hours acquisition time, this corresponds to a sensitivity of ~45 

nT/Hz1/2.  

 

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

voltage of the noise (Vnoise) was measured as a function of number averaged, as shown 

in Figure 46. 

 

Figure 46 – RMS voltage of noise as a function of number of magnetometry 

measurements averaged. Full microwave power and 2 mW of optical excitation was 

used for these measurements. 

 

This demonstrates that Vnoise can decrease for at least 12 hours of acquisition time. As 

discussed in Section 3.4.3, the noise was expected to reduce as 
1

√𝑁
  where N is the 

number of measurements averaged. However, according to the fit shown in Figure 46, 

Vnoise reduced as N-0.57. This suggests the magnitude of the noise signal was not constant 
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throughout the measurement. This is not unreasonable given the experiment was run 

from ~4pm until ~4am when the laboratory temperature and seismic noise are likely 

to reduce. Although the general trend was as expected, this could be checked in future.  

 

The same data is shown as Bmin versus averaging time in Figure 47: 

 

Figure 47 – Minimum detectable magnetic field as a function of averaging time. Full 

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

 

 

At this sensitivity, a measurement of a repeated 1 nT magnetic field oscillation, with a 

SNR of 1, would take ~23 minutes of averaging. Measurements in real-time do not 

allow for averaging and would be limited to a single-shot sensitivity of fields of ~723 

nT, with a SNR of 1, based on Figure 47. Reductions in laser, microwave and detector 

noise, an increase in sample T2
∗ or optimisation of the angle between the NV 

measurement axis and the applied magnetic field, could increase the magnetometer 

sensitivity and, therefore, minimum detectable magnetic field per unit time.   
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3.6 – Discussion 

 

3.6.1 - Antenna and Microwave System 

 

As shown in Figure 34, antenna performance peaked with microstrip widths around 0.5 

– 1 mm in the range tested. Although the impedance was expected to be matched 

around 1.5 mm, 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 

measuring ODMR contrast, we only gain knowledge of which antenna best coupled the 

microwaves to the NV centres. If using a pulsed ODMR scheme, the frequency of 

oscillation between the ms=0 and ms=±1 spin states (Rabi frequency) could be 

measured directly to give a better understanding of the coupling strength up to and 

above the maximum contrast. This was not possible with the current setup as it would 

require an AOM to be used to pulse the excitation laser as well as an increase in the 

detector bandwidth to measure the sub μs changes of fluorescence.  

 

Previous research suggests that the Rabi frequency of the magnetic dipole transition is 

proportional to the square root of the microwave power [89, 92, 93]. Figure 35 shows 

there is not a linear relationship between the square root of power out of the signal 

generator and the ODMR contrast. Reasons for this could include the microwave 

amplifier saturating or an impedance effect in the antenna at high power. However, due 

to the value attained, it is likely that this is an indication of reaching maximum contrast. 

Previously, NV- ensembles were measured to have an ODMR contrast of ~4 % [50]. 

Therefore, given the ~4 % ODMR contrast achieved (Figure 35), this simple antenna 
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design appears to generate sufficient magnetic fields for this work. At maximum 

contrast, higher microwave powers are likely only to power broaden the linewidth of 

the transition which would be detrimental to magnetometric sensitivity.  

 

 

3.6.2 - Targeted Sensitivity 

 

The homemade transimpedance amplified photodiode measured ~2 V per mW of 

excitation with a 180 kΩ load. Based on Equation 24, this gives a measured photon rate 

of R ~ 1.5*1014 s-1 for 2 mW of excitation. The measured contrast was ~4 % and full-

width-half-maximum linewidth (ΓPB) was ~11 MHz. Based on Equation 23, this gives a 

shot-noise-limited sensitivity of ηCW ~639 pT/Hz1/2. The sensitivity achieved was 66 ± 

2.2 nT/Hz1/2 assuming a radial distance of 50 μm between the excitation region of the 

diamond and the core of the current carrying wire generating the magnetic field. 

Estimating an uncertainty in this distance of 20 microns adds an additional uncertainty 

of 40 % for the magnetic field value. Adding this in quadrature with the previous 

uncertainty value yields an achieved sensitivity of 70 ± 26 nT/Hz1/2. This is 110 times 

above the shot-noise limit and 1129 times above the spin projection noise limit of ~62 

pT/Hz1/2. The reduction in sensitivity is likely due to noise in the laser source, 

microwaves and detectors. The achieved sensitivity falls below the target of 0.38 

nT/Hz1/2
 with which it would be reasonable to allow measurement of the action 

potential of a marine worm with 1 second of averaging. This is true even when using 

optical excitation powers over 15 times above the target of 2 mW. At 2 mW excitation 

power, our minimum detectable field for a single-shot measurement is ~723 nT with a 

bandwidth of 3.1 kHz. Given the shot noise limit is above our desired sensitivity, it is 
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not possible to achieve the required sensitivity using this technique with diamond with 

this T2
∗.  

 

The successful approach by Walsworth et al [16] has a large advantage over the 

presented experimental design. By using a diamond chip containing NV centres that 

was not in contact with the specimen, they were able to use 2.75-4.5 W of excitation 

power and collect 17-28 mW of fluorescence [16]. This dramatic increase in R (signal 

photon rate) is greatly beneficial as shot noise sensitivity scales as 
1

√𝑅
 (Equation 23).  

 

The disadvantage of the diamond chip design is the increased distance between the NV 

centres and the specimen being measured (~13 µm). Given the ~400 µm diameter of 

the marine worm axon [16], the chip approach is superior as the gain in SNR from the 

fluorescence is greater than the increase in B-field magnitude by reducing the distance 

between the sensor and specimen by 13 µm. 

 

In future, it is desirable to measure mammalian neurons that are expected to generate 

~1 nT on their axon surface [16]. The largest nanodiamonds currently commercially 

available are 140 nm in diameter (Adamas Nanotechnology). The smaller particle size 

would result in lower fluorescence rates as there are fewer emitters. This would cause 

an increase in the shot-noise limit and a decrease in sensitivity compared 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 efficiency. The 140 nm 

particle nominally has ~800 NV centres, giving a spin-projection-noise-limited 

sensitivity of ~1.05 nT/Hz1/2 for a T2
∗=145 ns. Given the action potentials are only a 

fraction of a second, a real-time measurement would require a single-shot sensitivity 
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below 1 nT/Hz1/2. Therefore, this measurement is impossible to make in real-time with 

a single nanodiamond of this quality, using a CW-ESR technique. 

 

 

3.6.3 - Scaling up 

 

When using multiple micro/nanodiamonds to measure multiple neurons, each 

diamond has a most sensitive 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 experiments necessitates measuring 

each diamond individually, in a laser scanning configuration for example, with different 

microwave frequencies or magnetic fields applied during the measurement of each 

diamond. Compared with a widefield setup, this has an inherently lower bandwidth. 

Furthermore, it is expected that gains in sensitivity in future are likely possible by using 

coherent magnetometric methods developed in the field of nuclear magnetic resonance. 

This would likely allow measurements closer to the spin-projection noise limit [16].  

 

Previous research has shown that T2
∗, and therefore magnetometric sensitivity, is 

greatly enhanced by applying the bias magnetic field along the NV axis being measured 

[143]. This would also require magnetic field alignment for each diamond and re-

alignment upon displacement of the diamond. Under biological experimental 

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

 

A magnetometer using a nitrogen-vacancy centre sub-ensemble contained in a single 

~150 µm diameter diamond was built. The sensitivity achieved was 70 ± 26 nT/Hz1/2 

with a bandwidth of 3.1 kHz using 2 mW of optical excitation. This is 110 times above 

the shot-noise limit of ~639 pT/Hz1/2 and 1129 times above the spin projection noise 

limit of ~62 pT/Hz1/2. The reduction in sensitivity is likely due to noise in the laser 

source, microwaves and detectors. The sensitivity achieved in our experiment falls 

above the target of 0.38 nT/Hz1/2 which could reasonably allow measurement of the 

action potential of a marine worm with a SNR of 1, using 1 second of averaging (84).   

 

The experimental method would require large gains in sample quality to be useful for 

the intended bio-magnetometry applications. In particular, without gains in T2
∗, the 

long-term goal of mammalian neural sensing in real-time appears to be unattainable 

with a quantitative spin-projection based measurement using a single nanodiamond of 

this quality. Furthermore, the technique used in these experiments cannot be easily 

scaled up to a multiplexed widefield setup for magnetic imaging with 

nano/microdiamonds. 

 

Given that the discussed experimental method does not give the required sensitivity 

and that the measurement of action potentials via magnetic field fluctuations need not 

be quantitative to be useful, future experiments using nano/microdiamond of this 

quality should investigate detection methods such as relaxometry [144, 145] or the 

electric-field detection of membrane potentials [7]. 
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Chapter 4 

Two-photon Excited Optical Detection of 

Magnetic Resonance of Nitrogen Vacancy 

Ensembles 

 

4.1 - Overview 

 

The previous section discussed an optical microscope system capable of performing 

magnetometry in the microscope’s 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 one-photon excited optical detection of 

magnetic resonance (ODMR), used in the previous chapter, to novel measurements of 

two-photon excited ODMR (2PODMR). 

 

4.2 - Introduction 

 

Two-photon excitation has several advantages over single-photon excitation when 

performing microscopy on live biological specimens. These include increased imaging 

depth and, due to an inhibition of fluorescence outside of the focal plane, reduced 

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

possible to combine NV magnetometry with the advantages of two-photon microscopy. 

 

Although two-photon excited fluorescence of NV centres has previously been 

demonstrated [17, 146], 2PODMR has not. Therefore, the aim of this work was to 

demonstrate 2PODMR, to thus prove two-photon excited NV magnetometry feasible. 

 

4.3 - Theory 

 

Two-photon fluorescence is a non-linear process involving transitions between two 

molecular/electronic states of a fluorophore. It involves the absorption of two photons 

and is generally followed by emission of a single photon of greater energy [18], as 

depicted in Figure 48. 

 

  

Figure 48 – Proposed mechanism of two-photon excited fluorescence of NV- - excitation 

is via the phonon sideband (PSB) - zero-phonon line (ZPL) also shown -  

(based on [18, 78-80, 147]). 
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In terms of geometric symmetry, the NV- and NV0 belong to the C3v point group [55, 

148] which is non-centrosymmetric [149]. As a result, the Laporte selection rule does 

not apply [150] and parity does not have to change during transitions. This allows the 

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

 

The number of photon-pairs absorbed from a focused and pulsed laser beam is [151]: 

 

n2P =
δ

τf
(
π NA2

hcλ
)

2

〈P〉2 (29) 

 

where δ is the two-photon absorption cross-section, τ is the pulse duration, f is the 

pulse repetition rate, λ is the wavelength, h is Planck’s constant, c is the speed of light 

and NA is the numerical aperture of the objective lens. Two-photon excited 

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

(〈P〉2). Wavelengths near 1070 nm have recently been shown to most efficiently two-

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

spectra, NV0 is also efficiently excited. This suggests that, like with one-photon 

excitation, there are dynamic conversion processes between the NV charge states 

taking place.  

 

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

analogous to one-photon optical spin polarisation, as discussed in Section 2.2.6.  
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Figure 49 – Proposed mechanism for two-photon excited optical spin polarisation. NV 

centres are expected to optically cycle on the 3A2 ↔ 3E transition and spin state 

dependant ISC (intersystem crossing) rates to cause spin polarisation into the ms=0 

state - based on [18, 50, 147, 153]. 

 

 

Because the intersystem crossing rates under 1064 nm excitation are not published, 

the expected 2PODMR contrast was unknown prior to measurement. However, because 

the ODMR contrast comes from spin-state dependent intersystem crossing rates, 

assuming excitation is to the same state, there is no known reason to assume they 

would differ from the one-photon excited intersystem crossing rates. 

 

4.4 - Experiments 

 

Three experiments were performed, namely measurements of emission spectra, 

fluorescence as a function of excitation power and 2PODMR. Measurements were made 

using adapted epi-fluorescence microscopy setups, as shown in Figures 50, 54 and 57. 

A broadband 50:50 beamsplitter was used to allow both 1064 nm and 532 nm excited 
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fluorescence to be measured using the same optics. This allowed comparisons to be 

made at the same measured fluorescence rate for either one or two-photon excitation. 

A Fianium – FP-1060-2-fs laser was used as the two-photon excitation source. It 

nominally provides 200 fs pulses at a repetition rate of 80 MHz, at a wavelength of 

1064 nm, with average optical powers up to 3 W. By using a pulsed laser, the peak 

optical power is greatly increased over a continuous-wave laser with the same average 

power [153]. This increases the probability of two photons arriving at the NV centre 

simultaneously and, therefore, increases the two-photon excited fluorescence rate 

[153]. 

 

Experiments were performed using a commercially available microdiamond (Adamas 

Nanotechnologies - MDNV150umHi) with a nominal diameter of 150 μm and an NV- 

concentration of 2.5 ppm. By using a microdiamond with a high concentration of NV 

centres, the fluorescence yield was increased. It was also found that smaller diamonds 

(15 μm diameter) moved from focus under high-powered 1064 nm excitation whereas 

the same section of the same 150 μm could be used for multiple experiments, allowing 

better comparison of results. 

 

4.4.1 - Emission Spectra 

 

4.4.1.1 - Experimental Setup 

 

The setup used to measure emission spectra is shown in Figure 50. 
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Figure 50 – Experimental setup used to measure emission spectra. 1064 and 532 nm 

lasers are combined with a long pass filter and coupled into a microscope. These are 

used to separately excite fluorescence from an NV centre doped diamond sample. 

Fluorescence is collected with an objective lens, long and short pass filtered to remove 

excitation wavelengths, and measured with a spectrometer.  

 

 

A water-emersion lens was used as it had the best transmittance at 1064 nm out of the 

available objective lenses and was intended to be used for future measurements of bio-

magnetism. The emission filters were chosen to transmit fluorescence between 550 

and 900 nm. This allowed measurement of both NV- and NV0 fluorescence [22, 57]. 

Filters were chosen with relatively flat wavelength dependencies across the 

measurement window. This ensured an accurate measurement of the wavelength 
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dependency of the fluorescence. The spectrometer had a nominal resolution of 1.5 - 2.3 

nm (full-width-half-maximum), which was sufficient to measure the broad emission 

window and features such as the zero-phonon lines. Optical powers were measured at 

the sample using a calibrated optical power meter (Thorlabs - PM100D, S130C, S350C) 

and used to calibrate beam pick-offs measured with photodiodes. These were used to 

monitor the excitation powers during experimentation. A long pass filter was used to 

combine the 532 and 1064 nm beams and an optical isolator was used to ensure no 

laser light was back reflected into the 1064 nm laser. For these experiments, optical 

power was controlled using the laser’s in-built control. 

 

4.4.1.2 - Results 

 

The emission spectra for both 1064 nm and 532 nm excitation are shown in Figure 51. 

Each spectrum is normalised to its individual maximum. Results were obtained at low, 

medium and high powers with equivalent fluorescence rates for 532 and 1064 nm 

excitation. 

  



88 
 

 

Figure 51 – Normalised emission spectra under CW 532 nm and fs-pulsed 1064 nm 

excitation. 

 

 

Peaks at 575 nm and 637 nm can be clearly distinguished when using either 532 nm or 

1064 nm excitation. These correspond to the zero-phonon lines of the NV0 and NV- 

respectively [154-156].  
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Figure 52 – Difference of CW 532 nm and fs-pulsed 1064 nm excitation spectra at 

different fluorescence rates. High, medium and low refer to the excitation powers 

shown in Figure 51. 

 

 

Figure 52 shows the difference of the normalised one and two-photon emission 

spectra. These were obtained by subtracting the normalised one-photon spectra data 

from the two-photon spectra data shown in Figure 51. Increased emission at 

wavelengths below the zero-phonon line of the NV- (637 nm) demonstrates NV0 is 

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

pulsed 1064 nm excitation. High and low refer to the powers used in Figure 51. 

 

 

Figure 53 shows the difference of emission spectra at the highest and lowest powers 

shown in Figure 51 for each excitation wavelength. This demonstrates, at either 

wavelength, the NV-/NV0 ratio decreases with increasing excitation power. This agrees 

with previously published results and is attributed to photoionisation of the NV- [17, 

152]. 
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4.4.2 - Fluorescence as a function of excitation power 

 

4.4.2.1 - Experimental Setup 

 

The experimental setup used to measure fluorescence as a function of excitation power 

is shown in Figure 54. 

 

 

Figure 54 - Experimental setup used to measure the dependence of the fluorescence 

rates on excitation power. 1064 and 532 nm lasers are combined with 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 re-applying water for the water-immersion 

lens, the objective lens was changed to a dry objective with the same NA. Due to the 

objective lens’ reduced transmission at 1064 nm, the available power at the sample was 

reduced at this wavelength. However, it meant the same part of the diamond could be 

used in the remaining measurements. This allowed for a fairer comparison of results as 

the diamond was not polished and the transmission likely varied as a function of 

position on the diamond.   

 

Further long and short pass filters were added to ensure no reflected excitation light 

reached the detector. A polarising beam splitter and rotatable half-wave plate were 

added to allow better control over the 1064 nm power levels. This also ensured the 

same pulse length was used throughout the experiments by constantly running the 

1064 nm laser at full power. An oscilloscope (Tektronix – TDS2002C) with a 1 MΩ 

termination was used to measure the output of the photodiode for the one-photon 

excited measurements. Due to the low signal levels for the 2-photon excited 

measurements, a 16-bit oscilloscope (Picoscope – 4262) was used to measure the 

output of the photodiode. This oscilloscope also had a 1 MΩ termination allowing direct 

comparison of the values measured using either oscilloscope. 

 

4.4.2.2 - Results 

 

Figure 55 shows the dependence of two-photon excited fluorescence as a function of 

excitation power. Error bars correspond to the resolution and DC uncertainty of the 

oscilloscope. 
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Figure 55 – Fluorescence as a function of excitation power under fs-pulsed 1064 nm 

excitation. Measured using setup shown in Figure 54 – limited range fitted using 

Equation 30. The same y-data is plotted on a) with power on the x-axis and b) with 

power squared on the x-axis. 
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Figure 55 shows the fluorescence rate did not follow the expected simple quadratic 

power dependency at these excitation powers and appears to saturate. This is 

discussed in Section 4.5.  Fits to the data from 94 to 304 mW of excitation power is 

shown in Figure 55. 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 1.92 ± 0.02 when fitted to the 

equation: 

 

y = a + bxc (30) 

 

This confirms the excitation process is mainly due to two-photon excitation.  

 

The dependency of the fluorescence rate on excitation power at 532 nm is shown in 

Figure 56. The fluorescence is normalised to the maximum two-photon excited 

fluorescence shown in Figure 55. 1 on this scale corresponds to 65 nW of measured 

fluorescence based on the generated photodiode voltage.  
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Figure 56 – Fluorescence as a function of excitation power under CW 532 nm 

excitation.  

 

 

Figure 56 shows the 532 nm excited fluorescence data fits to equation 30 with an 

exponent of 1.02 ± 0.02. This confirms the fluorescence is due to one-photon 

excitation. Furthermore, the data shows that at least two orders of magnitude more 

fluorescence can be achieved using one-photon excitation versus two-photon excitation 

with no evidence of saturation.  

 

 

4.4.3 - Two-photon Excited ODMR (2PODMR) 

 

4.4.3.1 - Experimental Setup 

 

The experimental setup used to measure 2PODMR is shown in Figure 57. 
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Figure 57 – Experimental setup used to measure 2PODMR. 1064 and 532 nm lasers are 

combined with 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. 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 the ODMR 

spectra.  

 

 

A signal generator was used to generate square-wave amplitude-modulated 

microwaves. Modulation was performed using the in-built modulation function of the 

signal generator. These were passed through a high-pass filter to remove the 

modulation frequencies, an amplifier to increase the microwave power and an isolator 

to prevent back reflections into the amplifier. Microwaves were applied to the NV 
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centres via the microstrip antenna described in Section 3.4.4, and the microwave 

frequency swept from 2.75 to 3 GHz. The 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 a lock-in amplifier referenced to the 

amplitude modulation rate. A modulation rate of 223 Hz and a time constant of 300 ms 

were used on the lock-in amplifier. The optimum phase setting was found to be the 

same for both excitation wavelengths and the same settings were used for both 

measurements. To enable comparison of one and two-photon excited ODMR, the same 

DC voltage (~30 mV) was inputted to the lock-in amplifier for both measurements. This 

ensured differences in ODMR amplitude corresponded to differences in ODMR contrast. 

However, this was not corrected for the different NV-/NV0 ratios. 

 

4.4.3.2 - Results 

 

Measurements of both one-photon excited ODMR and 2PODMR are shown in Figures 

58 and 59. 
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Figure 58 – One-photon excited ODMR and 2PODMR measured at the same 

fluorescence rate. Measured with 557 mW of 1064 nm and 26 µW of 532 nm excitation 

at the sample.  

 

 

A Gaussian fit to each spectrum yields an amplitude ratio (2P/1P) of 26.3 %. The 

reduction in ODMR contrast can be partially explained by the decreased NV-/NV0 ratio 

shown in the emission spectra. However, for this to fully account for the reduction in 

contrast would require there to be more NV0 fluorescence than NV-. This can be 

discounted by the emission spectra shown in Figure 51. Figure 59 shows the same data 

as Figure 58 but shown on separate Y-scales.  
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Figure 59 – One-photon excited ODMR and 2PODMR at the same fluorescence rate on 

separate y-axes. 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 Gaussian fit to each spectrum yields a linewidth ratio of 

60.4 % and a shift of the ODMR resonance of -27 MHz. Previous work with similar 

HPHT diamond has shown laser intensities up to 36 mW mm-2 resulted in sample 

heating up to 372 K [157]. It is, therefore, reasonable to assume there is significant 

heating of the samples tested in the presented experiments. Using a polynomial 

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

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

excited measurement. At this temperature, previous measurements have shown an 

approximately 22 % reduction in single-photon excited ODMR contrast [158]. 
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4.5 - Discussion 

 

2PODMR was successfully demonstrated using a nitrogen-vacancy ensemble contained 

in a single microdiamond. This conclusively demonstrates the viability of two-photon 

excited magnetometry using NV centres. 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 measuring single-photon excited ODMR at the same fluorescence 

rate. 

 

Two-photon excited fluorescence was also demonstrated to saturate at far lower 

fluorescence rates than under one-photon excitation (Figures 55 and 56). As discussed 

in Section 3.3.4, the CW-ESR shot-noise limit scales as 
1

√𝑅
, where R is the detected 

photon rate. The low fluorescence rate under two-photon excitation, compared with 

that under one-photon excitation, would, therefore, limit the achievable magnetometric 

sensitivity. 

 

The reduction in two-photon excited fluorescence is likely due to recently discovered 

processes that cause one-photon excited fluorescence to quench under simultaneous 

532 and 1064 nm excitation [155, 159, 160]. Recent research has confirmed multiple 

processes under simultaneous 532 nm and 1064 nm excitation which can both increase 

and decrease NV- fluorescence rates [155]. These depend on optical intensity and relate 

to both thermal and NV- ↔ NV0 conversion processes [155]. Unlike in previous 

research, in the presented results, the two-photon excited fluorescence appears to be 

quenched by the same laser that is exciting the fluorescence.  
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The measured reduction in ODMR contrast of 73.7 % is not trivial to explain with the 

presented experimental data. Assuming that, due to the elevated temperature, there is 

the same reduction in ODMR contrast under one and two-photon excitation, a drop in 

ODMR contrast of 22 % is expected [158]. To account for the additional 51.7 % 

reduction in contrast would require there to be an NV-/NV0 ratio of ~34 %.  This is 

ruled out by the emission spectra shown in Figure 51 and suggests that there is another 

reason for the reduced 2PODMR contrast.  

 

A likely candidate is that high optical excitation powers caused heating of the 

microwave antenna. This could potentially cause a change in the antenna’s impedance 

and a corresponding reduction in microwave coupling efficiency. To test whether 

heating of the antenna reduces its efficiency, using a microwave circulator, the 

microwave power back-reflected from the antenna could be measured as a function of 

excitation power/temperature. 

 

To mitigate any heating of the microwave antenna under high excitation power, a loop 

antenna that is not in contact with the diamond could be used. This may require 

increased microwave powers to maintain the same contrast as the distance between 

the antenna and NV centre is increased. 

 

Another possibility for the reduced 2PODMR contrast is that the excited state 

intersystem crossing rates may differ for the two excitation wavelengths. 

Measurements of intersystem crossing rates have been made under 532 nm excitation 

[161] and could be repeated under 1064 nm excitation in future experiments.  
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The reduction in 2PODMR linewidth was unexpected and is not currently understood. 

Compared with one-photon excitation at the same fluorescence rate, lower linewidths 

under two-photon excitation would increase magnetometric sensitivity. Therefore, this 

is potentially a very interesting avenue of investigation for future work. 

 

It may be the case that there is preferential optical excitation of certain NV axes taking 

place due to the polarisation dependency of two-photon excitation [147]. Experiments 

should be repeated as a function of angle of polarisation and with circular polarisation 

for the optical excitation. Experiments should also be repeated with a bias magnetic 

field applied to allow measurement of the individual sub-ensembles. This would allow 

the ODMR contrast of the individual NV axes to be compared. Furthermore, 

measurement of a single sub-ensemble ODMR linewidth would provide a definitive 

demonstration of a reduction in linewidth.  

 

By repeating experiments with aggregates of nanodiamonds under both one and two-

photon excitation, effects owing to the orientation of the diamonds should be averaged 

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

 

A reduction in ODMR linewidth under increasing 532 nm excitation has previously 

been reported [89] and may also be related. This could be tested by repeating 

measurements as a function of excitation power, starting at lower excitation powers.  

 

Given the successful demonstration of 2PODMR conclusively demonstrates two-photon 

excited spin polarisation, a two-photon excited version of recent spin-to-charge 

readout protocols [104] should be possible. This could be an interesting avenue of 

investigation for future two-photon excited magnetometry research using NV centres. 
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Future work could also demonstrate coherent spin state control of NV centres under 

two-photon excitation to verify the viability of coherent two-photon excited 

magnetometry. This would be best performed with high quality CVD diamond 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 photodetector for these 

measurements. With greater optical detection sensitivity, measurements could be 

made at lower optical excitation powers and bandpass filters could be used to 

differentiate fluorescence contributions from NV- and NV0. 

 

To allow a better comparison between one and two-photon excited fluorescence rates, 

a confocal setup should be employed to reject out of focus fluorescence. This likely has 

a far greater contribution to the one-photon excited fluorescence signal as two-photon 

excitation is only probable in the focus of the 1064 nm excitation beam and not from 

scattered light. 

 

Finally, temperature control of the sample, such as use of a cold finger [155] , could be 

implemented to mitigate thermal effects.  

 

4.6 - Conclusions 

 

Two-photon excited optical detection of magnetic resonance (2PODMR) has been 

successfully demonstrated using a nitrogen-vacancy ensemble contained in a single 
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microdiamond. This conclusively demonstrates the viability of two-photon excited 

magnetometry using NV centres.  

 

The 2PODMR contrast was found to be reduced by 73.7 % when compared with 

measuring single-photon excited ODMR at the same fluorescence rate. This can only 

partially be explained by the increased temperature and lower NV-/NV0 fluorescence 

ratio under two-photon excitation. The 2PODMR linewidth was also found to be 

reduced by 39.6 %, though the mechanism is not currently understood. 

 

Evidence of saturation of two-photon excited fluorescence was found at rates at least 

two orders of magnitude lower than under one-photon excitation. This is assumed to 

be related to thermal and NV- ↔ NV0 conversion processes demonstrated under 

simultaneous 532 nm and 1064 nm excitation [155]. 

  



105 
 

Chapter 5 

Stimulated Emission from Nitrogen Vacancy 

Ensembles in Bulk Diamond 

 

5.1 - Overview 

 

The previous two sections discussed the development of a niche magnetometer using 

nitrogen-vacancy centres in a fluorescence microscopy setup for biological research. In 

this section, research towards a novel and more general magnetometer that also uses 

the optical detection of magnetic resonance (ODMR) will be discussed.  

 

This work takes early steps towards building a magneto-sensitive laser using nitrogen-

vacancy centre doped diamond as the laser gain material. Such a laser is expected to 

allow ultra-sensitive measurements of magnetic fields [23].  This could be useful for a 

variety of applications such as mapping of the earth’s magnetic field, the detection of 

submarines, shipwrecks and mines, and ex-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 ensemble, under both non-resonant and resonant excitation. 

This would demonstrate the fundamental process on which the proposed laser would 
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be built. The third section describes attempts to use stimulated emission to perform 

ODMR. This would demonstrate the magneto-sensitivity of the proposed laser. 

 

5.2 - Introduction 

 

Magnetometry using ensembles of nitrogen-vacancy centres can rely on measurements 

of small changes in fluorescence intensity [16, 162]. As fluorescence is 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 high-quality oil-

immersion objective lens with an NA of 1.4, have maximum fluorescence collection 

efficiencies of  3.4 %  and 31 % respectively [163, 164]. In contrast, a theoretical 100 % 

collection efficiency of light generated by stimulated emission is possible as the 

photons are emitted into a single mode. Furthermore, stimulated emission from NV 

centre ensembles could allow the creation of a laser using diamond as an optical gain 

medium [165]. This is attractive for both its excellent thermal conductivity as well as an 

ability to output in proportion to shifts of the NV- magnetic resonance [23]. Based on 

this principle, a room temperature magnetometer has recently been proposed with an 

expected sensitivity near 1 fT/Hz1/2 [23].   

 

Whilst this work was being undertaken, a successful demonstration of stimulated 

emission from a nitrogen-vacancy centre ensemble was reported [22]. Although the 

efficiency was not quantified, it was accompanied by indirect evidence of stimulated 

emission. This included a reported reduction in fluorescence with nanosecond-scale 

temporal dynamics and a wavelength dependency proportional to the fluorescence 

emission spectrum. Previously, there have been several demonstrations of super-
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resolution imaging using stimulated emission depletion microscopy with nitrogen-

vacancy centres [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 to directly quantify the optical gain of a probe beam due to 

stimulated emission from a nitrogen-vacancy centre ensemble contained in a mm scale 

diamond. A secondary aim was to perform the optical detection of magnetic resonance 

(ODMR) using stimulated emission. This would demonstrate the feasibility of using 

stimulated emission to perform magnetometry.  

 

5.2.1 - Diamond Samples 

 

The diamonds used in the presented experiments and the information in Table 2 was 

provided by the Institute of Photonics (University of Strathclyde). Substitutional 

nitrogen concentrations were determined using Fourier-transform infrared 

spectroscopy and the concentration of the other defects were determined by 

absorption spectroscopy at 77 K [90].  

 

 

 

 

 

 

 

 

 



108 
 

 

Table 2 –Diamond Specifications: 

Ns = substitutional nitrogen, NVN = nitrogen-vacancy-nitrogen, V0 = neutral vacancy 

- data provided by the Institute of Photonics (University of Strathclyde) 

 

All samples were synthesised using chemical vapour deposition by Element6 and 

approximately 2x2x3 mm in size. Additional treatments including electron irradiation 

and annealing were performed by the Institute of Photonics. Sample #2 has undergone 

the same treatment as sample #1 except for an additional high-pressure, high-

temperature treatment. Details of similar samples created by the Institute of Photonics 

can be found at the following reference [90]. Although sample #3 looks to have the best 

specifications, it was unavailable when the measurements in 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.  

 

Sample 
# 

Name Pre-
Treated 
Ns Conc. 
(ppm) 

 

NVN 
Conc. 

(ppm) 

NV- 

Conc. 
(ppm) 

NV0 
Conc. 

(ppm) 

V0 
Conc. 

(ppm) 

Size (mm) 

1 1409E6 
sCVD02 

4.5 0.069 0.549 0.578 0.088 2.93x3.08x1.85 

2 1409E6 
sCVD04

-01 

4.5 0.495 0.313 0.099 0 1.5x1.5x1.8 

3 E6H3A 7 0.06 0.76 0.13 0 2.96x2.97x2.16 
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5.3.1 – Attempts to Measure Stimulated Emission under 532 

nm Excitation 

 

5.3.1.1 - Theory 

 

Stimulated emission is an optical process whereby an incident photon causes an 

excited fluorophore to emit a photon in the same direction, with the same polarisation 

and in-phase with the incident photon [167]. As two photons are now in the mode of 

the incident photon, optical amplification has occurred. This is depicted in Figure 60.  

 

 

Figure 60 – a) Excitation via the phonon sideband (based on [78]). A 532 nm photon 

excites the NV centre first to |3> before it decays to |2>.  

b) Process of stimulated emission (based on [78, 142, 168]) – stimulating photon 

causes de-excitation 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 respectively. Spontaneous emission has a 

negligible contribution to gain as photons are emitted in all directions [142]. The rate of 
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change of a flux of photons at a position z in a gain medium can be described using the 

following equation [142]: 

 

dF

dz
= σtran(N2 − N1)F(z) (31) 

 

where σtran is the transition cross section, F(z) is the photon flux at position z and N1 

and N2 are the population densities of the |1> and |2> states respectively, as shown in 

Figure 60. With N2>N1, optical amplification occurs whereas, with N1>N2, absorption 

occurs [142]. The requirement of N2>N1 is known as population inversion. This should 

be easily achievable as, neglecting the NV- singlet states, the NV- is a 4-level system with 

fast decaying |3> and |1> states relative to state |2>, from which stimulated emission 

should occur. Therefore, in theory, it requires only a single NV- to be pumped to create 

population inversion [142]. 

 

The stimulated emission cross-section (σstim), as a function of wavelength (λ), is defined 

as “the laser gain of a transition per unit population inversion in the absence of 

saturation or excited state absorption” [169]. It can be calculated using the following 

equation [169]: 

 

σstim(λ) =
ηλ5I(λ)

τf(∫ λI(λ)dλ)f28πn
2c

(32) 

 

where η is the radiative quantum efficiency of the excited state, I(λ) is the fluorescence 

emission spectrum, c is the speed of light, n is the refractive index and: 
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f2 =
Npumped

N2
(33) 

 

where Npumped is the population density of NV- in all the pumped states, including the 3E 

and singlet states. τf 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 processes [170].  

  

As the stimulated emission cross section has a wavelength dependency proportional to 

that of the fluorescence emission spectrum, at room temperature, stimulated emission 

from NV- is expected to most efficiently occur at the peak of the phonon sideband near 

700 nm [22].  

 

NV- centre based lasers, which use stimulated emission as the optical amplification 

process, are expected to be pumped into the excited 3E state via excitation on the 

phonon sideband at 532 nm [23], as shown in Figure 60a. A 532 nm pump is typical of 

many previous magnetometry experiments using NV- [16, 39, 162]. 

 

For pump and probe intensities well below saturation, the optical gain in an ideal 4-

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

 

G =
σstimτfPabs
hυpumpAp

∗ (34) 

 

where and Pabs is the absorbed pump power, h is Planck’s constant, υpump is the 

frequency of the pump light and Ap
∗  is the effective pump area.  
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The fraction of absorbed pump power to incident pump power can be estimated from 

the following equation [171] : 

 

Pfrac = 1 − e
−σabsNL (35) 

 

where σabs is the absorption cross-section at the pump wavelength, N is the fluorophore 

density and L is the length of the gain material.  

 

Using Equation 35, the absorbed pump power can be calculated [171]: 

 

Pabs = PappliedPfrac (36) 

 

where Papplied is the applied pump power. 

 

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

and can be approximated by [171]: 

 

Ap
∗ =

π

2
(Wpump

2
+Wprobe

2
) (37) 

 

where Wpump and Wprobe are the average pump and probe radii respectively [171].  

 

For the NV-; σabs = 3.1 x 10-17 at 532 nm [17],  σstim = 3.6 x 10-17 cm2 [172], τf  ~ 13 ns 

[77], the samples used had a length of ~ 2 mm and the pump and probe radii were 47 

and 21 μm respectively. Using Equations 34-37, the expected gain as a function of pump 

power can be calculated and is shown in Figure 61.  
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Figure 61 – Expected gain as a function of pump power for diamond sample with an NV- 

concentration of 0.5 ppm.  

 

Based on Equation 34, the gain is expected to increase linearly with pump power and 

should be invariant to probe power, assuming you are well below the probe saturation 

intensity. For a 4-level system, this can be calculated from the following expression 

[173]: 

 

Isat = 
hνprobe

σstimτf
(38) 

 

Using Equation 38, the saturation intensity is ~ 0.59 MW cm-2 at 723 nm. 

 

5.3.1.1.1 - Reference Sample 

 

For these experiments, titanium:sapphire 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 NV-. Furthermore, neglecting the NV- 

singlet states, both titanium:sapphire 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 density of ~8.25 x 1019 cm-3 

[174]. The fluorescence lifetime of titanium:sapphire is τf = 3.2 μs [175], absorption 

cross section at 532 nm is σabs = 4.9 x 10-20 cm2 [176], peak stimulated emission cross 

section σstim = 3 x 10-19 cm2 [172] and the sample had a length of 15 mm. At 723 nm, the 

stimulated emission cross section is about 0.85 times that of the peak [174]. Using 

these numbers and Equation 34, the gain using titanium:sapphire was expected to be 

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

 

5.3.1.2 - Experimental Design 

 

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

stimulated emission is shown in Figure 62. 

 

 

Figure 62 – Simplified experimental setup for measurements of a change in probe 

power. Pump and probe beams are combined using a dichroic mirror, passed 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 powers before 

passing through the sample are shown in Figure 63. 

 

 

Figure 63 – Normalised probe and pump power as a function of time before passing 

through the sample. 

 

 

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

power measured as a function of 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 – Expected experimental output – 10% relative gain. Probe power is expected 

to increase in phase with the pump power due to stimulated emission.  

 

 

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

off, where: 

 

relative gain =  
ΔP

P
(39) 

 

As stimulated emission can only occur when the sample is in the excited state, when the 

pump beam is turned off, stimulated emission is expected to cease on a timescale 

comparable with the fluorescence lifetime of the state. At room temperature, this is 

~13 ns [77] for the NV- and 3.2 μs for titanium:sapphire [175]. 
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5.3.1.3 - Experimental Setup 

 

The experimental setup designed to measure stimulated emission is shown in Figure 

65. 

 

 

Figure 65 – Experimental setup used to measure stimulated emission with a 532 nm 

pump wavelength. Modulated pump and probe beams are combined using a dichroic 

mirror, passed through the sample, and the probe measured 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 acousto-optical modulator. Demodulation of 

the probe is achieved using a lock-in amplifier referenced to the probe modulation rate 

and is recorded with an oscilloscope.  

 

 

To mitigate imperfect separation of the pump and probe, both the pump and probe 

were modulated. This enabled a lock-in amplifier to isolate the probe signal from any 

fluorescence or pump light that may have reached the detector. This was possible by 
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modulating the probe at a high frequency (~170 kHz) relative to the pump modulation 

rate of 3 Hz. An integration time-constant (1 ms) over 100 times shorter than the pump 

modulation period was chosen on the lock-in amplifier to enable a high signal-to-noise 

ratio measurement with sufficient bandwidth to measure the low-frequency 

modulation. The probe was amplitude modulated using an acousto-optic modulator 

and the pump was modulated using a mechanical chopper. Both were approximately 

square wave modulated with a 50% duty cycle and 100% modulation depth. The 

beams were combined using a dichroic mirror and separated using a prism. 

Fluorescence was used to measure when the pump was on and off for comparison with 

the probe beam modulation. A commercial tunable CW laser was used as the probe 

source to allow measurements at several wavelengths. Pump and probe powers were 

controlled using a λ/2 plate and Wollaston prism and polarising beam splitter 

respectively. Optical powers were measured at the sample using a calibrated optical 

power meter (Thorlabs - PM100D, S305C, S350C) and used to calibrate beam pick-offs 

measured with photodiodes. These were used to monitor the pump and probe powers 

during experimentation. The sample sat on a microwave antenna to allow the ODMR 

experiments described in Section 5.3.3 without having to move the sample. Beam 

diameters were 93 and 41 μm for the pump and probe respectively. These were 

measured using a Cinogy - CinCam CMOS (complementary metal-oxide-semiconductor) 

beam profiler. 
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5.3.1.4 - Results 

 

Results for titanium:sapphire are presented first, followed by results with diamond 

sample #1 and #2. Error bars in this section correspond to the resolution and DC 

uncertainty of the oscilloscope. 

 

5.3.1.4.1 - Titanium:sapphire 

 

Figure 66 shows a measurement of relative gain as a function of pump power using a 

723 nm probe. 

 

 

Figure 66 – Measurement of relative gain using titanium:sapphire.  
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The sample exhibited gain with the expected linear dependence on pump power. Figure 

67 shows the dependence on probe power. 

 

 

Figure 67 – Measurement of relative gain as a function of probe power. 1.25 W pump 

power was used.  

 

 

As expected, the sample gain did not depend on the probe power as shown by the fitted 

gradient of (2 ± 5) x 10-5 (Figure 67). The probe was therefore below saturation over 

the range of powers used. Figure 68 shows the temporal dependence of the relative 

gain. 
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Figure 68 – Change in probe power as a function of time – probe wavelength of 723 nm 

and power of 5 mW was used.   

 

 

Due to the lock-in amplifier time constant of 1 ms, the experimental setup was not 

capable of measuring sub-ms changes in fluorescence. Therefore, it was not possible to 

verify the fluorescence lifetime of the excited state (3.2 μs [175]). However, Figure 68 

confirms the increase in probe power was in phase with the pump, as expected. 

 

The measurements with titanium:sapphire suggest the experimental apparatus worked 

as expected. 

 

5.3.1.4.2 - Diamond Sample #1 

 

Figure 69 shows that diamond sample #1 generally exhibited a relative loss when the 

pump was applied. This was true at all wavelengths tested. However, Figures 69a and 

69b show, at 820 and 950 nm respectively, a relative increase in probe power was 

measured. This suggests multiple processes are being optically driven by the pump and 
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probe beams.  Furthermore, the dependencies of the change in probe power as a 

function of pump power were found to be non-linear.  

 

 

Figure 69 – Change in probe power as a function of pump power with  

a) 723, b) 820 and c) 950 nm probes. 

 

Figure 70 shows a non-linear dependency on probe power at 723 nm and relatively flat 

dependancies at 820 and 950 nm. This suggests different processes may be occurring at 

the different wavelengths. 

 

 

Figure 70 – a) Change in probe power as a function of probe power with 723 nm probe 

(0.72 W pump), b) 820 nm probe (0.58 W pump) and c) 950 nm probe (0.45 W pump). 
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Figure 71 shows the change in probe power as a function of time. Modulation of the 

probe beam is generally out of phase with the pump beam except at the lowest pump 

powers with 820 nm and 950 nm probes. Furthermore, the sample did not return to its 

equilibrium value on a timescale consistent with the lifetime of the NV- excited state 

(~13 ns [50]). This was regardless of the pump power applied and is discussed in 

Section 5.3.1.5. 

 

 

Figure 71 – Change in probe power as a function of time (512 averaged) with  

a) 723, b) 820 and c) 950 nm probes, all at 400 mW. 

 

 

The measured relative loss suggests either increased absorption of the probe beam 

when the pump was applied or that the diamond exhibited increased reflectivity when 

in a pumped state.  

 

5.3.1.4.3 - Diamond Sample #2    

 

Figure 72 shows that diamond sample #2 exhibited relative gain when the pump was 

applied. This was true at all wavelengths tested. 
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        Figure 72 – Change in probe power as a function of pump power with  

a) 723, b) 820 and c) 950 nm probes. 

 

 

This suggests either stimulated emission, a reduction in probe absorption or reduced 

reflectivity when the sample was in the pumped state. The dependencies on probe 

power were also non-linear, as shown in Figure 73. 

 

 

Figure 73 – Change in probe power as a function of probe power with a) 723 nm probe 

(1.2 W pump), b) 820 nm probe (1.15 W pump) and c) 950 nm probe (1.44 W pump). 

 

 

The relative gain of sample #2 is demonstrated in Figure 74 by a modulation of the 

probe beam which is in phase with the pump beam. However, with this sample, the 
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probe power also did not return to its equilibrium value on a timescale consistent with 

the lifetime of the NV- excited state. 

 

 

Figure 74 – a) Change in probe power as a function of time (512 averaged) with 

723 nm at 5 mW, b) 820 nm at 800 mW and c) 950 nm at 400 mW probes. 

 

 

5.3.1.5 – Discussion 

 

Figures 69 to 71 show that diamond sample #1 generally exhibited a relative loss of 

probe power when in the pumped state. This is clearly not indicative of stimulated 

emission which was expected to cause optical gain. Figures 72-74 show that diamond 

sample #2 showed a relative increase in probe power when in a pumped state, 

however, also showed wavelength, temporal and power dependencies that were 

unexpected. Given it is not currently clear what processes are being measured, it is not 

clear which models to fit the data from Sections 5.3.1.4.2 and 5.3.1.4.3 to. Therefore, 

analysis remains primarily qualitative at present. 

 

Based on the NV emission spectrum [22, 57],  the stimulated emission cross section 

was expected to be relatively high at 723 nm, low at 820 nm and near zero at 950 nm. 
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The wavelength dependencies demonstrated in Figures 69 and 72 do not reflect this. 

This suggests that the predominant effect responsible for the change in probe power is 

not stimulated emission.  

 

Previously, the phonon sideband of the NV- singlet state transition (1E → 1A1), with 

zero-phonon line at 1042 nm, has been measured to extend to at least 800 nm at 10 K 

[177]. Absorption of this transition could, at least partially, be responsible for the loss 

of probe power. Figure 73c shows an increased non-linearity compared with 64a and 

64b. This is consistent with increased absorption of the singlet state transition at 950 

nm [177]. However, this was not observed in diamond sample #1. 

 

One major difference between these samples, according to Table 2, was that sample #1 

contained an almost equal concentration of NV0 to NV-. Recent studies have 

demonstrated a reversible NV0→ NV- conversion process using excitation wavelengths 

of 900 to 1000 [127] and 1064 nm [155]. Given the considerably larger NV0 

concentration in diamond sample #1, this may be responsible for the overall loss of 

probe power when pumped. Furthermore, at increased powers, these wavelengths can 

also contribute to an increased NV-→ NV0 conversion rate [127, 155, 159]. Another 

study has shown that 780 nm excitation can also increase NV-→ NV0 conversion rates 

[126]. All these processes would require absorption of the probe. Furthermore, they 

should contribute to relative loss as they are driven from the excited states of the NV. 

These processes are far less likely when the pump is not applied as, at the probe 

wavelengths, there is insufficient energy to drive the NV- 3A2→3E transition or NV0 

2E→2A transition (Figure 7) with a single photon. It would, therefore, require two-

photon excitation of these transitions. Without full knowledge of the wavelength, 
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timescales and power ranges over which these processes can be driven, it is not 

possible to quantify their relative contributions to the presented results.  

 

Figures 71 and 74 show unexpected time dependences on the change in probe power at 

all wavelengths tested and in both diamond samples. The timescales involved for the 

signal to return to its unpumped equilibrium is greater than 100 ms. This is many 

orders of magnitude longer than the nano-second scale expected and inconsistent with 

a measurement of stimulated emission. Figure 68 shows the titanium:sapphire sample 

did not exhibit the same behaviour, indicating this is not an experimental artefact.  

 

Previous research has demonstrated NV charge state recovery with time scales ranging 

from ~100 μs [178] to ~450 s [179] depending on the NV concentration. These 

processes occurred when in the unpumped state and are presumed to be related to 

tunnelling [124, 178]. The 100 μs timescale was for an NV concentration of ~45 ppm 

and the 450 s was for CVD diamond with no treatment to increase NV concentration. 

The NV concentration used in the presented experiments likely falls in between these 

two values. Therefore, the timescales in the presented results may be consistent with 

charge state recovery. This could be tested in future experiments by using a yellow 

readout laser to measure NV- fluorescence as a function of time between pump pulses 

[178]. This could be performed with and without the 723 to 950 nm probe beam to 

determine its effect.  

 

Future experiments could also measure the change in probe power as a function of 

pump power at increasing modulation rates. The presented experiments focussed on 

low frequency modulation to highlight the difference in behaviour between 

titanium:sapphire and diamond. It may be the case that the longer timescale processes 
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would be filtered from results at higher modulation rates and more linear 

dependencies on pump power would be observed. The effect of angle of polarisation 

between the pump and probe may also alter the relative efficiencies of the processes 

being monitored and could be measured in future.  

 

For diamond sample #1, Figure 71a shows the temporal behaviour of the 723 nm probe 

was qualitatively different from that at 820 and 950 nm, shown in Figures 71b and 71c 

respectively. This may be related to the neutral vacancy (V0) which has a phonon 

sideband peaking at 725 nm [180] and has previously been demonstrated to exhibit 

non-linear absorption [181]. Figure 70a shows a much greater non-linearity in the 

probe power dependency compared with those shown in Figures 70b and 70c. This 

gives further credence to the hypothesis of non-linear absorption by the V0 defect. 

According to Table 2, it has a concentration of ~16 % that of the NV- concentration in 

diamond sample #1 and no measurable concentration in diamond sample #2. Figure 74 

shows the behaviour at 723 nm was qualitatively the same as the behaviour at 820 and 

950 nm for diamond sample #2. This may be further evidence that the behaviour 

shown in Figure 71a is, at least partially, related to the V0 defect.  The V0 emission could 

be monitored in future experiments but may be difficult to differentiate from NV 

fluorescence as the emission spectra overlap.  

 

It is also possible that substitutional nitrogen, which is ionised at wavelengths below 

~765 nm [182], is responsible for absorption of the probe at 723 nm. Furthermore, a 

previous study has also shown that diamond containing substitutional nitrogen 

exhibits a variation in probe transmission as a function of temperature at wavelengths 

in the visible range [183]. This could reduce transmission at all wavelengths tested as a 

function of pump power. Future experiments should temperature stabilise the diamond 
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sample and could investigate the effect of temperature on the presented 

measurements. It is also possible that the probe is interacting with other defects in this 

wavelength range including the SiV-, GeV- and L1 [184, 185].  

 

Previous research has shown that, using HPHT diamond, it is possible to create samples 

with 16 ppm NV- concentration with no observable NV0 concentration [61]. Future 

studies could also measure samples of this type for comparison. This would 

significantly increase the signal contribution from NV- at the expense of an increased 

substitutional nitrogen content. If ionisation of substitutional nitrogen has played a role 

in the measurements, by using a low power probe at a wavelength above the ionisation 

energy of substitutional nitrogen (~765 nm [182]), interactions should be avoided. 

However, this would be at the expense of a relatively low stimulated emission cross 

section. 

 

In comparison with a recently published experiment on stimulated emission from NV 

centres [22], the presented results do not compare well. The authors demonstrated a 

change in fluorescence on a timescale comparable to the lifetime of the NV- excited 

state and with a wavelength dependency consistent with the stimulated emission cross 

section. Unlike their results, the wavelength dependencies and timescales 

demonstrated in the presented pump-probe measurements are not consistent with the 

excited state lifetime and stimulated emission cross section. Although it should be 

noted, time did not permit the effect on fluorescence to be measured in the presented 

experiments and should be checked in future. 

 

The authors also reported a direct measurement of stimulated emission that showed 

approximately no dependence on probe power. However, there is not enough 
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information in the paper to determine whether this is an increase or decrease in probe 

power, only that there is a change in power. Depending on the phase settings of the 

lock-in amplifier, and whether or not magnitude mode was used, an increase in lock-in 

signal size could correspond to either an increase or decrease in probe power. The 

authors’ measured dependence on probe power is difficult to compare with the 

presented results as the authors performed their measurements at a higher modulation 

rate, 548 Hz vs 3 Hz, the effect of which has not yet been investigated. They also 

performed measurements at a lower probe wavelength of 705 nm versus the lowest 

wavelength of 723 nm used in the presented experiments. The authors did not present 

a measurement of the dependence on pump power, the temporal dependence on the 

change in probe power or quantify the change in probe power, so these cannot be 

compared.  

 

5.3.1.6 – Conclusion 

 

A direct measurement of stimulated emission from an NV centre ensemble contained in 

a mm scale diamond was attempted using a pump-probe setup. Although stimulated 

emission may have occurred, it does not appear to be the predominant process 

interacting with the probe beam. Inconsistencies with a measurement of stimulated 

emission included the dependencies on time, wavelength and pump/probe power. 

Therefore, a conclusive measurement of stimulated emission from an NV centre 

ensemble was unsuccessful. Further investigation would be required to determine 

which processes are interacting with the probe and their relative contributions.  
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5.3.2 – Attempts to Measure Stimulated Emission under 637 

nm Excitation 

 

5.3.2.1 - Introduction 

 

Because of the previous inconclusive measurements of stimulated emission using 532 

nm excitation, a measurement of stimulated emission using a 637 nm pump was 

attempted.  

 

Previous research has demonstrated photochromic behaviour in NV centres [186]. 

Further research has shown that to maintain high fluorescence rates requires 

excitation at a wavelength capable of exciting both NV- and NV0 charge states [57, 80], 

typically 532 nm. Excitation at 637 nm can cause rapid ionisation of NV- [57, 126, 131]. 

Previous researchers have suggested that because 637 nm cannot excite the NV0, the 

re-combination process back to NV- cannot take place [80, 187]. Research with single 

NV centres in nanodiamonds, at room temperature, has also shown that some NV 

centres can remain stable NV- or NV0 whereas others are more likely to undergo 

photochromic processes [78].  

 

The hypothesis behind these experiments was that the NV- population that remains 

under 637 nm excitation may be stable to photoionisation. If so, unlike the entire NV 

population which is excited at 532 nm, it may demonstrate behaviour typical of 

stimulated emission. 
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637 nm excitation is resonant with the 3A2 → 3E transition and should remove phonon 

interactions in the excited state. With reference to Figure 60, the |3> state is removed, 

thus giving a 3-level system, neglecting the NV- singlet states. Despite this, it is not a 

standard 3-level system [142] as stimulated emission is still expected to occur from a 

long-lived state |2> to a fast decaying state |1> at room temperature. It should, 

therefore, still enable efficient population inversion and stimulated emission.  

 

Because no signal could be measured with diamond sample #1 or sample #2, sample 

#3 was used for these measurements. According to Table 2, sample #3 had an 

increased NV- concentration of 0.76 ppm compared with the 0.549 and 0.313 ppm of 

sample #1 and #2 respectively.  

 

5.3.2.2 - Experimental Setups 

 

Figure 75 shows the setup used to measure the change of probe power as a function of 

time. 
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Figure 75 – Experimental setup for measurements of probe power as a function of time. 

Modulated pump and probe beams are combined using a cold mirror, passed through 

the sample, and the probe measured 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 the laser diode driver. Demodulation of the probe is achieved using a lock-

in amplifier referenced to the probe modulation rate and recorded with an oscilloscope. 

Optical powers are monitored using beam pick-offs measured with photodiodes.  

 

 

A 637 nm laser diode was used to generate the pump beam. This was chosen as it was 

an affordable (<£150) single mode laser diode at the wavelength of the NV-  

3A2 → 3E transition. The nominal maximum power of the diode was 170 mW which 

greatly reduced the expected pump and stimulated emission rates compared with the 

532 nm pumped experiments where 3 W was available at the sample. Furthermore, 

based on a previous study [80], excitation under 637 nm is only a fraction as efficient as 

that at 532 nm at room temperature. The 637 nm laser diode was driven using a 

standard laser driver and temperature controller. An anamorphic prism pair was used 

to reduce the ellipticity of the beam. This was done to improve the overlap of the pump 
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and probe beams. The pump beam was modulated using a mechanical chopper, which 

easily provided enough bandwidth to enable the measurements.  

 

Because the tunable laser used as the probe in Section 5.3.1 was no longer available, the 

probe beam was generated with another affordable laser diode (<£320). This was 

driven by a laser diode driver (Arroyo 4200 Series) capable of current modulation of 

the laser diode. Using a function generator, a voltage was applied to the ‘mod in’ input 

of the laser diode driver to modulate the power of the probe beam. This enabled fast 

modulation of the probe beam (~170 kHz) without the use of an AOM, as used in 

Section 5.3.1 and 5.3.3. Modulation was only to a depth of 10 % to prevent damage to 

the laser diode from being overdriven.  Fast modulation was done to isolate the probe 

beam using a lock-in amplifier. Furthermore, it allowed the DC portion of the probe 

signal to be subtracted using the lock-in amplifier offset function. This is preferable to 

AC coupling to the oscilloscope as the bandwidth is not affected by using this function. 

This allowed the oscilloscope to be used to view the probe modulation, due to the pump 

interaction, at full resolution which is not possible for signals larger than 2 V.  

 

Intensity control of the pump beam was achieved using a rotatable λ/2 plate and a 

polarising beam splitter. A variable neutral density filter was used to control the 

intensity of the probe beam. Pump and probe powers were monitored during 

experimentation using pick-offs measured with photodiodes. The pick-offs were 

calibrated to measurements of power at the sample using a calibrated optical power 

meter (Thorlabs PM100D and S130C). These were used to monitor the excitation 

powers during experimentation. Pump and probe beam diameters were 115 and 84 μm 

for the pump and probe respectively. These were measured using a Cinogy - CinCam 

CMOS beam profiler. 
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The pump and probe beams were combined using a UV fused silica substrate cold 

mirror (Thorlabs - M254C45), chosen for its low thermal expansion coefficient. 

 

After initial alignment and measurement of the change in probe power as a function of 

time, the setup was changed to that shown in Figure 76. 

 

 

Figure 76 – Experimental setup for measurements as a function of pump and probe 

power. Modulated pump and CW probe beams are combined using a cold mirror, 

passed through the sample, and the probe measured with a photodiode after 

separation from the pump using a prism. Modulation of the pump is achieved using an 

optical chopper. Probe signal amplitude at the pump modulation rate is measured using 

a lock-in amplifier and recorded with an oscilloscope. Optical powers are monitored 

using beam pick-offs measured with photodiodes. 

 

 

The experimental design was changed to allow measurement of the entire probe power 

interacting at the sample, rather than only the 10 % AC portion of the probe. To ensure 

no pump light hit the detector, a bandpass filter was added to the photodiode.  By 

checking the output of the lock-in amplifier was zero when either the pump or the 
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probe was blocked, a measurement of only the probe modulation due to the pump 

interaction was ensured.  

 

To increase the signal-to-noise ratio of the measurement, the pump modulation rate 

was increased to 160 Hz. Unfortunately, because the bandwidth of the photodiode was 

not checked, it cannot be guaranteed that the full modulation amplitude was detected 

by the lock-in amplifier. If the photodiode bandwidth was exceeded, the lock-in 

amplifier should output the same trends with a reduced amplitude. For that reason, the 

results have been normalised. 

 

5.3.2.3 – Results 

 

Figure 77 shows the dependency of the change in probe power as a function of pump 

power. Error bars in the following measurements correspond to the resolution and DC 

uncertainty of the oscilloscope and the peak to peak drift/absolute deviation of the 

output of the lock-in amplifier. This was measured by filling the oscilloscope screen 

with the output of the lock-in amplifier and measuring the peak to peak deviation. 
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Figure 77 – Change in probe power as a function of pump power.  

 

 

Figure 77 shows the dependencies are non-linear and reduce with increasing probe 

power. This is not in agreement with the previous titanium:sapphire results shown in 

Figures 66 and 67 and suggests stimulated emission is not the process being measured. 

However, they are qualitatively similar to those in Figure 72, suggesting similar 

processes are being driven under both 637 and 532 nm pump wavelengths. 

 

The dependence on probe power is shown in Figure 78. 
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Figure 78 – Change in probe power as a function of probe power with pump power at 

120 mW.  

 

 

Figure 78 also shows a non-linear dependence on probe power and suggests non-linear 

absorption of the probe. 

 

Figure 79 shows the modulation of the probe beam is in phase with the pump beam and 

demonstrates there is a relative increase in probe power when the pump is on. 

Furthermore, the temporal dynamics are qualitatively similar to those in Figure 74 

suggesting similar processes are being driven under both 637 and 532 nm pump 

wavelengths. 
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Figure 79 – Change in probe power as a function of time at 120 mW pump and 0.31 mW 

probe power (512 averaged).  

 

 

5.3.2.3 - Discussion 

 

Given the behaviour using a 637 nm pump is qualitatively similar to that measured 

using a 532 nm pump, the hypothesis that the probe would interact with a remaining, 

stable NV- population and exhibit characteristics of stimulated emission has been 

disproven 

 

It is not currently clear if the NV0 to NV- recombination process has been inhibited 

under 637 nm excitation. A previous measurement on a single NV centre has shown 

that 637 nm excitation only completely inhibited fluorescence at low temperature (10 

K) [80]. At room temperature, several studies on single NV centres have shown that the 

probability of NV- fluorescence under 637 nm excitation is below 10 % of that under 

532 nm excitation [57, 80, 156]. The fact there is fluorescence at all suggests there is 

still a recombination process happening at room temperature. This may be due to 
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excitation of the NV0 via the phonon sideband which would be more likely at higher 

temperatures [81]. Spectroscopy of the fluorescence under 637 nm excitation should 

be performed in future experiments to confirm if NV0 is being excited. 

 

The recombination process could also be related to tunnelling [124, 128]. Therefore, 

future experiments should measure the NV- fluorescence rate as a function of time 

between 637 nm pump pulses. This should be repeated with and without the 705 nm 

probe to ascertain its effect on the recombination process. The results obtained could 

be compared with those under 532 nm pump.  Under the same pump power, 

photoionisation rates should be higher under 637 nm pump which should result in a 

larger change in fluorescence rates between pulses.  

 

Future experiments should also measure the change in probe power under 532 nm and 

637 nm pump using the same probe. If the change in probe power was found to be 

larger under 637 nm pump than under 532 nm pump, at the same pump power, this 

would provide good indirect evidence that photoionisation processes are responsible 

for the change in probe power.  

 

5.3.2.4 – Conclusion 

 

A conclusive measurement of stimulated emission from a nitrogen-vacancy centre 

ensemble under resonant 637 nm excitation has been unsuccessful. Although a relative 

increase in probe power was detected using a pump-probe setup, inconsistencies with 

a measurement of stimulated emission included the temporal and power dependencies 

on the change in probe power. Further investigation would be required to determine 

with which processes the probe beam is interacting and their relative contributions. 
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5.3.3 - Attempts to Measure ODMR using Stimulated 

Emission 

 

5.3.3.1 – Introduction 

 

Despite the presented inconclusive measurements of stimulated emission, ODMR was 

attempted with a probe beam. The experimental setup used to measure relative 

changes in probe power under 532 nm excitation was modified to allow the following 

measurements without having to re-align the pump and probe beams. The primary aim 

was to demonstrate the first read-out of ODMR using stimulated emission from an NV- 

ensemble. This is a required process for a proposed laser-based magnetometer using 

NV- [23]. A second aim was to demonstrate a wavelength dependency that would 

provide further indirect evidence of stimulated emission from an NV- ensemble. 

 

5.3.3.2 – Theory 

 

As discussed in Section 2.2.6, optical detection of magnetic resonance (ODMR) is 

possible due to spin-state dependent intersystem crossing rates from the 3E state to the 

NV- singlet states. Because NV centres in the singlet states cannot undergo stimulated 

emission from the 3E state, the stimulated emission rate, like the fluorescence rate, is 

expected to be spin-state dependent. Equation 32 shows the stimulated emission cross-

section is proportional to the fraction of pumped NV- in the |2> state (f2). This would 

be maximised for NV- in the ms=0 state and reduced for NV- in the ms= ±1 states (due 

to occupation of the singlet states). Optical spin polarisation into the ms=0 state will, 
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therefore, maximise the stimulated emission rate. If the ms=0→ms=±1 transition is 

excited, a corresponding reduction in the stimulated emission rate should occur until 

spin re-polarisation. This reduction in the stimulated emission rate serves as the read-

out method of ODMR.  

 

A simplified setup to measure ODMR using modulated stimulated emission is shown in 

Figure 80. 

 

 

Figure 80 – Simplified experimental setup to measure probe beam ODMR. Pump and 

probe beams are combined with a dichroic mirror and passed through an NV centre 

doped diamond sample. Modulated microwaves are applied to the sample and their 

frequency swept.  The pump and probes are separated using a prism and the probe 

measured with a photodiode connected to a lock-in amplifier. This is referenced to the 

modulation rate of the microwaves to enable extraction of the ODMR signal.  

 

 

The pump and probe beam are overlapped using a dichroic mirror and passed through 

the diamond sample. Optical amplification of the probe beam should occur. Because the 
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stimulated emission rate is proportional to the spin state of the NV-, application of 

modulated microwaves resonant with the ms=0 → ms=±1 transition will cause 

modulation of the optical amplification. The microwave frequency is swept across that 

of the ODMR resonance. The probe is separated from the pump using a prism and the 

probe power measured as a function of time. By de-modulating the probe signal at the 

microwave modulation frequency, the ODMR signal should be extracted. The output of 

the lock-in amplifier is expected to match that described in Section 3.3.3. However, a 

reduction in probe beam ODMR contrast (Cp), compared with ODMR contrast measured 

via fluorescence (C), is expected.  

 

In a fluorescence ODMR experiment, 100 % of the fluorescence signal contributes to 

the ODMR contrast. However, in a single pass optical amplification setup, this is not the 

case. Only the stimulated emission can contribute to the ODMR contrast, not the entire 

probe power. If P is the probe power after the diamond in the absence of a pump, and 

ΔP is the change in probe power due to stimulated emission, it is proposed that Cp will 

be reduced as such: 

 

Cp = C
ΔP

P + ΔP
(40) 

 

Based on this model, a graph of ΔP vs. Cp/C is shown in Figure 81. 
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Figure 81 – Plot of ΔP vs. Cp/C based on the proposed model (Equation 40). 

 

Figure 81 shows a relative gain of 100 % is required to achieve a probe beam ODMR 

contrast that is 50 % that of the fluorescence ODMR contrast. For optical gains << 1, 

probe beam ODMR contrast is relatively low.  

 

Because ΔP is proportional to the stimulated emission cross section, assuming Equation 

40 is correct, the probe beam ODMR contrast should also match the wavelength 

dependency of the stimulated emission cross section. This assumes that stimulated 

emission is the only process responsible for ODMR contrast in the measurement. 

 

5.3.3.3 - Experimental Setup 

 

The experimental setup used to measure ODMR with a probe beam is shown in Figure 

82. 
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Figure 82 – Experimental setup used to measure probe beam ODMR. Pump and probe 

beams are combined with a dichroic mirror and passed through an NV centre doped 

diamond sample. Modulation of the probe is achieved with an AOM. Frequency swept 

microwaves are modulated using a microwave switch and applied to the sample after 

amplification. The pump and probes are separated using a prism and the probe 

measured with a photodiode connected to a lock-in amplifier referenced to the probe 

modulation rate. The demodulated signal is fed into a second lock-in amplifier 

referenced to the microwave modulation rate to extract the ODMR signal. This is 

recorded with an oscilloscope.   

 

 

To mitigate against mistakenly measuring ODMR via fluorescence, rather than 

modulation of the probe beam, both the microwaves and probe beams were modulated. 

This enabled a lock-in amplifier to isolate the probe signal from any fluorescence or 

pump light that may have reached the detector. This was possible by modulating the 
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probe at a high frequency (~170 kHz) relative to the microwave modulation rate of ~1 

kHz. Fast modulation of the probe beam was achieved using an acousto-optic 

modulator and slow modulation of the microwaves was performed using a microwave 

switch (Mini-Circuits - ZASWA-2-50DR). Both were square-wave modulated with a 

50% duty cycle, 100% modulation depth and referenced to a two-channel arbitrary 

function generator (Keysight – 33622A). Due to very low ODMR contrast, there was a 

low signal-to-noise ratio for the probe beam ODMR measurements.  To enable 

measurement despite this, no integration was performed on the high-frequency lock-in 

amplifier (SRS–844) and an integration time-constant of 3 or 10 s was used on the low-

frequency lock-in amplifier (SRS-830), depending on the signal-to-noise ratio. Lower 

integration time constants are preferable as they increase the bandwidth but are at the 

expense of a decreased signal-to-noise ratio. By slowly sweeping the microwave 

frequency (sweep time ~ 25 mins), the lock-in amplifier had sufficient bandwidth to 

measure the ODMR spectra. For comparison with probe beam ODMR measurements, 

ODMR via fluorescence was measured simultaneously with a photodetector 

(DET100A/M) and an additional lock-in amplifier (SRS-530) referenced to the 

microwave modulation rate. The same time constant was used for both lock-in 

amplifiers that were referenced to the microwave modulation rate. 

 

Measurements of ODMR contrast as a function of pump power were initially performed 

with a relatively low probe power (5 mW) as probe ODMR contrast was found to 

reduce with probe power. After finding the optimum pump power, measurements of 

probe ODMR contrast as a function of probe power and ODMR spectra were performed 

at the optimum pump powers. In measurements of ODMR contrast as a function of 

pump and probe power, probe ODMR amplitudes were maximised for each data point 

by tuning the microwave frequency until the ODMR amplitude maxima were found. 
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This was to mitigate against thermal shifts of the ODMR resonance. A variable neutral 

density filter was placed in front of the photodetector and was adjusted to ensure the 

same power hit the photodetector throughout measurements of probe ODMR contrast 

as a function of probe power. 

 

To measure the percentage change in probe power, the DC output of the fast lock-in 

amplifier was measured with an oscilloscope. This corresponded to the probe power 

(Pprobe). The output of the fast lock-in amplifier was connected to the input of the slow 

lock-in amplifier and the output recorded.  An arbitrary function generator (Keysight – 

33622A) was then used to input a square wave at the slow modulation frequency into 

the second lock-in amplifier. The peak-to-peak input voltage required for the second 

lock-in amplifier to output the voltages measured during experimentation 

corresponded to the change in probe power (ΔPprobe).  

 

5.3.3.4 – Results 

 

To verify the experimental setup measured ODMR via the probe beam and not via 

fluorescence, the ODMR amplitude via fluorescence and probe beam were alternatively 

measured using the same photodetector at increasing distances from the diamond 

sample. This is shown in Figure 83 and was possible as, using a lock-in amplifier, 

measurements of ODMR are possible with only nV-scale signal modulations. Error-bars 

for the accuracy of the distances are estimated at ± 0.5 cm. Error bars for the ODMR 

amplitudes correspond to the peak to peak drift/absolute deviation of the output of the 

final lock-in amplifier and the resolution and DC uncertainty of the oscilloscope. 
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Figure 83 - ODMR amplitude as a function of distance from the sample. 1.75 W of pump 

power was used and ~1 mW of probe power. Measurements were made with diamond 

sample #2. 

 

 

Figure 83 shows the detected fluorescence ODMR amplitude reduced as the distance 

from the sample was increased. This should be expected as increasing the distance 

from the sample decreases the signal intensity on the detector. The probe beam 

amplitude remained constant as the probe beam is collimated and the same power hits 

the detector throughout the measurements. This conclusively demonstrates the ODMR 

contrast was contained in the probe beam. 

 

For comparison with measurements of probe beam ODMR contrast, measurements of 

ODMR contrast via fluorescence, as a function of pump and probe power, were 

measured. This is shown in Figure 84. Measurements of ODMR contrast via 

fluorescence were made by measuring the fluorescence intensity with and without 

microwaves applied. Error bars in Figure 84 correspond to the resolution and DC 

uncertainty of the oscilloscope. 
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Figure 84 – ODMR contrast as a function of a) pump power and b) probe power at 723 

nm (0.5 W of pump power was used). Measurements were made with diamond sample 

#2. 

 

 

Figure 84a shows the ODMR contrast reduced as a function of pump power, which, like 

in Chapter 4 and discussed in Section 4.5, is thought to be due to heating of the 

microwave antenna on which the diamond sat. Figure 84b shows the probe has no 

effect on the ODMR contrast measured via fluorescence within the uncertainty of the 

measurement and over the range tested. There is no known reason why the probe 

beam would affect the ODMR contrast measured by fluorescence, therefore, this is the 

expected result.  
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5.3.3.4.1 - Diamond Sample #1  

 

Measurements of the dependency of probe beam ODMR contrast on pump and probe 

power, using diamond #1,  are shown in Figure 85. Error bars in these measurements 

correspond to the peak to peak drift/absolute deviation of the output of the final lock-

in amplifier and the resolution and DC uncertainty of the oscilloscope. 

 

 

Figure 85 – Probe beam ODMR contrast as a function of a) pump power (probes at 5 

mW) and b) probe power (pump at 0.5 W). 

 

 

Figure 85a shows the probe beam ODMR contrast initially increases with pump power 

until a maximum is reached, after which, the contrast decreases.  

 

Figure 85b shows probe beam ODMR contrast decreases with increasing probe power. 

At 723 and 820 nm, there is less of a non-linear trend than at 950 nm. This may indicate 

there are different processes taking place at the different wavelengths. 

 

Probe beam ODMR spectra, obtained at each wavelength, are shown in Figure 86. 
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Figure 86 – Probe beam ODMR Spectra with probe at a) 723 nm (1 mW probe and 0.72 

W pump), b) 820 nm (5 mW probe and 0.58 W pump) and c) 950 nm (1 mW probe and 

0.5W pump).  

 

 

This demonstrates the ability to perform magnetometry using a probe beam at 723, 

820 or 950 nm using diamond sample #1. To verify the spectra are as expected, the 

ODMR spectra were simultaneously measured via fluorescence, as shown in Figure 87. 

 

 

Figure 87 – Fluorescence ODMR Spectra - a), b) and c) correspond to those measured 

simultaneously with a), b) and c) from Figure 86.  

 

 

Apart from the obvious increase in signal-to-noise ratio in the spectra shown in Figure 

87 compared with Figure 86, it is clear the same spectra are being measured. The 

increase in signal-to-noise is due to the increased contrast for ODMR via fluorescence, 
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as shown in Figures 84 compared with 85. For the probe beam measurements, there is 

also an increased intensity noise from using a probe beam. The probe beam 

measurement has intensity noise contributions from both the pump and probe beams, 

whereas the fluorescence measurement has only a contribution from the pump beam.  

 

5.3.3.4.2 - Diamond Sample #2 

 

Measurements of the dependence of probe beam ODMR contrast on pump and probe 

power, using diamond #2,  are shown in Figure 88. Error bars in these measurements 

correspond to the peak to peak drift/absolute deviation of the output of the final lock-

in amplifier and the resolution and DC uncertainty of the oscilloscope. 

 

 

Figure 88 – Probe beam ODMR contrast as a function of a) pump power (probes at 5 

mW) and b) probe power. 
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Compared with Figure 85a, the pump power dependencies shown in Figure 88a are 

qualitatively very similar. Again, there is an initial increase in ODMR contrast with 

pump power until a maximum is reached, after which, the contrast drops.  

 

Figure 88b shows a clear difference in the probe power dependencies between 950 nm 

and 723/820 nm. The probe power dependence at 950 nm is clearly non-linear 

whereas at 723 nm and 820 nm, there is no dependence, within the uncertainty of the 

measurement. This may indicate that absorption by the singlet states is responsible for 

the ODMR contrast at 950 nm whereas at 723 and 820 nm, the ODMR contrast may 

come from stimulated emission.  

 

Probe beam ODMR spectra, obtained at each wavelength, are shown in Figure 89. 

 

 

Figure 89 - Probe beam ODMR spectra with probe at a) 723 nm (3 mW probe and 1.2 W 

pump), b) 820 nm (3 mW probe and 1.15 W pump) and c) 950 nm (5 mW and 1.44 W 

pump). 

 

 

This demonstrates the ability to perform magnetometry using a probe beam at 723, 

820 or 950 nm using diamond sample #2. The expected output was also verified by 

measuring ODMR spectra simultaneously via fluorescence, as shown in Figure 90. 
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Figure 90 – Fluorescence ODMR spectra – a), b) and c) correspond to those measured 

simultaneously with a), b) and c) from Figure 89.  

 

 

Again, Figure 90 clearly shows agreement between the spectra measured in Figure 89 

and an increased signal-to-noise ratio when measuring ODMR using fluorescence. 

 

5.3.3.5 – Discussion 

 

Assuming the probe beam ODMR contrast is proportional to the stimulated emission 

cross section, based on the NV- emission spectrum [22, 57], the stimulated emission 

cross section was expected to be relatively high at 723 nm, low at 820 nm and near 

zero at 950 nm. The presented wavelength dependencies demonstrated in Figures 85 

and 79 do not suggest stimulated emission is responsible for the measured probe beam 

ODMR contrast. However, this is consistent with absorption of the NV- singlet state 

transition which has a zero-phonon line at 1042 nm. This transition has previously 

been shown to absorb to at least 800 nm at 10 K [177] and has been used to perform 

ODMR [50, 113].  

 



155 
 

Figures 85a and 88a show qualitatively similar pump dependencies on probe beam 

ODMR contrast for both diamond samples. An increase in ODMR contrast with pump 

power is expected for measurements using stimulated emission as the occupancy of the 

3E state should increase with pump power, assuming the system is below saturation. 

However, this would also be true of absorption of the NV- singlet states [113], as the 

occupancy of these states should also increase. Thus, these results cannot be 

considered evidence for stimulated emission.  

 

It is suggested that the reduction in probe beam ODMR contrast at higher pump powers 

is due to the same reason the ODMR contrast, measured via fluorescence, dropped at 

higher pump powers, as shown in Figure 84a. This is suspected to be due to heating of 

the microwave antenna causing a reduction in microwave coupling efficiency. Further 

investigation would be required to confirm this hypothesis. To mitigate heating of the 

antenna, future experiments should temperature stabilise the diamond or use an 

antenna design that is not in contact with the diamond, for example, a loop antenna. 

 

Figure 84b demonstrates the fluorescence ODMR contrast is not affected by the probe 

beam power. In comparison, Figures 85b and 88b show, at 950 nm, the probe beam 

ODMR contrast clearly depends on probe power. This suggests the probe is being 

absorbed at this wavelength, likely by the singlet state transition. However, at 723 nm 

and 820 nm, there is less of a dependence. In diamond sample #2 there is no 

dependence, within the uncertainty of the measurements, at these wavelengths. This 

may be evidence that stimulated emission is responsible for the ODMR contrast at 

these wavelengths. 
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All probe power dependencies for diamond sample #1 showed a downward trend. This 

may indicate an additional absorbance process taking place in this diamond. This could 

be related to the NV0 which, unlike sample #2, has an almost equal concentration to 

that of the NV-. This may be a recently demonstrated process that used 1064 nm 

excitation to convert NV0 to NV- [155]. As this process was spin-state dependent, it 

allowed ODMR via measurement of NV0 fluorescence [155]. Without knowledge of the 

wavelength range over which this process can be excited, it is not possible to rule it out 

as being, at least partially, responsible for the observed ODMR contrast. 

 

In future studies, it would be interesting to make the same measurements at additional 

wavelengths between the peak of the 3A2 → 3E phonon sideband, near 700 nm, and the 

zero-phonon line of the 1E → 1A1 transition at 1042 nm. If a clear trend from no 

dependence to a non-linear dependence on probe power could be demonstrated as a 

function of wavelength, this would be good indirect evidence that stimulated emission 

is responsible for the ODMR contrast at the lower wavelengths and absorption of the 

singlet states is responsible at the higher wavelengths.  

 

Another possible mechanism for the observed ODMR contrast is temperature 

variations in the diamond causing a change in the transmission properties [183]. 

Because less pump is absorbed when the ms=0→ms=±1 transitions are excited, the 

diamond should be relatively cooler when the microwaves are applied. If this is the 

mechanism, temperature stabilisation of the diamond should decrease the ODMR 

contrast. This could be checked in future experiments.  

 

It should also be noted that a measurement of the probe beam ODMR modulation was 

unable to be made directly, i.e. without use of a lock-in amplifier. Therefore, the change 
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in probe power upon application of microwaves could be positive or negative. Although 

attempts were made to make this measurement, there was insufficient signal-to-noise 

to make conclusive judgements. The relative phase should be checked in future 

measurements by de-modulating the fluorescence and probe beam ODMR signals using 

the same lock-in amplifier and checking the relative sign of the output. If the probe 

beam ODMR was demonstrated to modulate out of phase with the fluorescence ODMR 

spectrum, both modulation of stimulated emission and absorption of the singlet states 

could be ruled out as the mechanism for the observed probe beam ODMR contrast. 

Applying microwaves resonant with the ms=0 → ms=±1 transition should cause an 

increased population of the NV- singlet states. This should increase probe beam 

absorption and decrease both fluorescence and stimulated emission rates. These all 

correspond to drops in measured power. 

 

Because the gain due to stimulated emission could not be measured, the proposed 

model for a reduction in ODMR contrast via stimulated emission, shown in Figure 81, 

could not be tested.  

 

5.3.3.6 – Conclusion 

 

ODMR using a probe beam was successfully measured from nitrogen-vacancy centre 

ensembles contained in mm scale diamonds at 723, 820 and 950 nm.  

 

In diamond sample #2, no probe power dependency on ODMR contrast was measured 

at 723 and 820 nm. This is consistent with stimulated emission being responsible for 

the ODMR contrast. At 950 nm the probe power dependency was non-linear, which 
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suggests absorption by the singlet states. Similar results were obtained using diamond 

sample #1 except for an additional negative dependency of probe power on probe 

beam ODMR contrast. 

 

Because of the wavelength dependencies of the probe beam ODMR contrast shown in 

Figures 85 and 88, absorption of the NV- singlet states could not be ruled out as the 

mechanism of ODMR at 723 and 820 nm. In particular, a greater ODMR contrast was 

expected at 723 nm than at 820 nm. This was not observed. The dependencies on pump 

power were consistent with either stimulated emission or absorption of the singlet 

states. Therefore, a conclusive demonstration of ODMR via modulated stimulated 

emission was unsuccessful. 

 

5.4 - Conclusion 

 

The primary aim of this chapter was to quantify the optical gain of a probe beam due to 

stimulated emission from a nitrogen-vacancy centre ensemble. Despite building a setup 

that could arguably measure relative optical gain using a titanium:sapphire sample, the 

results with diamond were not fully consistent with a measurement of stimulated 

emission. Regardless of whether the diamond samples were pumped resonantly (637 

nm) or on the phonon sideband (532 nm), the power and time dependencies of the 

changes in probe power were inconsistent with stimulated emission.  

 

Despite this, ODMR was demonstrated using a probe beam at a wavelength of 723 nm 

where stimulated emission was expected, and absorption of the singlet states was not. 

Furthermore, no dependence of probe power on probe beam ODMR contrast at 723 nm 
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was observed in diamond sample #2. This is also consistent with stimulated emission. 

However, because the wavelength dependency of the ODMR contrast did not match the 

expected wavelength dependency of the stimulated emission cross-section, the 

mechanism for ODMR readout could not be attributed to stimulated emission.  

 

Further investigation would be required to ascertain with which processes the probe 

beam was interacting, and their relative contributions, in the presented experiments. 

These may include NV photo-conversion processes, interactions with the NV- singlet 

state and interactions with other defects in diamond. 
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Chapter 6 

Conclusion 

 

Studies were performed to progress the application of nitrogen-vacancy centres to the 

sensing of magnetic fields using the optical detection of magnetic resonance (ODMR). 

 

Chapter 3 described the building of a fluorescence-based optical microscopy system 

capable of magnetometry via the ODMR of nitrogen-vacancy centre ensembles in 

microdiamond. The system was designed to perform measurements of bio-magnetism 

with the goal of measuring the action potentials of a dissected marine worm.  

 

As described in Section 2.2.5.1, it was realised that only ensembles of NV centres 

contained within a single crystal would allow sensitive quantitative measurements of 

action potentials using CW-ESR. Thus, a single ~150 µm diameter diamond was used to 

increase the fluorescence yield and to give an upper limit on the expected sensitivity for 

single (ensemble) nanodiamond measurements. The system was capable of making 

room temperature, point measurements of magnetic fields with a sensitivity of 70 ± 26 

nT/Hz1/2, with a bandwidth of 3.1 kHz, using 2 mW of optical excitation. 

 

Scanning DC magnetometers with single NV centres can achieve sensitivities of ~2 

µT/Hz1/2 for point measurements [98]. This is considerably less sensitive than the 

presented magnetometer. This demonstrates the clear advantage of using ensembles of 

NV centres for sensing. However, as discussed in Section 2.2.7, state-of-the-art, point 
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measurement, ensemble NV magnetometers typically achieve sensitivities of ≤ 50 

pT/Hz1/2 [16, 110, 114]. This can be achieved at room temperature using both 

absorption-based probe [114] and fluorescence-based [16] sensors, even when 

performing vector magnetometry [110]. The key difference in these setups is the ability 

to use high optical excitation powers (up to several watts). This allows as much as 52 

mW of fluorescence to be collected [110] and, in probe measurements, 4.2 mW of probe 

power can be collected with less than 500 mW of pump power used [114]. These 

exceed even the excitation power of 2 mW used in the presented magnetometry 

experiments. Thus, the huge decrease in optical power used in the presented 

magnetometer greatly increases the shot noise limit and achievable sensitivity 

compared with the state-of-the-art. 

 

The sensitivity achieved in the presented magnetometer fell below the target 

sensitivity of 380 pT/Hz1/2 which, based on a previous study (84), should allow 

measurement of the action potential of a marine worm with a signal-to-noise ratio of 1, 

using 1 second of averaging. Without significant gains in the magnetic resonance 

linewidth / inhomogeneous spin dephasing time (T2
∗), the long-term goal of 

quantitative measurements of action potentials is not feasible using this experimental 

method. For that reason, it is recommended that future experiments focus on 

experimental techniques such as relaxometry [144, 145] or the electric-field detection 

of membrane potentials [7]. 

 

Chapter 4 described experiments that proved the viability of two-photon excited 

magnetometry using NV centres. To the best of the author’s knowledge, it is the first 

demonstration of two-photon excited optical detection of magnetic resonance using 

nitrogen-vacancy centres. Should a method of action potential detection be established 
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in future, this work proves that it should also be possible to use two-photon 

microscopy to make such measurements. Advantages of using two-photon microscopy 

for live cell imaging include increased imaging depth and reduced phototoxicity when 

performing 3D imaging [18] 

 

The experiment in Section 4.4.3 showed a reduction in ODMR linewidth using two-

photon excitation compared with one-photon excitation at the same fluorescence rate. 

This suggests that 2-photon excitation may be superior to one photon excitation for 

applications in magnetometry. However, it was also found that the two-photon excited 

fluorescence rate saturated at rates at least two orders of magnitude less than that 

using one-photon excitation. This is likely related to recently demonstrated processes 

whereby one-photon excited NV- fluorescence can quench under simultaneous 532 nm 

and infrared (780 – 1064 nm) excitation [126, 127, 155, 159]. These processes are 

related to both thermal and NV- ↔ NV0 conversion processes [155] though have not 

previously been reported under two-photon excitation.  

 

The experiment presented in Section 4.4.3.2 shows the ODMR contrast was reduced by 

73.7 % under two-photon excitation compared with under one-photon excitation at the 

same fluorescence rate. Previous research has shown that the ODMR contrast reduces 

at high temperature [158], however, assuming this reduction is the same for one and 

two-photon excited ODMR, this cannot fully explain the presented results. This may be 

due to heating of the microwave antenna causing a reduction in the microwave 

coupling efficiency. This can be investigated or mitigated in future research.     
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Finally, Chapter 5 described experiments that attempt to take the first steps towards 

building a magneto-sensitive laser using nitrogen-vacancy centres contained in a mm-

scale diamond as an optical gain medium.  

 

Despite building an experimental setup that was arguably capable of measuring 

stimulated emission from a reference sample of titanium:sapphire, experiments using 

diamond were inconclusive. Although a change in probe power was measured using a 

pump-probe setup, the wavelength, power and temporal dependencies of the change in 

probe power were inconsistent with a measurement of stimulated emission. This was 

found to be true whether the NV centres were pumped resonantly at 637 nm or on the 

phonon sideband at 532 nm. Further research would be required to ascertain which 

processes were being monitored using the probe beam and their relative contributions.  

 

Although a measurement of stimulated emission from an NV ensemble was recently 

reported [22], the experiments were done under different conditions making 

comparisons difficult, as discussed in Section 5.3.1.5. 

 

Despite the inconclusive measurements of stimulated emission, ODMR was 

demonstrated to be possible using a probe beam at 723 and 820 nm, where stimulated 

emission was expected to occur. At these wavelengths, using diamond sample #2, there 

was no dependence of probe power on ODMR contrast within the uncertainty of the 

measurements. This is consistent with a measurement of ODMR using stimulated 

emission. However, with both measured diamond samples, the wavelength 

dependencies of the ODMR contrast suggest that the probe was being absorbed by the 

NV- singlet states. This has previously been used to perform ODMR [50, 113]. This 

hypothesis was strengthened by measurements at 950 nm where stimulated emission 
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was not expected to occur yet ODMR was successfully performed with increased ODMR 

contrast. Therefore, despite a possible successful measurement of ODMR using 

stimulated emission, these experiments must be considered inconclusive. 
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Appendices 

 

Appendix 1 – MATLAB code to acquire and average 

magnetometry data 

 

%Program to acquire and average magnetometry data 

%Written by - Calum Macrae - Feb 2017 

 

 

%Clear all variables 
clear all 

  
%Connect to Digital Acquisition Card 
s = daq.createSession('ni'); 

  
%record from channels 0 and 7 
addAnalogInputChannel(s,'Dev1', 0, 'Voltage'); 
addAnalogInputChannel(s,'Dev1', 7, 'Voltage'); 

  
%set sample rate and acquisition time 
s.Rate =125000 
s.DurationInSeconds=1; 

  
%acquire Data 
[data,time] = s.startForeground; 

  
%seperate magnetometry data and trigger data in differnt variables 
trigdata=data(:,2); 
magdata=data(:,1); 

  

  

  
%obtain trigger point - note this section of code was adapted from 

code 
%found at https://www.picotech.com/support/topic13207.html - 

Accessed Feb 
%2017 

  
% Set the threshold to 0 V. 
threshold = 2.5; 

  
% Create the offset data.  Need to append a NaN to the final sample 

since 
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% both vectors need to have the same length. 
offsetData = [trigdata(2:end); NaN]; 

  
% Find the rising edge(s). 
risingEdge = find(trigdata < threshold & offsetData > threshold); 

  

  
%end of code adapted from - 

https://www.picotech.com/support/topic13207.html 

  

  
%obtain first sample 
sample1=magdata(risingEdge(1):risingEdge(2)); 

  
%set averaging sample length - three samples are removed to account 

for 
%variance in number of samples between trigger points  
samplesize=size(sample1,1)-3; 

  

  
%create an array with each sample of magnetometry data 
for counter=1:(size(risingEdge,1)-1) 
 

sampleddata{counter}=magdata(risingEdge(counter):risingEdge(counter)

+samplesize); 
 %remove mean to perform AC averaging - i.e. remove DC component 
 sampleddata{counter}=sampleddata{counter}-

mean(magdata(risingEdge(counter):risingEdge(counter)+samplesize)); 
end 

  
%average data 
averageddata=zeros(samplesize+1,1); 
for counter2=1:size(sampleddata,2) 
    averageddata=averageddata+sampleddata{counter2}; 
end 
averageddata=averageddata./size(sampleddata,2); 
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Appendix 2 – MATLAB code to perform negative 

feedback 

 

%Program to Perform Negative Feedback to maintain AC magnetometry 

under DC 
%Drift - Written by Calum Macrae - Feb 2017 

  
%clear all variables 
clear all 

  

  
%Set initial microwave frequency - this is found experimentally 
freq=2.9256*10^9 

  

  
%Create Variable called counter 
counter=1 

  

  
%Connect to oscilloscope 
deviceObj = icdevice('tektronix_tds2024.mdd', interfaceObj); 
connect(deviceObj); 
groupObj = groupObj(1); 

  

  

  
% Connect to microwave signal generator  
deviceObj2 = icdevice('AgilentRfSigGen_AgilentRfSigGen.mdd', 

'USB0::2391::7937::MY53051062::0::INSTR'); 
connect(deviceObj2); 

  

  
%Create loop - 100000000 is simply a large number to repeat for a 

long 
%period of time 

  
for counter=1:100000000 
%Read the waveform from the oscilloscope - this is the output of the 
%lock-in amplifier 
[Y1,X1] = invoke(groupObj, 'readwaveform', 'channel1'); 
%Calculate the mean of the waveform and calculate the new microwave 

frequency  
%6*10^3 is the adjustment factor (i.e. proportional adjustment) 
%this is found experimentally 
freq=freq+mean(Y1)*6*10^3; 
%set new microwave frequency 
set(deviceObj2.Rf(1), 'Frequency', freq); 
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end 

  

  
% Disconnect for microwave signal generator 
disconnect(deviceObj2); 

 


