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ANNOTATION 

Recent developments of engineered nitrogen-vacancy (NV) centres in diamond hold 

great promise for novel sensitive nanoscale probes that can be used for quantum measurements 

and for diagnostics in nanomedicine. The aim of this work is to enable these sensoring 

applications by studying NV photo-physics and by investigating NV detection sensing schemes. 

In this research we include both: fluorescent nanodiamond particles (NDs) and NV-containing 

single crystal diamond. We first study the fabrication processes of NDs, such as particle 

irradiation and surface termination with Fluorine, enabling for more homogeneous formation 

of NV centers in NDs and stabilization of NV charge by fluorination. Second part of the NDs’ 

research focuses on in-cell application. We demonstrate a novel method of visualising NDs 

simultaneously with cell nucleus using Raman imaging and we observe the internalization rates 

of NDs by following the mechanical changes of cell membrane with the means of atomic force 

spectroscopy. In single crystal diamond we focus more on the novel photocurrent method of 

NV spin readout, which we develop with aim of future quantum sensoring applications. Our 

photoelectric readout demonstrates higher detection rates than commonly used optical methods. 

We show that this technique is compatible with pulsed coherent NV spin manipulation and 

readout, demonstrating thus perspectives for progressing towards compact and scalable single 

spin quantum chip device. 

 

ANOTACE 

Nedávný progres v oblasti dusík-vakance center (NV) v diamantu otevírá nové 

možnosti pro realizace citlivých nano-sond pro aplikace v kvantové detekci či nano-medicinské 

diagnostice. Tato práce se zabývá foto-fyzikálními vlastnostmi NV center a možnostmi jejich 

detekce, s cílem umožnit a posunout dále vývoj senzorických aplikací na bázi NV center. 

K tomuto účelu jsou použité jak fluorescenční nanodiamanty (ND), tak monokrystalický 

diamant. První část práce se zabývá ND. Je zkoumán proces přípravy svítivých ND, konkrétně 

procesu iradiace a povrchové úpravy, s výsledkem zlepšení homogenity připravených ND a 

stabilizace NV náboje díky terminaci částic Fluorem. Následně jsou ND dopraveny do buněk, 

kde je detekován jejich proces internalizace. K tomu je využita jak nově vyvinutá metoda 

Ramanovy mikroskopie, která umožnuje současnou detekci NV center a buněčných jader, tak 

spektroskopie atomárních sil, kde jsou sledovány mechanické změny buněčné membrány. 

Druhá část práce se věnuje nové fotoproudové metodě pro detekci NV spinů v 

monokrystalickém diamantu, kterou jsme vyvinuli pro budoucí kvantové senzorické aplikace. 



 

 

Naše fotoelektrická metoda dosahuje vyšší intenzity detekce v porovnání se standardně 

používanými optickými metodami. Možnost koherentní pulzní manipulace a detekce spinů 

pomocí této metody je demonstrována, což je nezbytný prvek pro výrobu kompaktních senzorů 

na bázi kvantových jedno-spinových čipů. 
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1. MOTIVATION 
 

Nanoscience and nanotechnology have been growing rapidly within the past 30 years. 

It is thanks to the right tools, such as the scanning tunneling microscope (STM) or the atomic 

force microscope (AFM), which enabled to perceive the nano-world. It has been found, that at 

the atomic, molecular and macromolecular scale, properties of well-known materials 

significantly differ from those at a large scale (1). This happens, alongside other things, thanks 

to the much greater surface-to-size ratio in comparison with larger-scale materials, meaning 

that more surface is available for interactions with surroundings, and also due to the 

quantization in very small objects. The nano-techniques are prominent because the nanoscale 

interactions combine new concepts and ideas of modern technology. 

 

The resolution of imaging instruments, by which scientists collect information about the 

ongoing biological processes, may substantially change our understanding of biological world. 

The recent development of ultra-high precision optical resolution techniques has given rise to 

nanoscale quantum imaging methods, as a tool for reaching increasingly smaller scales and 

ultimately single molecules without need of averaging. Such probes can be based on quantum 

sensors. One of the example of the quantum sensor is a so-called nitrogen-vacancy (NV) centre 

in diamond with both electron spin and photoluminescence properties that can be used for the 

sensing. These atomistic probes allow to reach the resolution comparable to dimensions of 

electron orbits and are anticipated to bring a groundbreaking understanding of life cycle 

processes, including applications in medicine, such as real-time monitoring of disease initiation. 

These  nanoscale  sensors  can  be  used  as  non-perturbing  probes  for  sensing  nanoscale  

magnetic or electric fields related to the interaction of a probe with spin-carrying moieties 

(radicals, paramagnetic ions) present in chemical or biological environment. Some of these 

quantum sensors have been already demonstrated in the past, such as ensembles of cold atoms 

or SQUIDS. These systems, however, require specific working conditions, such as cryogenic 

temperatures or ultra-high vacuum, and have limited spatial resolution. 

 

Recent developments of engineering’s NV centres in diamond have opened the way 

towards the use of nanodiamond as a novel sensitive nanoscale probe that can be used for 

quantum measurements and for diagnostics in medicine. NV centre is a defect in the diamond 

lattice where two adjacent carbon atoms are replaced by nitrogen and a lattice vacancy. One of 

the most striking properties of the NV centre is the fact that the electron transitions among NV 
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electron spin states can be influenced even by very weak external electric or magnetic fields 

(those emerge upon the interaction with biological and chemical environment). This allows the 

optical detection of electromagnetic fields (charge, spin) that interact with a single NV centre 

electron spin at room temperature. The transitions between the NV states can be monitored by 

electron spin resonance techniques. Due to differences in photoluminescence intensity of 

radiative transitions on the electron spin triplet with spins ms=0 and ms=±1, these transitions 

can be directly optically monitored by a technique called optically detected magnetic resonance 

(ODMR). Since the electrons can be promoted from ms = 0 to ms = ±1 by using microwave 

(MW) excitation at resonance frequency (~ 2.87 GHz zero-field splitting) and due to the 

Zeeman splitting of the degenerate ms = ±1 states, this system can be used to detect very weak 

magnetic field in order of nT or lower (2). By measuring dynamic properties of the spins such 

as T1, T2, T2* relaxation times or by using phase coherent pulse protocols, one can monitor on 

a very short time scale the temporary changes of the NV centre spin environment. This makes 

the solid-state sensors based on the NV centres in diamond a system of a leading interest for 

atomistic imaging and biomolecular sensing. 

 

Another useful feature of NV nanodiamond is its strong and stable photoluminescence. 

Fluorescent nanodiamonds are becoming an increasingly attractive tool for biological cellular 

imaging (3). Though there are plenty of markers available including simple fluorescent dyes, 

voltage sensitive dyes (VSD) or quantum dots, the drawbacks of these markers are either 

photobleaching, biotoxicity or their influence on ongoing biochemical processes. The 

fluorescent nanodiamonds overcome these disadvantages as they are biocompatible and possess 

non-blinking and non-bleaching luminescence even for particles of ~ 5 nm in size. The size 

range is also important for biomedical applications and it is, for example, different for 

endosomatic penetration of particles through cellular membrane and for a penetration of 

particles to cell nucleus for which are these ultra-small nanodiamonds required. Fluorescent 

nanodiamonds can also act as a bimolecular probe as their luminescence spectrum can be 

changed upon surface interactions with different atoms or molecules dropped on the surface or 

bound to it. This can be used for remote monitoring of chemical processes in biological 

environments based on color changes from photoluminescence (4). It has been previously 

shown by our group that one can detect the change of pH of ND environment (5) or that NDs 

can be used as a platform for DNA delivery with monitored release (6). Both methods use only 

a simple optical excitation of NVs together with spectral detection. The probed information is 



3 

 

encoded in the color change of NV luminescence (due to the charge switching between NV’s 

negative and neutral state with different spectral properties). 
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2. AIMS OF THE THESIS 
 

The aim of this work is to develop fluorescent nanodiamond probes and techniques 

towards photoelectrical detection of NV centres in diamonds. This would include the mastering 

of the physical principles and manipulation with photon or spin centres in such way, that they 

could react to the external optical and microwave fields. To be able to read specific signals of 

NV centres, the optical confocal setup is rebuilt to enable pulsed excitation and readout of NV 

and is enhanced by the methods of ODMR for sensing application. The rest of the thesis can be 

divided in two main parts.  

 

The first part is dealing with further development and improvement of luminescent 

nanodiamond (ND) particles for the purpose of intracellular probing and drug delivery. To 

further enhance and stabilize luminescence properties of these probes, the thesis addresses the 

preparation procedures of NDs. Recently, it was shown that by optimal annealing conditions 

and proper oxidation, one can produce NDs with ten-fold higher luminescence intensity (7). 

Building on this result, here the irradiation conditions are studied with aim to produce more 

homogeneously irradiated particles. The goal is to develop method of fluorescent 

nanodiamonds fabrication that will permit creating exactly one NV centre per ND with a high 

yield, which is essential for magnetic field sensing relying on the optical detection of electron 

spin resonance of NV– color centre. To further stabilize the NV– luminescence, possibility to 

create fluorinated surfaces is studied and results are compared to the commonly use oxidation 

methods. Finally, the detection methods of NV diamond are tested in various biological 

environment and the nanodiamond faith in cells is studied. The aim is to develop a method of 

visualization and localization of NDs in the non-fixed cells without the use of additional labels. 

Further, using AFM force spectroscopy cell-membrane behavior upon NDs uptake is examined 

for any observable changes in Young’s modulus (stiffness) of the membrane, with the goal to 

obtain a novel non-optical way to sense NDs uptake rates in cells. 

 

In the second part, the detection properties of NVs in single crystals (both in bulk and 

close to the diamond surface) are studied. The main goal is to develop a new method based on 

photocurrent readout of the spin states and develop coherent spin protocols that are used for 

quantum sensing. The objective is the enhancement of the detection rates of spin state readout 

of negatively charged NV centre to obtain high sensitivity, high signal-to-noise ratio, and 

increased resolution. This is very important for many NV applications including quantum 
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sensing or magnetometry, where the detection of weak magnetic fields originating e.g. from the 

targeted spins is realized by appropriate manipulation of the spins to affect the precession phase 

accumulation of the highly coherent NV electronic spin (8). Current methods for readout of 

NVs relay on optical detection (i.e. ODMR) and the detection rates are thus limited by the 

photon collection efficiency. Here, direct monitoring of the spin-preserving electron transitions 

through measurement of NV related photocurrent is studied, reaching higher detection rates 

thanks to the efficient electron readout and photoelectric gain. Establishing photoelectric 

detection brings additional advantages such as easier integration on chip (which is of big value 

to quantum information applications) and possibility for more compact sensing device (which 

can be useful for magnetometry). The applicability of photoelectric method for quantum 

measurements, where coherent spin manipulation and readout is necessary, is tested and 

comparison to ODMR is discussed. 
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3. INTRODUCTION AND STATE OF THE ART 
 

3.1. Nanodiamond  

3.1.1. Properties 

Diamond, allotrope of carbon, is known to be an outstanding and unique material. Its 

crystal structure is one of the closest packed lattice (face-centered cubic) with sp3 covalent 

bond, making diamond extremely hard and chemically inert. It is optically transparent, 

possesses high index of refraction, is excellent thermal conductor, and is wide-bandgap 

semiconductor. Moreover, diamond is a biocompatible and non-toxic material which makes it 

a suitable candidate for various biomedical applications. Nanodiamonds are crystalline 

fractions of diamond with dominantly sp3 bonded carbon structure of size ~ 1–100 nm in the 

form of diamond films, diamond particles, 1D diamond rods and 2D diamond nanoplatelets. At 

nanoscale, diamond preserves most of its outstanding properties (9).  

 

3.1.2. Classification 

Ordinary bulk diamond hosts wide variety of crystallographic defects and color centres. 

Most common impurity is nitrogen or boron that replace the carbon in diamond lattice. 

Depending on the number and the type of impurities present in the lattice, diamonds are 

classified into several groups. Primary classification divides diamonds into two groups: type I 

with high nitrogen concentration and type II with very low nitrogen concentration (less than 1 

ppm (10)). Type I is further divided into Ia, which is more common in nature and contains 

nitrogen in form of aggregates (IaA for “A” aggregate form and IaB for “B” aggregate form), 

and Ib, which contains isolated substitutional nitrogen (11). Type II is divided into pure IIa 

diamond with undetectable defect concentration and p-type semiconductor IIb diamond with 

boron as a major impurity (12). Schematic configuration of different diamond types is shown 

in Figure 1.  

 

 

Figure 1: The schematic configurations of impurities in diamond lattice according to classification types (V 

stands for vacancy) (13). 



7 

 

3.1.3. Synthesis 

Nowadays, there are many methods of nanodiamond production. Synthetization has 

been reported by laser ablation, autoclave synthesis from supercritical fluids, chlorination of 

carbides, ion irradiation of graphite or electron irradiation of carbon ‘onions’, ultrasound 

cavitation (14), yet there are three main processes known and widely used today to synthesize 

artificial diamonds: high-pressure high-temperature method (HPHT), chemical vapour 

deposition (CVD) and detonation. 

 

HPHT synthesis 

This method is inspired by actual geological processes involved in the formation of 

natural diamonds. A source material (carbon-rich melt) is subjected to high pressure (above 5 

GPa) and high temperature (above 1500 ºC), inducing the phase transition of graphite to 

diamond. Usually, metal solvents are used during this process, for the reason they act as 

catalytic materials and lower the energy needed to form the diamond (15). This, however, limits 

the purity and leads to creation of Ib diamond with nitrogen concentration typically up to 300 

ppm in the form of grain (10). 

 

CVD synthesis 

Growth of the nanodiamond using CVD process does not take place in conditions, in 

which diamond is thermodynamically stable. It is therefore often called metastable synthesis, 

where the deposition of carbon is rather driven by kinetics than by thermodynamics. CVD 

diamond is formed in a growth deposition chamber heated up to temperatures above 800 ºC 

(16). Feed gas, typically mixture of methane (CH4) and hydrogen (H2), is injected into the 

chamber and serves as a precursor. Methane is then decomposed in the chamber and thin 

diamond layer grows in an atom-by-atom, layer-by-layer process (17). The diamonds produced 

in this method can be easily grown with selected impurities such as nitrogen or boron and then 

milled down to create nanoparticles. CVD method is mainly used to coat large areas of 

monocrystalline diamond, and CVD diamonds are the main source of ultrapure diamond (type 

IIa) (18). 

 

Detonation synthesis 

Another way to synthesize diamonds is by detonation. Diamond crystals, nominally a 

few nanometres in size (typically around 5 nm (19)), originate from the detonation of carbon-

containing explosives in a metal chamber. Variety of carbon sources can be used within the 
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explosive precursor. Most common is popular military explosive made out of 40% 

trinitrotoluene (TNT) and 60% hexogen (RDX). The explosion is surrounded by a non-

oxidizing cooling media of either gas (N2, CO2, Ar etc.) or water (ice), so-called “dry” or “wet” 

synthesis, respectively (20). Explosion creates appropriate conditions for the thermodynamic 

stability of diamond, which is of high pressure (~ 20–30 GPa) and high temperature (~ 3000–

4000 K) (9). Due to the fact, that the reaction continues even after the temperature and pressure 

drops, created nanodiamond powder contains significant amount of contamination, as the 

particles are covered in graphitic shell and surrounded by soot. To obtain pure and individual 

particles, thorough subsequent purification and de-aggregation processes are needed (21). 

 

3.2. Nitrogen-vacancy (NV) centre 

3.2.1. NV physical structure 

Among all of the different color centres that exist in diamond lattice, VN1 structure 

(generally addressed as nitrogen-vacancy or NV centre) is probably the most studied. It consists 

of substitutional nitrogen atom (N) adjacent to a vacant lattice site (V). It forms C3V symmetry 

so the defect’s symmetry axis may be oriented along one of the four possible crystallographic 

directions. These four NV orientations are usually almost equally populated, however some 

preferential NV orientation has been observed in CVD diamond with in-grown NVs (22).  

 

 

Figure 2: Four orientations of the NV centre in diamond. Carbon atoms are depicted in black, nitrogen (N) 

atoms in blue, and vacancies (V) in white. The NV electronic spin is indicated by green arrows. Four additional 

orientations are possible by flipping the nitrogen atoms and vacancies in each configuration above; however, 

orientations with equivalent symmetry axes are spectrally indistinguishable and may therefore be considered in 

the same NV orientation class. Taken from (23). 
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NV centres have two possible charge states; the neutral NV0 and negative NV-. 

However, it is believed that third type of NV centre exists; positive NV+ (24). Nitrogen is 

bonded covalently to three neighboring carbons leaving two unbonded valence electrons, which 

create a lone pair. Another three electrons are present from three carbons surrounding vacancy 

and two of them form a pair together with nitrogen lone pair electrons, leaving one unpaired 

electron (25). Additional donor electron is present in NV- centres, forming a spin S=1 couple 

with one of the vacancy electrons (26). It is believed that this electron is gained from nearby N 

donor impurity (23). The ground state energy levels for NV- and NV0 centre relative to the 

valence band top are 2,0 eV and 1,2 eV, respectively, as calculated from Schrödinger equation, 

and NV- is located about 2 eV below the conduction band of ND (26). The NV charge state 

depends on the presence of nearby electron donors or acceptors (27) and one diamond sample 

can contain both neutral and negative NV state. NV centre is a stable defect, but photochromic 

switching between the two charge states has been observed. This photoconversion can be 

induced either by direct ionization of NV- or indirectly, by the ionization of the substitutional 

nitrogen donors surrounding the NV centre in the crystal (28) (29).  

 

3.2.2. NV electronic structure 

The foundation of theoretical models for understanding the energy levels of NV centre 

comes from C3V symmetry. Also, the properties of NV centre are determined by dangling 

electrons (immobilized free radicals) in orbitals of the carbon and nitrogen atoms neighbouring 

the vacancy (30) (31). Two approaches are possible: ab initio calculations and semi-empirical 

molecular model of deep-level defects in semiconductor (32) (33). Even though these two 

methods contradict in some matters, basic electronic structure of NV centres has been accorded 

by both and confirmed by electron paramagnetic resonance and optical studies.  

 

NV- centre: 

When modelling energy levels of NV- centre, six electrons need to be taken into account. 

It is simpler, however, to interpret the NV- centre as if it were a molecule. For such defect, 

possible configurations of many-electron states are 1A1, 3A2, 1E and 3E (25). The A1, A2 and E 

represent the type of symmetry and first upper digit represents the number of allowable ms spin 

states (spin multiplicity ranging from –S to S with total 2S + 1 states, where S represents the 

highest spin value). The ground state of NV- has been identified to be a spin-tripled with 3A2 

symmetry, where the lower two states a1(1) and a1(2) are fully occupied and the degenerate ex 

and ey orbitals are populated by one unpaired electron each. Spin–spin interaction between these 
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unpaired electrons gives rise to axial zero-field splitting (ZFS) of the spin triplets separating 

spin states ms = 0 (|0>) and ms = ±1 (|±1>) by Dgs ≈ 2.87 GHz ≡ 12 µeV. The corresponding 

excited state, resulting from promotion of the electron from the orbital a1(2) to the orbital ex,y, 

is spin-triplet 3E state with 1.945 eV (ZPL 637 nm) transition (see Figure 3) and axial ZFS of 

1.42 GHz. A triplet state is an electronic state in which two electrons in different molecular 

orbitals have parallel spins, which is rare in molecules (34).  

 

 

Figure 3: (a) Level diagram for the NV- centre showing spin-triplet ground and excited states, as well as the 

singlet system involved in intersystem crossing. Radiative transitions are indicated by solid arrows and non-

radiative transitions by dashed arrows. (b) Electronic structure of the NV- ground and first excited state. (a) 

Taken from (35), (b) taken from (36). 

 

The two possible transition dipoles (associated with the excitation of one electron from 

a1(2) to either ex or ey) are perpendicular to the NV axis and to each other. Therefore, an 

excitation with a laser beam parallel to the NV axis is the most efficient (36). Optical transitions 

from 3E excited state to 3A2 ground state are primarily spin conserving; there exists, however, 

a primarily non-radiative alternative decay path allowing the transfer of the spin population 

from the |±1> to the |0> through the singlet states. This intersystem crossing (ISC) is possible 

when the magnetic field from orbital motion of the two electrons interacts with their spin 

magnetic moments, so there is certain degree of “spin-orbit coupling”. Experiments have shown 

that the singlet levels involved in the ISC include 1E and 1A1, although the ordering of these 

levels is still under debate. Some of the models set the 1A1 symmetry as lower state and 1E as 

the upper state (37), some do it the other way around (31). However, the separation of the two 

levels is known to be 1042 nm (1,190 eV ZPL) (38). The energy spacing between the singlet 

and triplet states is yet unknown, but it is believed that lower singlet state is roughly ~ 0,7 eV 

above the ground state (31). 

(a) (b) 
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Figure 4: Schematic representation showing the mechanism of the NV– polarization for the ensemble of the NV 

centres (notice, that the NV centre is a single photon source, so only one electron is excited at the time). (a) 

Initially, the NV– population is evenly distributed between the ground spin sublevels ms = 0 and ms = ±1. (b) 

Spin conserving transition of the electrons towards the excited states upon the green laser excitation. (c) The 

system relaxation; part of the population from the excited ms = ±1 spin sublevel relaxes non-radiatively, via the 

intermediate singlet level, towards the ground sublevel ms = 0. (d) The following cycle. (e) After a few optical 

cycles, all the population ends up in the ground spin sublevel ms = 0 and the NV spin state is therefore 

initialized. Taken from (39). 

 

The ground state has three allowable spin states split by crystal field into doublet 

degenerate (ms = ±1) and singlet (ms = 0) state. In thermal equilibrium at temperatures above 

∼ 1 K, the ground state sublevels are nearly equally populated (40). Excitation from the ms = 0 

sublevel is spin conserving and the system decays straight back while emitting red photon. 

Starting form from ms = ±1 system is promoted to the ms = ±1 excited state and has 30% chance 

to decay, taking alternative path via ISC (41). System falls to the excited singlet state 1E and 

directly decays further to the 1A1 metastable state while emitting an infrared photon (λ = 1042 

nm). Afterwards, the system crosses over, predominantly to the ms = 0 sublevel of the 3A2 

ground state (42). These spin-selective decay paths result in two important features of the NV 

centres. Firstly, it is possible to optically readout the spin value of the NV centre. Secondly, 

system can be optically pumped to ms = 0 ground state, enabling spin polarization which is very 

important for quantum information application, where a system initialization to a known 

quantum state is necessary. The process of optical polarization to ms = 0 ground state is depicted 

at Figure 4. 

 



12 

 

 

Figure 5: Scheme of the 3A2 ground state sublevels indicating the encoding of bright state |0> and dark state 

state |1>. Taken from (43). 

 

Often, the ground sublevels are encoded as bright state (for the ms = 0) and dark state 

(for the ms = ±1), considering their influence on the red NV fluorescence (see Figure 5). The 

occupation of these sublevels can be manipulated with microwave field. The zero-field splitting 

of the ground state (Dgs or D) is equivalent to 2.87 GHz. At the resonant frequency, the 

population of ms = 0 and ms = ±1 is flipped. In the presence of a small axial magnetic field, 

𝐵𝑧 << 𝐷𝑔𝑠/(𝑔𝑠µ𝐵), the degenerate ms = ±1 levels are shifted by 𝑚𝑠𝑔𝑠µ𝐵𝐵𝑧 due to the Zeeman 

effect (where gs is electron spin factor also called dimensionless magnetic moment; µB is Bohr 

magneton – physical constant for expressing the magnetic moment of an electron caused by 

either its orbital or spin angular momentum). Total energy difference of Zeeman split (∆EZ) is 

then ∆E𝑍 = 2𝑔𝑠µ𝐵𝐵𝑧, often expressed in terms of frequency as ∆ = 2𝛾𝐵𝑧 (where γ is 

gyromagnetic ratio and it is equal to 𝛾 = 𝑔𝑠µ𝐵/ℏ = 2,80 𝑀𝐻𝑧/𝐺, where the ℏ is reduced 

Planck constant) (35). 

 

NV0 centre: 

NV0 centre consists of 5 electrons but the exact structure is not yet determined. The EPR 

signal was for a long time undetectable due to the Jahn-Teller effect (dynamic coupling that 

broadens the EPR line dramatically. See (25) for more details). The current model (see Figure 

6) sets the 2E doublet state (S = ½) as a ground state. The symmetry of the excited doublet state 

is possibly 2A1 or 2A2 with the ZPL transition of 2,156 eV (corresponding to the 575 nm 

luminescence). The metastable spin quartet state was observed by the EPR and it is believed to 

be of 4A2 symmetry (31). Since NV0 does not possess such qualities as the NV- (e.g. its 

electronic spin cannot be prepared and read out optically), more focus lies on the negative 

charged NV−, which is studied far more. 
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Figure 6: Schematics of the known aspects of the NV0 electronic structure. The energy of the observed ZPL is 

indicated. Taken from (44). 

 

3.2.3. Photoluminescence 

Nanodiamond particles with incorporated NVs have been shown as an excellent 

luminescent marker for microscopy. Recently, Stephan Hell received Nobel Prize in Chemistry 

(2014) for the development of super-resolved fluorescence microscopy named STED 

(Stimulated Emission Depletion microscopy). He was carrying part of his work using NV 

nanodiamond as a fluorescent marker (see (45)). NV centres exhibit strong and stable 

photoluminescence even for particles as small as 5 nm with no photo-bleaching or photo-

blinking (46). Together with good biocompatibility, not-toxicity and luminescence that has 

small absorption in tissue and differs from cell’s auto-fluorescence ND particles are perfect 

candidates for bioimaging and intracellular sensing. 

 

 

Figure 7: Photoluminescence from single NV0 (blue) and NV- (red) centre in nanodiamonds. ZPLs of 575 nm and 

637 nm are marked with asterisk. The inset shows atomic structure of NV. Taken from (47). 
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The fluorescence spectrum coming from NV centres (see Figure 7) is broad 

(superposition of NV- and NV0), ranging from 550 nm to 800 nm, peaking around 690 nm. The 

excitation band is in a spectral range of 480–580 nm (48). The NV– has a strong optical 

transition with a zero phonon line (ZPL) at 637 (corresponding to electronic transition between 

the excited and ground state 1.945 eV) with a broad red-shifted phonon sideband (PSB) of 640–

800 nm. Broad PSB can be explained by Franck-Condon principle (see Figure 8): changes of 

the electronic states induced by optical transition vary the inter-atomic distances and therefore 

excite lattice vibrations (phonons). As confirmed by ab initio calculations, the ground and 

excited states have significantly different coordinates, therefore only 4% of the photons are 

emitted to the ZPL (36). Remaining photons relax into PSB. Similarly, NV0 emits with ZPL at 

575 nm (2.156 eV) with ~ 50 nm red-shifted sideband. This strong phonon broadening allows 

an efficient optical off-resonant excitation of the NVs. 

 

 

Figure 8: Schematic illustration of the Franck-Condon principle for excitation and fluorescence of the main 

optical transition of NV- centre. Non-radiative decay is shown with dashed lines. Phonons play an important role 

in both the optical transitions and spin dynamics of the NV. In thermal equilibrium at room temperature, about 

90% of NV centres will be in the lowest vibrational level, corresponding to an effective (there are no clearly 

discrete levels) vibrational spacing of ∼ 50 meV. The most probable vertical transitions are to the turning point 

in the 3E harmonic well, which corresponds to about 4 vibrational quanta (∼ 0.2 eV), resulting in the broad peak 

(PSB – phonon sideband) in the absorption spectrum as well as in emission spectrum. Taken from (35). 

 

3.2.4. NV formation 

Different techniques can be employed to ensure that NV centres are formed in diamond, 

depending on the aim, which can be obtaining the highest concentration of NVs, precise 

positioning of the defect formation or isolation of single NV. The most common approaches 

include irradiation or ion implantation with subsequent annealing and incorporation of NVs 

during CVD growth. 
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Irradiation: 

Irradiation of Ib diamond is the most straightforward and commonly used method for 

nanodiamond particles. HPHT Ib diamond is commercially available and already contains 

isolated substitutional nitrogen. To create vacancies, focused beam of ions or electrons 

accelerated to high energy (KeV, Mev) is used to bombard the crystalline structure. The 

diamond is then exposed to subsequent annealing process at temperatures higher than 600 °C. 

The annealing enhances the migration of the vacancies, which become trapped by nitrogen, 

forming stable NV centres (see Figure 9). Commonly used annealing parameters for creation 

of NVs in diamond are in the range of 700–800 ˚C for 1–2 hours (3). Recently, our group 

published article in high impact journal Nanoscale, identifying a discrete maximum of NV 

number for diamond particles annealed at 900 ºC for 1 hour (J. Havlík, M. Gulka, M. Nesládek 

et al. in Nanoscale, 2012). 

 

 

Figure 9: Creation of NV centres by irradiation technique; (a) bombardment by high energy ions, (b) creation of 

vacancies and (c) formation of NV centres by thermal annealing. N stands for nitrogen atom and V for vacancy. 

Taken from (7).  

 

Ion implantation: 

To produce the NV centres in type IIa pure diamond, irradiation with nitrogen (N+) ions 

is used to create both nitrogen impurities and vacancies. The following process is then the same 

as in the previous technique; annealing at high temperature causes formation of NVs. The major 

strengths of this technique are the ability to localize the NV centre in the sample (49) and the 

deterministic implantation. Unfortunately, two main drawbacks of this method are the 
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stochastic nature of ion beam (that causes some parts of the sample to contain more than one 

NV centre, while others contain none) and unsubstantial control of the ion beam spot size (50).  

  

CVD growth: 

Nitrogen impurities may be incorporated into the diamond during CVD synthesis by 

addition of nitrogen (N2) into the feed gas. The inclusion of NV centres and nitrogen in the 

diamond lattice occurs spontaneously during the growth of the crystals when nitrogen is present. 

The concentration of NV defects that are incorporated into the diamond is determined by a 

combination of growth conditions: amount of nitrogen gas introduced into the growth chamber, 

substrate temperature, chamber pressure, etc. and these are being still exerted (51) (52). The N-

rich CVD diamond can be further irradiated and annealed to produce higher concentration of 

NV centres. 

 

3.2.5. Hyperfine structure of NV- centre 

Fine structure is possible to resolve at NV- ground state level, due to the Fermi contact 

hyperfine interactions between the NV electronic spin and the nuclear spin of the N in NV 

complex. This splitting can be visualized by EPR when low laser intensity and low microwave 

power is applied (see chapter 3.33.2.6). In natural abundance, nitrogen is composed of 99.6% 

of 14N with nuclear spin I = 1, and 0.4% of 15N with spin I = ½ (53). Therefore, the coupling to 

15N is often neglected. The splitting due to the 14N gives rise to three separate levels (for both 

ms = 0 and degenerate ms = ±1 sublevels) with nuclear magnetic quantum numbers 𝑚𝐼 of -1, 0 

and +1 (coming from I = 1). However, for single NV centre, only six transitions are allowed, 

as it is shown in Figure 10a. 
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Figure 10: (a) Ground state level structure of the NV centre under a small axial magnetic field. Allowed 

magnetic dipole transitions are shown with double-headed arrows. (b) Optically Detected Magnetic Resonance 

(ODMR) spectrum (excited at 532 nm) for a low-defect-density CVD diamond. The 24 separate resonances 

correspond to two different |∆ms| = 1 transitions, four different NV orientations, and three different 14N mI 

levels. Taken from (37). 

 

There are four possible ways for NV centre orientation within the lattice and since even 

the small magnetic field on the N-V axis affects the transition frequency, there are four shifted 

copies of the single spectrum (54). For magnetic field orientation along the [100] crystal 

direction, 𝐵𝑧 is the same for all four possible orientations of NV. However, for most field 𝐵𝑧 

orientation, this is not the case and there are all together 24 different resonances (4 NV 

orientations, 2 ms spin states and 3 nuclear magnetic quantum numbers) as shown in Figure 

10b. This feature enables diamond sensor to act as a vector magnetometer measuring both 

magnitude and direction of an external magnetic field (55). 

 

3.2.6. NV- spin properties 

As described above, NV- ground state is a spin triplet without spin-orbit interaction, so 

the electron spin is mainly influenced by spin–spin and Zeeman interactions. When 

disregarding nuclear Zeeman interaction and the nuclear quadrupole interaction (which are 

negligible in the experiments discussed in this thesis), the spin Hamiltonian of NV- centre can 

be written as (56):  

 

 Ĥ =  Ĥ𝑍𝐹𝑆 + Ĥ𝑍𝑆 + Ĥ𝐻𝐹 (3.1) 
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The first term in this equation ĤZFS corresponds to zero field splitting (ZFS) from the 

spin–spin interactions of the two unpaired electrons. ZFS occurs only for the non-spherical spin 

densities. For NV- centre, the main deviation from spherical symmetry takes place along NV 

axis and therefore influences mainly the axial component of the spin. The transversal 

components of the spin are only affected when the axial symmetry is broken by transversal 

strain or electric field. Values of transversal ZFS parameter E are in the kHz-MHz range, thus 

much lower comparing to axial ZFS (Dgs ≈ 2.87 GHz). 

 

Second term ĤZS describes Zeeman interaction of the electron spin with the external 

magnetic field. For magnetic fields parallel with the NV axis, the interaction causes a linear 

splitting of the ms = ±1 states by ~ 56 MHz/mT. When the magnitude of the magnetic field is 

equal to roughly 102 mT, a level anti-crossing (LAC) occurs as the ZFS is compensated by the 

Zeeman shift, resulting in mixing of energy levels (57). For misaligned magnetic fields, the 

shift of ms = ±1 states is not linear and depends on the angle between the magnetic field and 

NV axis (see Figure 11).  

 

Last term, ĤHF, accounts for hyperfine interactions between electron spin and nitrogen 

nuclear spin explained in previous chapter. Since the NV lattice is predominantly composed of 

the spineless carbon isotope 12C, hyperfine coupling to other nuclei can be neglected. 

 

 

Figure 11: Ground state spin levels of NV- centre for various fields: (a) magnetic field B parallel to NV axis and 

E = 0, (b) B parallel to NV axis and E ≠ 0, (c) B not parallel to NV axis. Taken from (36). 

 

3.2.7. NV- spin relaxation times 

The Hamiltonian equation (3.1) given in previous chapter does not account for dynamic 

changes related to the interactions with NV environment, such as the lattice vibrations or 

magnetic and electric field noise. These effects cause relaxation of polarization and coherence 
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of the spin system and are characterized mainly by two important time scales, the longitudinal 

(T1) and transverse (T2, T2
∗) relaxation time. 

 

Longitudinal relaxation time - T1 

The NV- spin may interact with phonon lattice, resulting in change of the spin quantum 

number ms and in the change of its energy. It involves phonon-mediated mechanisms such as 

Raman and Orbach processes, as well as cross relaxation via dipole–dipole interaction. These 

spin-flips lead to subsequent population decay (i.e. spin-lattice relaxation) and as a result, the 

polarization of the NV spin population eventually decays back to thermally mixed state (that 

exists before optical pumping).  This spin relaxation is characterized by T1 time scale and is 

quite sensitive to temperature. At room temperature, the phonon-mediated processes dominate 

in high-purity diamond samples, although they are relatively weak due to the low spin-orbit 

interaction and low phonon density of states. T1 for NV- in bulk diamond at room temperature 

is typically few milliseconds (58). At low temperature, T1 is limited by cross relaxation because 

phonon interactions are suppressed. For high purity diamond crystal at 5 K the longitudinal 

relaxation time can reach 100 s (59). 

 

Transverse relaxation time - 𝐓𝟐, 𝐓𝟐
∗ 

In compare to longitudinal relaxation time that describes the spin relaxation, transverse 

relaxation time characterizes the loss of phase coherence of a spin state. For the NV- centre, this 

is dominated by spectral diffusion due to the fluctuations of the local fields predominantly from 

the spin–spin interactions (60). 
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 (3.2) 

 

 Influence of particular interaction on the transverse relaxation time is dependent on the 

diamond crystal. One of the dominant sources of phase coherence loss of NV spin is dipolar 

hyperfine coupling with non-zero 13C nuclear spin bath (I = ½, with natural abundance of 1.1%). 

These spins are largely unpolarized (61), affecting each NV site with different effective 

magnetic field. This leads to inhomogeneous broadening of ensemble resonances. Interactions 

with nitrogen impurities (known as P1 centres, S = 1/2) can also contribute significantly. It is 

assumed that two nitrogen atoms are required to form NV- centre; one that is forming the NV 
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and one that acts as a donor (62). The donor nitrogen N+ is not paramagnetic, but the 

unconverted P1 centres are. Other paramagnetic defects can influence the spin as well. This 

could be for example interaction with other NV centres (in samples with high NV 

concentration) or, for shallow NV centres, with paramagnetic species on the diamond surface. 

Transverse relaxation time can be also limited by the spin-lattice relaxation. However, this 

contribution is usually small even at room temperature due to the low (phonon-induced) 

longitudinal relaxation rate (36). Effect of all of these four interactions to transverse relaxation 

time is demonstrated in simplified equation (3.2).  

 

 T2 is the characteristic time for homogeneous spin dephasing and is more commonly 

referred to as a spin decoherence time, whereas 𝐓𝟐
∗ is denoted as spin dephasing time and is 

the characteristic time for inhomogeneous spin dephasing. Specifically, while T2 is intrinsic to 

the NV centre and to its local spin environment (spin-spin relaxation), T2
∗ is sensitive to external 

inhomogeneities (such as in applied static and MW fields). Typical T2 values range from 

milliseconds (for isotopically pure diamond) (30) to a few microseconds (for N-rich bulk 

diamond (63) or nanodiamond particles (64)). T2
∗ times are shorter, usually in order of 

nanoseconds. However, it has been shown that for isotopically engineered high-purity diamond 

with low nitrogen and 13C concentration, the dephasing time can be extended past few 

microseconds (30). For most doping conditions T1 ≫ T2 ≫ T2
∗. 

 

The dependence of longitudinal and transverse relaxation rates on magnetic field 

fluctuations in the NV- surrounding can be implemented for magnetometry and spin sensing 

application. The possibility to use NV- for magnetometry using static and pulse microwave 

resonance method will be discussed in following chapters.  

 

3.3. Magnetic resonance of NV- centre 

3.3.1. Static EPR and ODMR 

Electron paramagnetic resonance (EPR) (or electron spin resonance (ESR)) 

spectroscopy is analogous to that of nuclear magnetic resonance (NMR), but it is electron spins 

that are excited instead of the spins of atomic nuclei. The EPR spectra can be obtained by either 

varying the microwave (MW) frequency incident on a sample while holding the magnetic field 

constant or doing the reverse. When the energy of MW matches the energy of the gap between 

two spin states of unpaired electrons, the MW transmission is reduced. 
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To experimentally determine the NV spin resonances, method of Optically Detected 

Magnetic Resonance (ODMR) is used, with principle similar to the EPR. Simultaneous low 

intensity laser excitation (typically at 532 nm) and low power microwave (MW) radiation are 

applied. ODMR measurement is then realized by sweeping the microwave frequency (with 

range that contains resonance frequencies) and collecting luminescence signal. The drop in 

luminescence is observed at resonance frequency (2.87 GHz for zero external B field present), 

as the electrons are driven into the dark state. When external magnetic field is present, the 

ODMR spectrum of a single NV consists of two resonances: one corresponds to the ground 

state transition between ms = 0 and ms = -1 spin states, the other to the ground state transition 

between ms = 0 and ms = +1 spin states (see Figure 12). The splitting between the two 

resonances is proportional to the magnitude of the projected magnetic field along the NV 

symmetry axis. This is the basic operation principle of the most diamond-based magnetometers 

to date (65). 

 

 

Figure 12: Optically detected magnetic resonance spectra for a single nitrogen-vacancy defect at increasing 

magnetic field (from bottom to top). Taken from (65). 

 

3.3.2. Pulsed ODMR 

Most of the sensing schemes, however, employ pulsed coherent manipulation and 

readout of NV spin state. The separation of spin manipulation, spin readout and phase 

accumulation (for e.g. magnetic field measurement) in time leads to reduction of power 

broadening effect of EPR lines (as less effective laser and MW power is applied) and enables 

various sensing schemes including those of NMR and nano-MRI. Some of the fundamental 

protocols are explained in following paragraphs. 
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Rabi nutations: 

The simple case is to apply laser pulse followed by a MW pulse. After the laser 

initialization, the NV is polarized to the spin state ms = 0. Applying resonant MW field induces 

oscillations between the ms = 0 and ms = ±1 spin sublevels as the electron spins are transfered 

first to ms = ±1, then back to ms = 0 by stimulated emission and so on (depending on the length 

and power of MW pulse). The pulse protocol for Rabi measurement is shown in Figure 13a. 

The length (τ) of the MW pulse is varied at fixed power to induce the oscillations. Subsequent 

laser pulse is used to readout the spin state. Hundreds of repetitions for each MW length are 

necessary to get sufficient statistics. 

 

 

Figure 13: Demonstration of the Rabi measurement. (a) Pulse sequence used to induce and readout the 

oscillations and (b) the corresponding Bloch sphere. First, laser pulse polarizes the NV to the ms = 0 spin state 

(green arrow), after the MW resonant pulse is applied to flip the spin vector along the x axis (light blue arrow), 

finally the spin is readout by subsequent laser pulse (dark blue arrow). (c) Example of resulting Rabi curve with 

characteristic oscillation. Taken and modified (b) from (66) and (c) from (23). 

 

In the beginning (for τ = 0), the luminescence signal is at the maximum as the NV spin 

is at the ms = 0 sublevel. When the duration of the MW pulse starts to increase, the luminescence 

signal begins to drop. Eventually, it reaches its minimum value when the spins are most likely 

to be in ms = ±1 sublevels. Such MW pulse that induces the flip between the sublevels is called 

π pulse and its duration (that can be obtained from fit of the Rabi curve) varies for different 

MW powers and different samples. Similarly, the MW pulse that brings the spin into the 

superposition of the two sublevels is called π/2 pulse. The effect of the MW pulse to the spin 
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state is visualized at the Bloch sphere (see Figure 13b). The south pole corresponds to the initial 

ms = 0 state, MW induces rotation of the spin vector around the x axis and eventually flips the 

spin to the ms = ±1 state (north pole). An example of a typical Rabi curve is shown in Figure 

13c where the normalized luminescence intensity is plotted as a function of MW pulse duration 

(τ). It is important to note that these nutations do not continue infinitely. There is a characteristic 

exponential decay as the control of spin state is fading over time and ultimately the oscillations 

are lost. Often there is a “beating” of the signal due to the detuned driving from the hyperfine 

transitions of the N nuclear spin, so one has to consider the Rabi curve to be the superposition 

of two or three sinus curves with different frequencies. 

 

Ramsey fringes: 

Ramsey sequence is used to determine the dephasing time T2
∗. After the spin 

polarization, a π/2 MW pulse is used to bring the spin into the superposition of the ms = 0 and 

ms = ±1 states (Figure 14a). The MW frequency is typically detuned from resonance to induce 

precession of the state vector around the z axis of the Bloch sphere (Figure 14b). As a result, 

second π/2 MW pulse after time τ does not always bring the spin to ms = ±1, but an oscillation 

is observed (so-called Ramsey fringes) when the free precession time τ is varied (Figure 14c). 

The resulting curve can also contain beating from the N hyperfine transitions (three in the case 

of 14N, two for 15N). The T2
∗ time is extracted from characteristic decay of the envelope of this 

curve. This damping of the oscillation is induced by spin bath fluctuations and is present even 

in high purity samples, where dephasing is dominated by the 13C naturally present in the 

diamond lattice. Ramsey sequence is commonly employed for DC magnetometry (see chapter 

3.4.3) and in other sensing schemes. This is because during the free evolution (precession) time 

τ, the two spin sublevels are in superposition and the spin accumulates a phase shift depending 

on the magnetic field of the environment. The accumulated phase is then converted to either ms 

= 0 or ms = ±1 states and is thus detectable. Therefore, an observation of free (undriven) 

dynamics of external spins is possible with this technique, which is essential to study local 

magnetic fields and spin environment of the NV. 
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Figure 14: Demonstration of the Ramsey measurement. (a) Pulse sequence used to induce and readout the 

Ramsey fringes and (b) the corresponding Bloch sphere. First, laser pulse polarizes the NV to the ms = 0 spin 

state (light green arrow), after the MW π/2 pulse is applied to bring the spin into a superposition state (dark 

green arrow), during the free precession time τ the spin accumulates the phase (red arrow), another MW π/2 

pulse projects the phase to one of the sublevels (light blue arrow) and finally the spin is readout by subsequent 

laser pulse (dark blue arrow). (c) Example of resulting Ramsey curve with characteristic oscillation. Taken and 

modified (b) from (66) and (c) from (23). 

 

Hahn-echo: 

Even though Ramsey interferometry can be employed to probe the spin bath of NV 

environment, the rapid decay and strong modulation lower the sensitivity of this method and 

usually preclude the sensing of a single spin. To refocus the dephasing induced by static or 

slowly varying magnetic fields and thus to enhance the sensitivity, in Hahn-echo, a π-pulse is 

inserted into the middle of the free evolution time of the Ramsey sequence (see Figure 15). The 

π-pulse inverts the accumulated phase of the first τ/2 and as a same amount of phase from DC 

fields is accumulated over the second free precession interval τ/2, the net phase shift is 

eliminated (ideally). The relaxation time is prolonged to the decoherence T2 value but as a 

consequence, Hahn-echo is insensitive to static magnetic fields (and to slow magnetic field 

frequencies ≲ 1/T2), albeit it can reach high sensitivity to the AC fields (see chapter 3.4.3) with 

the frequency of 1/τ as demonstrated on single spin NMR (see chapter 3.4.5).  
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Figure 15: Demonstration of Hahn-echo measurement. (a) Pulse sequence used to induce and readout the echo 

measurement and (b) the corresponding Bloch sphere. First, laser pulse polarizes the NV to the ms = 0 spin state 

(light green arrow), the MW π/2 pulse is applied to bring the spin into a superposition state (dark green arrow), 

after a delay of τ/2 (red arrow) π-pulse mirrors the state vector to the other half of the Bloch sphere (brown 

arrow), after another delay of τ/2 (light blue arrow) the spin is projected to one of its sublevels (ms = 0 or ms = 

±1) by MW π/2 pulse and is subsequently readout by laser pulse (dark blue arrow). (c) Example of resulting 

Ramsey curve with characteristic oscillation. Taken and modified (b) from (66) and (c) from (23). 

 

3.4. Sensing with NV- centre 

3.4.1. Magnetometry 

Detection and imaging of weak magnetic fields is of high importance considering the 

vast application range of magnetic sensors. Measurements of magnetic fields can reveal 

information about the electrical activity in the human brain and heart, chemical identity of 

certain atoms or simply indicate the presence or absence of metal (67). For many years we have 

been using magnetic sensors for analyzing and controlling many functions. We can find 

magnetic sensors in read heads in computer hard-disks, in cars for determination of the engine 

crank shaft or wheel braking position. Airplanes fly with higher safety standards thanks to non-

contact switching with magnetic sensors (68). In medicine, measurements associated with the 

neural currents in the brain can be used to diagnose epilepsy, stroke and mental illnesses, as 

well as to study brain function (69). Even more possibilities would open up with routine 

detection of very low magnetic fields (~ fT, ~ pT) with nanoscale spatial resolution, such as 

magnetoencephalography (MEG) (69), magnetic resonance force microscopy (MRFM) (70) or 

more powerful applications of for example magnetic resonance imaging (MRI), magnetic force 

microscopy (MRF), and scanning Hall probe microscopy (71). 
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Magnitude of magnetic field can be determined using variety of different techniques and 

technologies. Each of them has its own unique properties making it suitable for particular 

applications. Sensors’ usage can range from simply sensing the presence or change in the 

magnetic field to the precise measurement of magnetic field’s scalar or vector properties. To 

determine which sensor is best suited for specific application, one has to take into account the 

sensors’ cost, frequency response, size, power requirements, and of course its sensitivity (68). 

 

The most important characteristic of magnetic sensor is its sensitivity and the frequency 

range of signals to which it will respond. Therefore it is necessary to consider how the inherent 

noise of the instrument varies with frequency. The noise level at frequency “f” is traditionally 

specified as the spectral density SB (f) of the equivalent mean-square field within 1 Hz 

bandwidth centered at the frequency f. So, for example, when considering white noise (a 

random signal having equal intensity at different frequencies), SB is independent from 

frequency, and the total mean-square field noise detected in a measurement is equal to SB 

multiplied by the bandwidth, within which the measurement is made. But since SB is related to 

the square of the field (when comparing noise with the strength of signal), it is more relevant to 

consider the square root of the spectral density, which has the unit of “tesla per root hertz” 

(𝑇/√𝐻𝑧) and gives the root mean square (RMS) field within a 1 Hz bandwidth. Thus, with 

white noise, the total RMS field detected in a measurement is equal to square root of SB 

multiplied by the square root of the bandwidth (72). 

 

Measuring of weak magnetic fields, however, is complicated for several reasons. Main 

problem arises from the presence of ambient magnetic noise everywhere around us. The 

strength of the Earth’s magnetic field amounts to around tens of µT (69) and geomagnetic noise 

has magnitude of approximately hundreds of pT (68). But many more things are the source of 

the magnetic disturbance, such as power lines (up to µT) or even steel car passing by (nT), or 

screw driver in close proximity (up to nT) (69). Also, the biomagnetic fields have to be 

considered. For example, heart’s magnetic fields above chest are 100 to 1000 times stronger 

than the signals from brain above the head (0.1 to 1 pT). So it is much easier to measure heart 

rhythm than it is to measure brain fields (69). 

 

There are few options how to reduce the ambient noise. One of them is shielding the 

desired magnetic object using passive or active method. Locally, shields made of thick layer of 

high magnetic permeability metal like Mumetal, Permalloy (both alloys of nickel and iron) or 
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sheet of aluminium can be used. For instance thick hemispherical shell of lead, cooled to liquid 

Helium temperature to become superconductive, is used during the MEG measurement because 

superconductors perfectly reflect magnetic fields (69). Active shielding can be achieved using 

magnetically shielded rooms with reference sensor that read ambient magnetic field signals for 

computer correction. It is a whole room that is created out of Mumetal and aluminium, which 

magnetically shields the ongoing measurement. Similarly to active shielding, use of several 

reference sensors is possible to reduce ambient noise. By taking the difference between the 

readings of two or more spatially separated sensors, it is possible to filter desirable signal (68). 

Combination of both techniques mentioned above is usually necessary when measuring very 

low magnetic fields. 

 

Magnetic sensors can be divided into vector magnetometers that measure component 

of magnetic field and scalar (also called total field) magnetometers that measure the 

magnitude of the magnetic field (73). It might seem that vector magnetometers are superior to 

total field magnetometers, since they carry out additional information. For some cases, 

however, scalar magnetometers provide exceeding results. Consider measuring a moving 

ferromagnetic object and trying to detect small changes in magnetic field. Rotational vibration 

due to the motion will generate changes in the vector components of the earth’s field detected 

by a vector magnetometer. These changes are difficult to separate from the signal and are often 

much greater than the signal from ferromagnetic object (68). Scalar magnetometers carry the 

important advantage of insensitivity to rotational vibrations. 

 

3.4.2. Opportunities and challenges for NV- centre 

Although best sensors can measure a field as low as few pT (i.e. SQUID (69)), they 

require low temperature, extreme vacuum or long data acquisition, all of which restricts their 

application. Resonance magnetometers, on the other hand, have limited sensitivity due to the 

spin-altering collisions (74). Nitrogen-vacancy (NV) centres could serve as a possible 

alternative for detection of weak magnetic fields with high resolution. As stated in previous 

chapters, NV- centres possess excellent properties, which make them well-suited for 

magnetometry. It is a stable point defect and it can be theoretically localized on sub-nanometer 

length scale. Therefore, the spatial resolution of a single-NV magnetic sensor is typically a few 

nanometers. Moreover, NV centre spin can exhibit long coherence times at room temperature 

(thus allowing sensitive magnetometry in ambient conditions) and it can be easily initialized 

and manipulated. In addition, a diamond (with NV centre) is stable over a wide range of 
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pressures, temperatures, etc., allowing the possibility of magnetic field measurement in harsh 

environments. Over the past few years, various magnetic methods using NV centres in bulk as 

well as in nanoparticles have been developed (75) (76). 

 

However, there is still a technical challenge for room temperature magnetometers and 

that is the sharp temperature dependence of magnitude on the ground state zero-field splitting 

(Dgs). Recently it was proposed, that happens due to the lattice expansion, which effectively 

changes the displacement of the electronic spins (77). The slope of this dependence 

is 𝑑𝐷𝑔𝑠/𝑑𝑇 ≈  −75 𝑘𝐻𝑧/𝐾, so even if ambient temperature can be controlled at the 1-mK 

level, this would lead to magnetic field variation of 3 nT. One of the solution is monitoring both 

of the ∆ms = ±1 resonances, as the energy difference between the two resonances depends only 

on magnetic field and does not depend on Dgs. Alternatively, using two phase synchronized 

microwave tones (78) to produce coherence and observe precession directly amongst the ms = 

±1 levels could be employed. It has been already shown (38) that using this method, it is 

possible to obtain ~ 10 nT/√Hz sensitivity under 4 mT bias field that is promising. 

 

Another challenge is a presence of not yet discussed transverse splitting parameter E. 

The E parameter arises from interaction with stray electric fields in the lattice and its value 

varies in from kHz to MHz. Even a slight mixing of E with excited state orbitals produces a 

transverse dipole moment in order of 10 Hz/(V/cm) (79). Therefore, it is necessary to apply an 

axial bias magnetic field |𝐵𝑧| ≫ 𝐸/(𝑔𝑠µ𝐵) in order to measure small variations of signal. In 

high-purity diamond, E corresponds to kHz and only a moderate 100 µT-scale field is necessary 

to reinforce magnetometer linearity. Using a current source with a stability of ppm/√Hz would 

be sufficient to achieve the sub-nT/√Hz required for many applications. In fact, one could get 

rid of bias field almost entirely if the ODMR linewidths were narrow enough to resolve 

hyperfine structure of NV, because the ms = ±1 sublevels are insensitive to strain and split 

linearly with magnetic field (even near zero field) (80). 

 

3.4.3. Magnetic field sensing schemes 

There are three major schemes for measuring magnetic fields, and these are discussed 

in following chapters. It is the DC magnetometry using both EPR or Ramsey sequence and the 

AC magnetometry. 

 



29 

 

DC magnetometry: EPR 

The simplest method to measure magnetic field is to extract the information directly 

from EPR (or ODMR) spectrum, reading out the difference of resonant frequencies. The 

Zeeman splitting is proportional to the projection of magnetic field along the NV symmetry 

axis. A known static filed B0 can be applied to spectrally distinguish the four possible NV 

orientations. Any additional unknown field δB would result in a shift of EPR resonant 

frequencies as the total magnetic field Bnet changes. If the NV fluorescence occupies at least 

three of the four possible NV orientations, vector information of the unknown magnetic field 

can be obtained as well. In addition, EPR can be measured using pulse laser and MW excitation. 

In this case, the MW power can be lower than in continuous EPR, thus reducing the MW power 

linewidth broadening and enhancing the sensitivity (23). 

 

 

Figure 16: Example of EPR based DC magnetometry. (a) Diagram showing the four possible NV orientation 

(noted NV A-D) with the relation to the known static filed B0, unknown field δB and  resulting total magnetic 

field Bnet. (b) Modeled EPR spectra in the presence of known static filed B0, (blue) and the resulting total 

magnetic field Bnet (red). When comparing resonance shifts between the two spectra, the unknown magnetic field 

δB can be extracted. Taken from (23). 

 

DC magnetometry: Ramsay sequence 

Similarly, DC magnetic fields can be measured using Ramsay sequence. Typically, 

known static external magnetic field is applied to split ms = ±1 states. In the beginning, short 

optical excitation pulse is used to polarize the NV spin into the ms = 0 state. Afterwards, MW 

π/2 pulse prepares the spin into a superposition of ms = 0 and ms = +1 states. Here, spin freely 

precesses for specific time duration τ. During this, it accumulates a phase ϕ = 2πγBτ, where B 

is the unknown static magnetic field and γ is the gyromagnetic constant of NV. After τ, another 

π/2 pulse is applied to project the spin back into either ms = 0 or ms = +1, from which the phase 
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accumulation can be calculated. Actual measurement can be done by sweeping the free 

precession time τ. 

 

Both the techniques of the DC magnetometry are limited by the linewidths of EPR 

resonance. Those are fundamentally set by the inverse of the NV dephasing time 𝑇2
∗. In high 

purity diamonds, 𝑇2
∗ is usually in the order of ~ 1 µs. Better sensitivity can be obtained using 

high-purity isotopically-engineered sample, where 𝑇2
∗ can be in the order of ~ 100 µs (30). For 

AC measurement, the sensitivity is limited by NV decoherence time 𝑇2, rather than by 𝑇2
∗ 

dephasing time. Decoherence times are generally longer (~ 500 µs for high purity or even few 

ms for isotopically-engineered samples) giving higher sensitivity (81). 

 

AC magnetometry 

The characteristic time scale of the NV signal decay can be extended from 𝑇2
∗ dephasing 

to 𝑇2 decoherence by employing a spin echo sequence. The spin echo (also known as Hahn 

echo) sequence is extension of Ramsay sequence. After the spin is prepared by MW π/2 pulse 

to superposition state, π pulses are used to invert the accumulated phase before using second 

π/2 pulse. This, however leads to insensitivity to static magnetic fields because accumulated 

phase shift is echoed out during the π pulse. Considering AC oscillating magnetic field, spin 

echo pulse sequence can be applied in a way that the MW pulses coincide with the nodes of 

magnetic field. Therefore, the phase accumulated in each half of the pulse sequence is additive 

rather than subtractive. This means that the spin echo enables to measure AC magnetic field, 

where the frequency range (over which the magnetometer is sensitive) is determined by the full 

pulse sequence duration τ (determining the optimal frequency 𝑓𝑎𝑐 = 1/𝜏 ). In the absence of 

AC magnetic field, no phase is accumulated and all spins are projected back to ms = 0 (bright 

state), whereas when the AC magnetic field of optimal frequency is present, the NV spins 

accumulate net phase of ϕ = 4πγBτ and have higher chance of falling into the dark state (23). 

Signal is then detected by measuring the luminescence intensity. 

 

3.4.4. Experimental realizations 

Up-to-date NV-diamond-based magnetometers can be generally (depending on their 

design principle) divided into four categories: near-field scanning probes, far-field sub-

wavelength probes, wide-field array magnetometers, and bulk micro-scale sensors. This chapter 

describes the state of art of NV-based magnetometers and discusses their design principles. 
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Near-field scanning probes 

Perhaps the simplest design employs the nanodiamond with single NV centre as the tip 

for the atomic force microscopy (AFM). See Figure 17. The resonance frequency (or spin echo 

for AC measurements) is then monitored using ODMR techniques. The system is called “near-

field”, because the spatial resolution is limited only by the distance between the sample and the 

NV centre, not by the diffraction limit of luminescence light. The reach of this method is to 

detect a small signal from ensemble of nuclear or electronic spins. The ultimate goal would be 

to detect signal from single electronic spin or even single nuclear spin (82) (83). To improve 

spatial resolution to potentially single-spin level employment of a large magnetic field gradient 

is possible, thus encoding spatial information spectrally, as is commonly used in conventional 

magnetic resonance imaging (MRI). Sensitivity of ~ 4 nT/√Hz to AC fields and ~ 0.5 µT/√Hz 

to DC fields has been demonstrated (30) for single NV centre in the isotopically pure diamond. 

Importantly, magnetometer with wide bandwidth (from DC to ~ 0.3 MHz) was shown possible 

for NV centre as an AFM tip (84). However, the sensitivity was only few µT/√Hz. 

 

 

Figure 17: Magnetic sensing design with NV centre as a tip for AFM. (a) Schematics of the setup combining 

AFM and optical excitation (green arrows) and read out (red arrows) of NV centre. (b) SEM image of a single 

crystalline diamond nanopillar probe. Taken from (85). 

 

Far-field sub-wavelength probes 

Another way of bypassing the diffraction limit is to use methods of RESOLFT 

(Reversible Saturable Optical Fluorescence Transitions) or STED (Stimulated Emission 

Depletion). STED uses an intense, ring shaped laser beam to deplete the excited state via 

stimulated emission (see Figure 18). Recent nanoscopy measurements using STED on bulk 

diamond have achieved a spatial resolution below 6 nm (86). In principle, s short (< 10 ns) 

green laser pulse (typically 532 nm) is used to excite NV centres, followed by second pulse of 

laser light, called STED beam, tuned within the phonon sideband (around 700 nm). STED beam 
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is shaped by a helical phase plate into a doughnut shape with dark region in the centre and 

depletes the NV- centres back to the ground state by stimulated emission. This leaves only a 

fraction of the NV- centres in the very center of the STED beam in the 3E excited fluorescent 

state. The dark region of STED is significantly smaller than the wavelength of the light, thus 

bringing spatial resolution below diffraction limit. STED laser needs to be of higher intensities. 

For NVs this value could be of 100 MW/cm2, which is still well below the diamond damage 

threshold (86), and giving fundamental limit of lateral resolution of about 5 nm. However, for 

some biological application, use of such intensities is not possible due to the sample damaging. 

Lower intensities can be employed when transferring the NV- centres into the metastable state 

instead of ground state (87). For instance, spatial resolution of 38 nm has been already 

demonstrated with technique called “spin-RESOLFT” using microsecond pulses of light with 

intensity of 3 MW/cm2 (88). Another way is to drive NV- centres into a different trapped state 

using red excitation. This method is still under investigation, but already a 12 nm spatial 

resolution has been achieved using laser intensity of 12 MW/cm2. It is believed that trapping of 

NV- centres switches them into NV0 (89). 

 

 

Figure 18: STED principle. (a) Level diagram and optical transitions for the STED scheme. (b) Timing diagram 

for STED pulse sequence. (c) Spatial diagram of STED doughnut shape (pink) and fraction of NVs remained in 

excited state (green). Taken from (35). 

 

Wide-field array detectors 

So far we have considered only single NV- centre for magnetic detection, which gives 

the best spatial resolution. Still, ensembles of NV- centres can be used to image much wider 

fields of view together with even greater sensitivity. Wide-field fluorescence microscopy uses 

a thin layer of NV- centres to acquire magnetic image. The thickness of the layer usually 

matches the desired resolution, which is typically between few hundred nanometers and a 

micrometer. Same objective is used for both excitation of NV- centres and fluorescence 

collection. Signal is then spectrally filtered and directed to a charge-coupled device (CCD) 
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camera (see Figure 19). This principle was recently demonstrated in (90) with field of view of 

~ 60 µm and spatial resolution of ~ 500 µm. 

 

 

Figure 19: Principle of wide-field fluorescence microscopy used for magnetic imaging, where the sample of the 

study is placed in close contact with the thin layer of NV- rich diamond. Taken from (55). 

 

Bulk micro-scale sensors 

The primary sensitivity limitation for fluorescence-based magnetometers is 

fluorescence collection efficiency and limited signal contrast. This problem can be 

circumvented by using infrared transmission detection. As explained before, NV- can undergo 

intersystem crossing via alternative non-radiative decay path through metastable singlet state 

with 1042 nm transition. Under continuous optical pumping, the population of NV- in the 

metastable singlet state can also be detected by monitoring the transmission of the 1042 nm 

laser probe (see Figure 20).  When microwaves with resonant frequency are present, the 

population of NV- is transferred to the ms = ±1 state resulting in greater population in metastable 

state and therefore lower 1042 nm probe transmission. Additional readout of the spin 

polarization of NV- ensemble and enhancing sensitivity is then enabled. Using this technique, 

it was already possible to project photon shot-noise limited sensitivity of 5 pT in one second of 

acquisition with bandwidth from DC to few MHz (91). 
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Figure 20: Bulk NV based micro-magnetometry. (a) Level structure of NV- centre with allowed optical 

transitions. (b) Schematics of infrared absorption magnetometer. Taken from (91). 

 

3.4.5. NMR and nano-MRI 

The fact that the NV spin quantum states can be influenced even by ultra-weak external 

electric or magnetic fields can be used to probe external spins by the means of NMR or nano-

MRI. The NV sensitivity is approaching the sensitivity of SQUIDs and cold atom ensembles (~ 

fT√Hz), but using a single NV centre qubit spatial resolution of single molecule can be reached 

and moreover, NV operates at room temperature. Some first works have demonstrated single 

NV qubit sensor as quantum spin-probe for detection of external single electron spin (92), 

nuclear spins (75), or even 3D nano-MRI (8). By using the NMR-based protocols, the resulting 

information can be worked out either classically or by using quantum tomography techniques, 

approaching super-resolution (8). The main principle of such methods is detection of weak 

magnetic fields originating from the targeted spins by appropriate manipulation of the spins, to 

affect the precession phase accumulation of the highly coherent NV electronic spin. For 

instance, electron spin external to diamond can be detected using double electron–electron 

resonance (DEER), where spin echo MW sequence (π/2, π, π/2) is applied to NV centre and a 

RF pulse tuned to NV π-pulse is scanned to flip the probed spin, therefore the spins dipolar 

magnetic field is reversed and the equivalence of the NV spin precession is disturbed. Using 

similar scheme, a single proton NMR (both time-domain and spectroscopic) can be detected 

sensing nanotesla field fluctuations at room temperature (75). Current quantum methods using 

optical readout of single NV lead to voxel volume of approximately 5 nm3 (93). This is a 

significant application of the NV sensor, since the conventional coil-based induction NMR 

method is insensitive to samples at nanometer scale. 
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3.4.6. Summary 

The negatively charged NV centre in diamond is widely studied due its unique optical 

and spin properties. It has a paramagnetic ground state with long coherence times (> 2 ms (30)), 

and spin levels that can be initialized and detected by optical excitation in a broad range of 

wavelengths (94) and manipulated on sub-nanosecond timescales (95) by microwave 

excitation. Together with excellent thermal, electrical, and mechanical properties of diamond, 

NV- centre is a promising candidate for ultra-sensitive metrology (55) (65). Recently, many 

techniques for measuring magnetic fields at the micro- and nanometer scale have emerged 

based on NV- electron spin resonances (96). These magnetometers offer an exceptional 

combination of sensitivity and spatial resolution rivaling those of superconducting quantum 

interference devices (SQUIDs) (97) and on top of that, they can operate in a wide temperature 

range (from 0 K to above room temperature). The NV magnetic sensors could be applied to 

study biomagnetic systems (e.g., neurons, cardiac cells, nano-scale biological imaging) (98), 

geomagnetism, microelectronic circuits, novel materials (e.g, graphene), and nuclear magnetic 

resonance spectroscopy and imaging from organic material at the diamond surface (75). 

Overall, NV based probes are good alternative to common high-sensitivity sensors that usually 

require low temperature or extreme vacuum to operate, or have long data acquisition. 
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4. RESULTS 
 

Results described in following chapters deal with the fabrication, application and 

detection methods of NV -based sensors for molecular diagnostic developing further the current 

state of art described in the introduction. Two main diamond systems were studied for this 

purpose; luminescent nanodiamond particles and NV containing single crystal diamonds. 

 

Chapter 4.1: Here, the system used for the specific NV detection is described. The 

optical confocal setup was built for this purpose (at FBME) during the first year of my study. 

It enables luminescence imaging (with 300 nm resolution) and spectral acquisition with 

optimization for optical detection of NV centres. Two additional single-photon-counting 

detectors provide time-correlated single-photon-counting (TCSPC) measurements such as 

photon antibunching. Setup is already prepared to be enhanced by the methods of ODMR for 

magnetic sensing and readout of the NV relaxation times. This has been realized during my last 

year on similar setup (Hasselt University) where such enhancement enabled pulsed detection 

of magnetic resonances (see chapter 4.8). 

 

Chapters: 4.2, 4.3, 4.4, 4.5: Following results study the ND particles with aim to 

facilitate the use of nanodiamonds as a novel sensitive nanoscale probe that can be used for 

quantum measurements and for diagnostics in medicine. To obtain even better properties of 

fluorescent NDs, the NV luminesce was studied for different fabrication methods. New scheme 

based on direct irradiation of nanodiamonds in aqueous colloidal suspension by high-energy 

protons has been established, leading to a larger fraction of fluorescent particles, more 

homogenous distribution of nitrogen-vacancy centres per particle and lower lattice damages 

compared to dry powder irradiation (see chapter 4.2). To further boost the NV- luminescence, 

we have developed a new mild and easy fluorination method that is non-destructive and 

provides high yield production of NDs. We demonstrate increase of NV-/NV0 luminescence 

ratio with comparison to oxidized NDs together with stabilization of small particles that 

contains exactly one NV centre (see chapter 4.3). Afterwards, we studied internalization 

processes of NDs in various cell lines and examined the possible detection methods of NDs in 

cell environment. We have developed a novel method of imaging NV luminescence by Raman 

confocal microscopy. This enabled us to distinguish between NDs in and out of the cell and to 

visualize the cell nucleus of living cells clearly without using any additional dye (see chapter 

4.4). To investigate the uptake rate of NDs by individual cell in time, we employ the atomic 
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force microscopy (AFM) in imaging and force spectroscopy mode. By measuring a time-

consequent force maps and thus obtaining change of the cell membrane Young’s modulus, we 

were able to characterize the internalization process as we observe cell membrane stiffening 

upon ND uptake (see chapter 4.5). 

 

Chapters: 4.6, 4.7, 4.8: The last part of the results deals with enhancement of NV 

sensors based on single crystal diamond with aim to provide higher detection rates for NV 

spin readout. Conventional readout techniques of such sensors are based on optical detection of 

magnetic resonance and are thus limited by the efficiency of photon collection. We 

demonstrated a novel method of spin read out by means of photoelectrical detection denoted 

“Photocurrent Detection of Magnetic Resonance” (PDMR). It avoids the complexity of 

confocal imaging and would allow for example the detection of NV- spin resonance in light-

scattering media, which would be an advantage for various sensing applications and may lead 

to a construction of novel sensitive quantum sensors (see chapter 4.6). In following work we 

have studied detection capabilities of the PDMR. We demonstrated higher contrast for dual 

beam PDMR where two lasers (green and blue) are used for the NV ionization. The 

improvement is relevant mainly for sample with high nitrogen defects concentration (see 

chapter 4.7). Finally, we have developed a pulsed protocol that enables low-noise coherent 

spin manipulation a detection of only few NV centres in focus. We demonstrate this on Rabi 

and Ramsey spin measurements with high S/N ratio. Predictions for single NV PDMR detection 

are calculated from the contrast measured on small NV ensembles (down to 5 NVs in focus). 

See chapter 4.8. 

 

All of these results have been either published or presented at international scientific 

conferences and follow accordingly as described above. My contribution for the particular 

results is specified in the beginning of each chapter.  
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4.1. Home-built setup for detection of NV related signals 

The optical confocal setup specially designed to readout NV centres was developed and 

enhanced during the whole duration of my doctoral study. This chapter serves as a short 

demonstration of its imaging and spectroscopic capabilities. Later, the setup will be enhanced 

by detection of NV related magnetic resonances and improved to enable coherent spin 

manipulation and detection. The first results of this work were presented at the 18th 

International Microscopy Congress (IMC), 2014 in form of a poster. As a main author, I was 

in charge of construction of the optical setup. Co-authors of the work are: J. Hrubý, V. 

Petráková, Z. Remeš and M. Nesládek. J. Hrubý wrote LabView software for automatization 

of the measurements and helped with the testing of program functioning. V. Petráková, Z. 

Remeš and M. Nesládek helped with the designing of the setup and provided useful advices and 

suggestions. The photograph at Figure 21 shows the constructed setup.  

 

 

Figure 21: Photo of home-built optical confocal setup. Laser – 532 nm, tunable power <500 mW (Nd:YAG), 

nanometric XY scanning piezo-stage  (P-545.R7 PInano®), Monochromator - Omni-λ 150, grating 1200 l/mm 

with blaze 500nm, detectors - silicone avalanche photodiode (SPCM-AQRH-14). 
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The green laser 532 nm is used to excite the NV centres and the luminescent signal is 

detected by the single-photon avalanche photo-diodes (APDs). The schematic interpretation of 

the setup with all the components is depicted in Figure 22.  

 

 

Figure 22: Schematics of the setup; f – lense, PH1 – 150 μm pinhole, FW – filter wheel, F – filter, HWP – Half-

wave plate, P-BS – polarizing beamsplitter cube, M – mirror, BSa – beam sampler, BT – beam trap, PH2 – 25 

μm pinhole, RM – removable mirror, BS – beamsplitter cube, APD – avalanche photodiode. 

 

The obtained lateral resolution of the setup reaches ~ 300 nm for the luminescence 

imaging with possibility of subscans (see Figure 23). The single-photon confocal scanning 

microscope enables measuring the particle fluorescence with a high resolution allowing to 

detect single nanocrystals and to measure their spectra. Spectral scans from both NV centres 

and quantum dots have been obtained with high sensitivity (see Figure 23c). The correlation 

spectroscopy measurement (anti-bunching) in biological samples allows distinguishing the 

particle with single NV centres and their specific interaction with the biological environment. 
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Figure 23: (a) Resolution was measured using quantum dots (QD) of 6 nm in size. On the picure is single QD 

imaged, determining the setup resolution to be of ~ 300 nm. (b) Demonstration of the possibility of the follow-up 

subscans (enlarging from right to left). (c) Luminescence spectrum from ND particles deposited on glass 

substrate. Image shows raw data of single scan. 
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4.2. Production of fluorescent nanodiamonds with a narrower emission intensity 

distribution 

This work has been published in Carbon journal (IF = 6.198) and parts of the article 

are reprinted here with changes. Authors of the work are: J. Stursa, J. Havlik, V. Petrakova, M. 

Gulka, J. Ralis, V. Zach, Z. Pulec, S. A. Zargaleh, M. Ledvina, M. Nesladek, F. Treussart and 

P. Cigler.  The aim of this work is to develop novel irradiation method used to create vacancies 

in Ib nanodiamonds (after subsequent annealing, these vacancies migrate and form NV center 

with nitrogen defects). Current methods employ pellet target that creates only a fraction of 

luminescence particles. Here, by using a liquid target irradiation, particles are continuously 

agitated due to the thermal convection and thus the irradiation is more homogeneous. My share 

of work involves optical characterization of the nanodiamonds created by both pellet and liquid 

target irradiation. Using Raman spectroscopy, I was determining sp2/sp3 ratio change to 

determine which method causes less lattice damage (characterized by the graphitization of the 

sp3 diamond). It has been shown that liquid target NDs are better protected from graphitization 

than pellet target NDs. This can be explained by the fact, that in pellet irradiation, diamond 

lattice damage is caused by local sample overheating, whereas in aqueous irradiation, this effect 

is decreased due to the water solution and particle agitation. Further, I was evaluating the 

spectral and intensity change of NV-related photoluminescence. I have demonstrated that liquid 

and pellet target irradiations yield identical ensemble photoluminescence spectra with the same 

ratio of the negatively charged NV- over the neutral form NV0 as identified from their zero-

phonon lines. All other work was done by remaining authors of the paper. ND irradiation was 

executed at Nuclear Physics Institute AS CR, v.v.i., Rez near Prague and chemical modification 

of ND was carried out at Institute of Organic Chemistry and Biochemistry AS CR, v.v.i., Prague 

without my contribution. 

 

4.2.1. Abstract 

Fluorescent diamond nanocrystals attract a growing interest for a broad range of 

applications, from biolabeling and single particle tracking, to nanoscale magnetic field sensing. 

Their fluorescence origins from nitrogen-vacancy (NV) color centres created within synthetic 

diamond nanoparticles by the association of pre-existing nitrogen impurities and vacancies 

through high-temperature annealing. Vacancies are generated by high-energy particle (electron, 

proton, or helium ion) beam irradiation. Up to now, diamond nanocrystals were irradiated as 

dry powder in a container or deposited as a thin layer on a flat substrate depending on the type 
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of irradiating particles and their energy. However, these techniques suffer from intrinsic 

inhomogeneities: the fluence may vary over the whole sample area, as well as the thickness and 

density of the nanodiamond layer. Here a novel approach based on direct irradiation of 

nanodiamonds in aqueous colloidal suspension by high-energy protons is presented. This 

approach results in a larger fraction of fluorescent particles, with a more homogenous 

distribution of nitrogen-vacancy centres per particle and lower lattice damages compared to dry 

powder irradiation. 

 

4.2.2. Introduction 

Nanodiamond (ND) is a cellpatible carbon nanomaterial recently introduced as very 

useful platform for construction of various types of nanoprobes and quantum nanosensors for 

optical (99) and biomedical (14) applications.  ND can accommodate lattice point defects, the 

negative nitrogen-vacancy (NV–) centres having an electronic spin resonance between the 

triplet ground state sublevels that can be detected optically (100). The energies of these 

sublevels being sensitive to external magnetic fields, the NV centres in ND has prospects as a 

nanoscale magnetic field sensor (96). These remarkable properties, together with the perfect 

photostability of NV centres fluorescence, its absence of photoblinking for nanocrystals with 

diameters bigger than 5 nm (101) and emission wavelength in near-infrared region (low 

background in biological environment) (102) enabled high impact applications in particular in 

biomedical domain (3). Fluorescent ND have been proposed for real-time sensing of voltage-

gated ion channels (103) and as chemo-bio sensors in cells (4). They have been also already 

used as detectors of very low concentrations of paramagnetic ions (104), for drug delivery 

systems (105) and cell targeting (106). 

 

NV centres are found as rare defects in synthetic diamond owing to the presence of 

nitrogen impurities at concentration of 100-200 ppm, and of rare vacancies. However, as one 

goes to nanometer sizes (<20 nm) the fraction of ND naturally containing at least one NV centre 

becomes smaller than 1% (107). To increase this fraction and/or the concentration of NV 

centres into them, one needs to generate more vacancies, which is done by irradiation of the 

diamond with high-energy particles (i.e. alpha particles, protons and electrons). After 

irradiation, the ND is annealed in inert atmosphere or in vacuum (47). In this process, crystal 

lattice vacancies created by irradiation thermally recombine with naturally occurring nitrogen 

impurities (7). Despite the fact that demand for fluorescent NDs is rapidly growing, the 

available procedures for creating NV centres in materials are limited to solid state techniques, 
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which produce characteristic non-homogeneous distribution of fluorescence centres among 

individual ND particles (108). Here a novel approach based on direct irradiation of NDs in 

aqueous colloidal solution by high-energy protons is presented. It is shown that fluorescent NDs 

prepared this way contain a larger fraction of fluorescent particles, with a more homogenous 

distribution of NV centres per particle and lower lattice damages compared to NDs irradiated 

in the ND pellet state. 

 

High-energy particles interact with the solid matter in two main ways: they knock atoms 

off their lattice positions, and if they are charged, they also ionize the material by scattering the 

electrons. Displaced atoms with sufficient energy may also collide with surrounding atoms 

causing a cascade of damages of the lattice. At higher, relativistic, energies the accelerated 

particles may exceed Coulombic barrier of the nucleus and interact in a non-elastic ways (109). 

Particles with larger mass, such as protons or alpha-particles, are scattered by the nuclei 

transferring enough energy to cause a cascade of collision events which result in creation of 

lattice vacancies (110). The number of vacancies created in the diamond increases as the hadron 

particles slow down. Most of the damage is therefore caused at the end of the particle path. The 

particle range in the material is determined by their energy, mass and charge, and by the 

composition of the material and its density. The number of vacancies modeled for irradiation 

of NDs in a compressed ND pellet are depicted in Figure 24. 

 

 

Figure 24: Number of lattice vacancies produced by H+ and alpha particles of various energies in the 

compressed ND pellet with the density 2.00 g/cm3. The simulation was performed using SRIM (Stopping and 

Range of Ions in Matter) software. 
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The defect production rate for irradiation of diamond depends on the type of particles, 

their energy and irradiation temperature. Experimental defect production rate for electron 

irradiation of 1 MeV energy is 0,1-0,25 vacancies cm-1 per particle at room temperature (111). 

Calculated defect production rates for heavier particles are generally higher (1,1 ± 0,5 vacancies 

cm-1 for proton of 1 MeV energy and 9 ± 4 vacancies cm-1 for α-particle) (112). On the other 

hand, the lattice damage production efficiency of gamma irradiation is 100 times lower 

compared to electron irradiation (113). The amount of produced vacancies also strongly 

depends on particles energy. The number of produced vacancies by energy = 10 MeV electrons 

is about 20 times higher compared to energy = 1 MeV electrons (110). 

 

4.2.3. Methods and materials 

Commercially available synthetic NDs produced by high pressure high temperature 

method with size <50 nm (MSY 0e0.05, Microdiamant, Switzerland) were used. The particles 

were oxidized in air at 510 °C for 5 hours in a tube furnace (Thermolyne 21100). The NDs were 

subsequently treated with a mixture of HNO3 and H2SO4 (85 °C, 3 days).  

 

ND pellet target was prepared by pressing NDs powder into the target backplate using 

purpose-made press. The backplate is a duralumin disc with a hollow part in the middle, into 

which the ND powder is molded at the pressure of 5.88 MPa. The NDs layer thickness is chosen 

to optimally stop accelerated particles in the material. The average density of the material after 

molding is 2.0 g/cm3. Targets were molded with a 150 mg portion for proton irradiation. 

Samples were irradiated with a 14.9 MeV proton beam extracted from the isochronous 

cyclotron U-120M for 125 min (fluence 5.0·1016 H+/cm2). The overall dose of protons for the 

pellet target was 2.52·1016. 

 

For liquid ND irradiation, the chamber was filled with 2.4 ml of 5% weight ND aqueous 

colloidal solution. Filling and processing of the irradiated solution was remote-controlled. The 

sample was irradiated with a 16.0 MeV proton beam extracted from the isochronous cyclotron 

U-120M for 270 min (fluence 6.6·1017 H+/ml). The overall dose of protons recalculated for 5% 

of ND particles present in liquid target was 7.93·1016. During irradiation, there was a pressure 

increase in the chamber. To avoid exceeding the maximal system operating pressure during 

lengthy irradiation with high currents, the solution was degassed before irradiation and the 

system was filled with helium gas. After irradiation, the ND solution was pushed out of the 

chamber with helium gas. 
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All samples (pellet and liquid target ones) were annealed at 900 °C for 1 hour in argon 

atmosphere followed by air oxidation at 510 °C for 4 hours at atmospheric pressure in a furnace 

tube (Thermolyne 21100) calibrated with an external thermocouple (Testo AG 1009). 

 

Before Raman and photoluminescence measurements, all samples were lyophilized 

from water and diluted in deionized water to a concentration of 10 mg/ml with a high-power 

ultrasonic horn (Hielscher UP400S, Sonotrode H3) using 400 W at a 1:1 (on/off) cycle for 30 

min under liquid cooling. The samples were prepared by drop-casting of the aqueous dispersion 

of NDs on the polished silicon wafer. Raman and luminescence spectra were measured using a 

Renishaw InVia Raman Microscope; the excitation wavelength was 514 nm (luminescence 

measurements) and 325 nm (Raman measurements) with 15 mW laser power, x20 objective. 

The exposure time was 6 s, 10 accumulations. Twenty measurements were taken for each 

sample. The Raman and luminescence spectra were taken at room temperature. 

 

The sizes of the spincoated NDs were estimated with an atomic force microscope (MFP 

e 3D-BIO, Asylum Research, USA) placed on top of a homemade fluorescence confocal 

microscope used to locate fNDs (more details in Ref. [58]). The AFM enabled us to measure 

the height (i.e., the vertical dimension) of the ND with a resolution of approximately 1 nm, but 

the lateral resolution was practically limited to about 80 nm due to the finite radius of the 

curvature of the AFM tip. The confocal inverted fluorescence microscope has a single NV color 

center sensitivity, and therefore provides a means to determine whether each ND observed by 

AFM contains at least one NV center. 

 

4.2.4. Results and discussions 

The irradiation of a ND pellet target introduces serious technological challenges related 

to target surface irradiation homogeneity and the particle range uncertainty. Problems with 

inhomogeneous surface irradiation dose are caused mainly by the shape of the radiation beam. 

After acceleration and extraction from the cyclotron the ions are directed on the target by ion-

optical elements. In order to scale up the mass of irradiated NDs, uniform irradiation of ND 

pellet with a diameter of 8 - 10 mm is needed. For that reason the particle beam is defocused 

and consequently collimated just before hitting the target. Despite this beam adjustment the 

particle density on the target surface may vary in the range of 20% due to beam distribution of 

particle density in the beam cross-section.  
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The uncertainty in the range of particles is mainly caused by inhomogeneous material 

density and by particle energy spread. The ND pellet is prepared by mechanical pressing the 

ND powder, which cannot secure the strictly homogeneous density of the layer. Moreover, the 

cyclotron beam is not monoenergetic. The energy spread of the H+ beam with mean energy 15 

MeV is approximately ± 0,25 MeV, which corresponds to difference in particle ranges from 

1,37 mm to 1,45 mm. Due to these uncertainties the accelerated particles are not stopped at the 

same depth during penetration of the ND layer and some of them can leave the ND layer. These 

problems have been identified from radiograms recorded after ND pellet irradiation. Indeed the 

inhomogeneities result in a complex spatial distribution of stopping powers and subsequently 

of the amount of the created vacancies. Although it is possible to repeat irradiation procedures 

several times with homogenization and re-deposition steps on the target between every 

irradiation (3), this approach lengthens the whole preparation. 

 

 

Figure 25: Schematics of ND pellet target (A) and liquid target (B). 

 

In order to limit the influence of inhomogeneous irradiation and sample preparations, a 

target enabling direct irradiation of ND aqueous colloidal solution was constructed. The main 

part of target assembly is a water-cooled niobium chamber with niobium entrance foil cooled 

with helium and an integrated collimator at the beam entrance (Figure 25). The target is 

separated from the ion-beam line by a thin Havar foil. Unlike in the ND-pellet target case, the 

inherent thermal convection contributes here to continuous agitation of the particles during the 

irradiation which is reflected in better irradiation homogeneity. Moreover, the irradiated 
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material is diluted in water which reduces the local heat accumulation. It is expected that both 

these factors will contribute to decrease of the diamond lattice damage caused by local sample 

overheating followed typically by strong surface graphitization.  

 

I have focused on revealing the different irradiation damages of the diamond lattice for 

both types of targets. From the lower G band intensity of Raman spectra (Figure 26) I infer that 

liquid target NDs are more protected from graphitization than pellet target ones. After high 

temperature annealing which naturally causes a strong graphitization of NDs, the content of sp2 

carbon in both samples is almost the same. However, after air oxidation at 510 °C the sample 

from liquid target has finally a slightly better sp3 purity. 

 

 

Figure 26: Raman spectra of NDs from pellet target (black) and liquid target (red). Spectra were measured after 

irradiation (A), after annealing (B) and after oxidation (C). The intensity of spectra is normalized to the diamond 

Raman band (1332 cm–1). The G-band (1583 cm–1) origins from graphite-like inclusions consisting of sp2-

hybridized carbon atoms and shows the presence of defective graphite structures (114). 

 

The average fluorescence intensity of produced NDs depends on several factors: the 

fraction of fluorescence nanodiamonds (FND), the number of NV centres created in 



48 

 

nanodiamonds, and the purity of the ND surface considering the fact that surface graphitic shell 

reduces luminescence intensity (47). Fluorescence spectra shown in Figure 27 represent the 

normalized average fluorescence intensity of the of FND solution (not individual particles) as 

measured with a Raman microscope. The intensity was normalized to the diamond Raman peak. 

Both samples, NDs from pellet target and from liquid target, show NV– (ZPL at 638 nm) and 

NV0 (ZPL at 575 nm) luminescence followed by typical phonon side bands structures. The 

average intensity is comparable in both samples. As both sets of samples were treated with 

exactly the same post-annealing oxidative procedure, I can neglect the effect of surface purity 

to the overall luminescence intensity. 

 

 

Figure 27: Luminescence spectra of FNDs normalized to diamond Raman peak for pellet (red) and liquid target 

(black). 

 

In order to determine the fraction of fluorescent particles in the two types of irradiated 

samples, measurements at the single particle level of both the size and fluorescence intensity of 

each ND were performed. For that ND suspensions were first spin-coated on a quartz coverslips 

after appropriate dilution to achieve a surface density of about one ND per micrometer square. 

The samples were then raster scanned and the NDs heights was measured with an atomic force 

microscope (AFM) installed on a homemade confocal microscopy allowing to simultaneously 

record the fluorescence intensity of each ND. From these data, a fraction of 77% (135 FNDs 

among a total of 175 NDs detected by AFM) of fluorescent NDs in the liquid target sample, 
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and only 24% (225 FNDs among a total of 950 NDs detected by AFM) fluorescent particles in 

the solid-state target was determined (Table 1). 

 

Table 1: Single particle analysis of the fluorescence intensity for pellet and liquid target sample. 

 Pellet target Liquid target 

Fraction of FND (%) 24 77 

Mean fluorescence intensity (kcounts/s) 122 ± 8 66 ± 7 

Median intensity (kcounts/s) 75 38 

Standard deviation (kcounts/s) 123 80 

 

The fluorescence intensity distributions of individual fluorescent NDs in both samples 

is shown in Figure 28. The solid target has higher mean brightness compared to the liquid target 

and a larger standard deviation too. This can be explained by the fact that some stationary 

particles of the pellet target experience a larger radiation dose compared to non-stationary 

particle in solution, leading to the creation of a larger concentration of vacancies for some NDs. 

On the contrary, in the liquid target the effective dose per particle for the same irradiation 

conditions is smaller but also more homogeneous, owing to random thermal motion of particles 

in the solution, leading to a smaller mean fluorescence intensity value together with a narrower 

distribution (see standard deviations in Table 1). 

 

 

Figure 28: Normalized distribution of single FND fluorescence intensity as measured by confocal fluorescence 

microscopy for solid-state target (red) and liquid target (blue plain bars). Excitation laser wavelength: 532 nm, 

laser power: 200 µW. 
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To confirm that the single particle fluorescence intensity distribution do correspond to 

different fluorescent nanodiamond populations, a two samples Wilcoxon-Mann-Whitney rank 

test was performed, which tests the null hypothesis that two sets of data are from the same 

population against an alternative hypothesis. Such a test is well adapted to compare non normal 

distributions. The test yielded a very low two-tail probability of P = 1.8 x 10-15 (two sets of data 

are usually considered with a very high confidence from different population when P < 0,001). 

Therefore, the hypothesis that the two sets of fluorescence intensity data are from the same 

FND population is rejected. 

 

4.2.5. Conclusion 

It has been shown that irradiation of diamond nanocrystals in aqueous suspension yields 

a more homogeneous distribution of NV color centre per particles than solid phase pellet 

irradiation with a three-fold larger fraction of fluorescent ND, which is important for most 

applications, e.g. bioimaging. Moreover, it is foreseen that lower fluence irradiation in a liquid 

target followed by high temperature annealing and air oxidation can also be used to produce 

fluorescent nanodiamonds containing exactly one NV centre with a high yield, improving 

recently reported approach based solely on annealing and air oxidation (115). Such particles 

are essential for magnetic field sensing relying on the optical detection of electron spin 

resonance of NV– color centre. 
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4.3. Benchtop Fluorination of Fluorescent Nanodiamonds on a Preparative Scale: 

Toward Unusually Hydrophilic Bright Particles 

This work has been published in Advanced Functional Materials journal (IF = 11.38) 

and is reprinted here with changes. Authors of the work are: J. Havlik, H. Raabova, M. Gulka, 

V. Petrakova, M. Krecmarova, V. Masek, P. Lousa, J. Stursa, H.-G. Boyen, M. Nesladek, and 

P. Cigler. The goal of this work is a creation of fluorescent NDs with fluorinated surface. It has 

been shown that fluorination stabilizes the NV luminescence by shifting the relative Fermi level 

for the near-surface NVs. However recent approaches are harsh and complex and yield 

hydrophobic interfaces with difficult dispersibility in aqueous environments. Here, mild 

fluorination method is presented, which produces a highly hydrophilic NDs. I have contributed 

to this work by optical characterization of the nanodiamonds, determining sp2/sp3 ratio change 

and evaluation of the spectral properties and intensity change of NV-related 

photoluminescence. In the process of development of the fluorination method, this was an 

important step as I was able to demonstrate, whether the proposed fluorination procedures 

damaged the ND lattice and whether the surface coverage with Fluor was sufficient to boost the 

NV related photoluminescence. I have shown that the fluorination method presented here is 

non-destructive and yields fluorinated NDs with increase in fluorescent emission intensity of 

the NV- state. All other work was done by remaining authors of the paper. ND irradiation was 

executed at the CANAM infrastructure of Nuclear Physics Institute AS CR, v.v.i., Rez near 

Prague and chemical modification of ND was carried out at Institute of Organic Chemistry and 

Biochemistry AS CR, v.v.i., Prague without my contribution. 

 

4.3.1. Abstract 

A Fluorination of diamonds modulates their optical and electromagnetic properties and 

creates surfaces with increased hydrophobicity. In addition, fluorination of diamonds and 

nanodiamonds has been recently shown to stabilize fluorescent nitrogen-vacancy centres, which 

can serve as extremely sensitive single atomic defects in a vast range of sensing applications 

from quantum physics to high-resolution biological imaging. Traditionally, fluorination of 

carbon nanomaterials has been achieved using harsh and complex experimental conditions, 

creating hydrophobic interfaces with difficult dispersibility in aqueous environments. Here, a 

mild benchtop approach to nanodiamond fluorination is described using selective 

Ag+-catalyzed radical substitution of surface carboxyls for fluorine. In contrast to other 

approaches, this high-yielding procedure does not etch diamond carbons and produces a highly 
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hydrophilic interface with mixed C−F and C−OH termination. This dual functionalization of 

nanodiamonds suppresses detrimental hydrophobic interactions that would lead to colloidal 

destabilization of nanodiamonds. It is also demonstrated that even a relatively low surface 

density of fluorine contributes to stabilization of negatively charged nitrogen-vacancy centres 

and boosts their fluorescence. The simultaneous control of the surface hydrophilicity and the 

fluorescence of nitrogen-vacancy centres is an important issue enabling direct application of 

fluorescent nanodiamonds as nanosensors for quantum optical and magnetometry 

measurements operated in biological environment. 

 

4.3.2. Introduction 

In the past two decades, fluorinated carbon nanomaterials (CNMs) have attracted 

considerable interest because of their potential applications in electronic and optical devices. 

Introduction of a C F bond confers a new quality to CNMs by changing and shifting their 

optical, electromagnetic, and mechanical properties (116), specifically by opening of a bandgap 

(117). Moreover, a fluorine-terminated surface can serve as an intermediate for subsequent 

modification by other reagents (118) and for structural control during synthesis, such as cutting 

of nanotubes (119). Fluorination of graphene (118), carbon nanotubes (120), and nano-onions 

(121) has been achieved using elemental fluorine. Alternative techniques, such as CF4 plasma 

treatment and reaction with XeF2, have been used to fluorinate carbon nanotubes (122) and 

graphene, (116) respectively. However, fluorination of nanodiamonds (NDs) is a special 

chemical challenge because of the fundamentally different chemical nature of NDs and the low 

reactivity of the sp3-diamond surface compared to sp2-based CNM relatives.  

 

Here, a preparative and high-yielding method for one-step fluorination of NDs is 

described that can be performed on a benchtop using modest synthetic equipment. Our interest 

in fluorination of NDs arose from recent studies (123; 124) showing that fluorination of the 

diamond surface can be used to stabilize negatively charged nitrogen-vacancy (NV−) centres 

located close to the surface. These atomic defects in the diamond lattice have been thoroughly 

studied in the past two decades due to their unique applications as single photon emitters (125), 

ultrasensitive magnetic, (65) and electric (80) field sensors, chemical probes (5), and qubits 

(126). NV centre fluorescence depends on the electron spin state, which enables coherent 

manipulation of single NVs (55) and measurement of optically (127) or photoelectrically (128) 

detected magnetic resonance of single spins. The NV− state is the actual “sensing species” and 

stabilization and boosting of its photoemission thus represent a critical milestone in all the 
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above-mentioned applications. Covalent attachment of highly electronegative fluorine can 

serve as a pathway to bend the conduction and valence bands in the diamond downward, 

changing the position of the ground state of NV centres relative to the Fermi level. This leads 

to stabilization of the NV− charge state and in turn boosts the brightness of diamond 

nanoparticles. Highly bright and stable NDs are indeed essential for high-resolution biomedical 

imaging applications. 

 

The current fluorination approaches for sp3-diamond surfaces typically involve handling 

of highly corrosive gases (atomic or molecular fluorine, HF, ClF3) under harsh treatment 

conditions (129) and utilize technically demanding and potentially hazardous setups, such as a 

fluorine line (129), fluorine containing plasmas (e.g., CF4, SF6) (130), ultrahigh-vacuum 

fluorine atomic beams (131), and X-ray irradiation (132). In addition to the sp3-diamond-

directed procedures, the sp2-structures on so-called detonation NDs have been fluorinated 

similarly - using molecular (133) or plasma-generated fluorine (134). Our approach is based on 

a mild fluorination procedure that can be performed on a multigram scale at a benchtop without 

special equipment and safety requirements. The procedure involves Ag+-catalyzed selective 

substitution of diamond carboxyls for fluorine using Selectfluor reagent (135). Here, 

fluorination of oxidized carboxylated fluorescent NDs (FNDs) is described and a detailed 

characterization of the fluorinated FNDs is presented. Moreover, I demonstrate that this type of 

fluorinated ND surface manipulates the electronic structure of the surface of diamond 

nanocrystals, which results in changes to the fluorescence of nitrogen-vacancy centres present 

in NDs. 

 

4.3.3. Methods and materials 

NDs containing ≈100–200 ppm of natural nitrogen impurities were supplied by 

Microdiamant Switzerland (MSY 0-0.05). NDs were oxidized by air in a Thermolyne 21100 

tube furnace at 510 °C for 5 h and subsequently treated with a mixture of HNO3 and H2SO4 (90 

°C, 3 d), 1 M NaOH (80 °C, 1 h), and 1 |M HCl (80 °C, 1 h). Between treatments, NDs were 

separated by centrifugation at 5000 rcf for 20 min. After HCl treatment, diamonds were 

centrifuged four times (5000 rcf, 20 min; 7000 rcf, 30 min; 20 000 rcf, 30 min; 30 000 rcf 30 

min) with deionized water to obtain a stable colloid and freeze-dried. Purified ND powder (160 

mg) was pressed in an aluminum target holder and irradiated with a 14.8 MeV proton beam 

extracted from the isochronous cyclotron U-120M for 125 min (fluence 5.02 × 1016 cm−2), as 

previously described (7). The irradiated material was annealed at 900 °C for 1 h in argon 
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atmosphere and subsequently oxidized in air for 5 h at 510 °C. The NDs were then treated with 

a mixture of HNO3 and HF in a Teflon beaker on a hotplate (160 °C, 2 d), washed with water, 

1 M NaOH, water again, and 1 M HCl. The precipitate was washed five times with water and 

freeze-dried. 

Oxidized FND particles (250 mg) were dissolved in water (250 mL) and sonicated with 

a probe (ColeParmer, 750 W) for 30 min. The colloidal solution was placed in a 500 mL flask 

with a septum. The flask was evacuated and blown through with argon for 30 min. AgNO3 (425 

mg) and Selectfluor (8.85 g) were placed in 500 mL flask with a septum and evacuated and 

refilled with argon three times. A deaerated FND solution (250 mL) was then added under inert 

atmosphere via cannula, and the reaction mixture was stirred in various conditions (see Table 

2) under an argon atmosphere. The resulting mixture was cooled to room temperature and 

separated by centrifugation (4000 g, 20 min) and washed with water. The sediment was 

dispersed in aqueous KCN (1%, 500 mL) slowly stirred overnight. The suspension was 

separated by centrifugation. The KCN-containing supernatant was disposed of by adding it to 

an H2O2 solution (30%, 500 mL). Sedimented FNDs were dispersed in ammonia solution (24%, 

500 mL) and precipitated by addition of brine (25 mL). The precipitate was washed once with 

1 M HCl and five times with water and freeze-dried, providing 216 mg of the fluorinated FND. 

 

Table 2: Reaction conditions, results of elemental analysis of NDs, and calculated reaction conversions of 

fluorination. 

Reaction 

temperature 

(°C) 

Fluorine content  

(wt. %) 

Reaction conversion  

(%) 

1 day 2 days 1 day 2 days 

55 0.09 0.11 65 80 

95 0.11 0.13 80 94 

 

X-Ray Photoelectron Spectroscopy (XPS) was performed by drop-casting aqueous FND 

solutions onto Si wafers and loading them immediately after drying into a commercial electron 

spectrometer (PHI 5600LS). Samples for TEM were prepared similarly as described elsewhere 

(136). TEM Image Analysis: Analysis of particle size distributions was performed with ImageJ 

software using a previously described procedure (136). The content of fluorine was determined 

by ion-exchange chromatography and the data were evaluated with CSW32 (Dataapex) 

chromatography software. DLS and zeta potentials were recorded with a Zetasizer Nano ZS 
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system (Malvern instrument) at room temperature. Sample concentrations were 1 mg mL-1 in 

deionized water. 

The ensemble fluorescence spectra of NDs were measured using Raman iHR320 

imaging spectrometer (HORIBA JOBIN YVON) with 600 gr mm−1 grating and paired with 

liquid nitrogen-cooled 2048 × 512 pixel CCD detector Symphony (HORIBA JOBIN YVON). 

Verdi V5 (Coherent) 532 nm DPSS laser served as the source of excitation radiation. The 

radiant power on the sample was 50 mW. Solutions of NDs diluted in deionized water were 

sonicated using high-power ultrasonic horn (Hielscher UP400S, Sonotrode H3) set to 400 W 

and 1:1 (on/off) cycle for 30 min under liquid cooling. Stable colloidal solutions (1 mg mL−1) 

were sonicated in a bath for 1 min before each measurement. For each spectral window 16 

accumulations with 200 ms integration time were acquired. For each sample three independent 

measurements were done and averaged. 

The photoluminescence maps were measured on luminescencefree quartz cover slips 

cleaned in ethanol before the use. Droplet of colloidal solutions of oxidized and fluorinated 

nanodiamond particles (1 μL, 0.1 mg mL−1) was applied using micropipette to a cover slip and 

dried under infrared lamp. The ND particles were dispersed rather homogenously over the spot 

after drying the microdroplet with accumulation of particles at the edges of the microdroplet 

dried-up spot. Luminescence measurements were performed in the centre of the dried 

microdroplet spot. 20 microdroplets from suspension of each oxidized ND and fluorinated ND 

were produced. To measure photoluminescence (PL), a home-made confocal setup designed 

specifically for studying NV color centres in diamond was made. The PL was excited with 500 

mW Gem laser form Laser Quantum producing 532 nm CW excitation, directed by Gaussian 

beam optics to Olympus 40× UPLSAPO 40×2 air objective with N.A. 0.95 and working 

distance of 180 micrometers. The lateral resolution of the confocal setup was 350 nm. The laser 

power was adjusted to 2.5 mW. The PL counts were detected using Excelitas single photon 

counter. The number of counts corresponding to a single NV centre under laser power saturation 

was determined using single NV centres in quantum grade single crystal diamond (Element 

Six) located 15 micrometer from the surface of diamond and located in the crystal bulk. The 

number of PL counts corresponding to a single NV centre in ND on the quartz surface was 

recalculated using the geometry of the objective and the index of refraction of diamond. The 

maps were recorded by scanning the stage on the area of 10 × 10 μm. From the detected 

intensity, it was established that the PL counts corresponding to ND particles exhibited counts 

corresponding digital multiples of single NV centre count, matching also to the correction factor 

for NV counts in the bulk of single crystal diamond and ND on a surface of quartz. 
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4.3.4. Results and discussions 

Flurination procedure 

Fluorination causes significant changes in solvation of the diamond interface (137). 

Fluorine bound to diamond carbon atoms acts as a poor hydrogen-bond acceptor (in contrast to 

fluoride anions in solution) and weakens the overall hydrogen bonding network formed at the 

solid–liquid interface (138). Hydrophobicity caused by a high level of surface diamond 

coverage with fluorine can be even higher than for hydrogenated surfaces (as quantified by 

contact angle measurements) and typically results in increased solubility of fluorinated NDs in 

organic solvents (137). For biological applications, hydrophobicity and poor solvation in water 

are unwanted; the nanobiointerface should ideally be hydrophilic. For example, cells cannot 

adhere either to hydrogenated or highly fluorinated diamond surfaces, whereas oxidized 

diamond surfaces promote their adhesion (135). To circumvent these drawbacks of fluorine 

chemistry, it was focused on preparing a diamond surface with dual functionality involving 

both fluorine and hydrophilic oxygen-containing groups. Oxidized bulk diamond single crystals 

and NDs prepared by high-pressure high temperature (HPHT) or by the chemical vapor 

deposition approach predominantly bear hydroxy or ether moieties, while carbonyl-containing 

groups (including carboxyls) are much less frequent. In a recent study (139), the range of molar 

fraction of surface carboxyls obtained by air oxidation of these materials was estimated to be ≈ 

2% - 3%. Although treatment with mineral acids can further increase the fraction of carboxyls, 

the highest reported values are 4.7% and 7% (140; 141). 

For partial fluorination of the oxidized diamond surface, advantage of a recently 

described selective substitution of carboxyls for fluorine was used (135). It was expected to 

reach maximally ≈ 7% coverage of surface carbons with fluorine, while the rest of the surface 

would remain predominantly covered with hydroxy or ether moieties. It was hypothesized that 

this controlled amount of introduced fluorine can affect the electronic behavior of the 

nanocrystal and influence the population of NV− centres. The hydroxy groups and unreacted 

carboxyls would keep the fluorinated NDs hydrophilic and colloidally stable in an aqueous 

environment. The silver-catalyzed decarboxylative fluorination procedure uses the electrophilic 

fluorinating reagent 1-chloromethyl-4-fluoro-1,4-diazoniabicyclo[2.2.2]octane 

bis(tetrafluoroborate) (F-TEDA+ BF4
− or Selectfluor). Compared to other 

fluorodecarboxylative approaches, this procedure is unique in its ease, mild reaction conditions, 

chemoselectivity, and extensive substrate scope (including extremely sterically hindered 

structures). According to the recently described reaction mechanism (142), Ag(I) is oxidized to 

Ag(II) by F-TEDA+ to generate TEDA+• radical cation (Figure 29a). The resulting Ag(II) 
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intermediate oxidizes the carboxyl ligand to produce a tertiary alkyl radical on the diamond. 

Fluorine abstraction from another F-TEDA+ cation yields the product. To ascertain factors 

influencing decarboxylative fluorination in a deaerated aqueous dispersion of NDs, the reaction 

was performed at different temperatures for various reaction times (Table 2). 

 

 

Figure 29: (a) A simplified scheme of the catalytic cycle for decarboxylative fluorination of NDs. The ND is 

represented by a fragment of the diamond lattice. (b) TEM images of HPHT NDs on carbon coated grids with 

oxidized surfaces and (c) after fluorination treatment. For illustration, the upper left corner of each image is 

shown in the binary mode used for image analysis. (d ) Volume-weighted distribution histograms of ND sizes. 

The histograms are fitted with lognormal distribution functions. The estimated modes are at 32 and 31 nm for 

oxidized and fluorinated NDs, respectively. 

 

Chemical particle analysis 

To analyze the fluorination yields, the samples were combusted in an oxygen 

atmosphere and analyzed them for fluoride anion content using ion exchange chromatography 

with suppressed conductivity detection (for an example of a chromatogram). Within the range 

of conditions tested, it was observed that fluorination is best accomplished after 2 d at 95 °C 

(Table 2). Extrapolation of the weight percent of fluorine in the material to surface coverage 

can be based on various models, taking into account the different shapes of particles, their size 

distribution, and the original surface coverage with carboxyls. For estimation of the maximal 

theoretical load of fluorine on a perfluorinated surface, it was assumed that the [111] diamond 

surface and every terminal carbon atom occupied by a carboxylic group are available for 

(a) (b) (c) 

(d) 
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fluorination. The total number of available carbon atoms can be calculated from the size 

distribution obtained by precise image analysis of transmission electron microscopy (TEM) 

images of NDs, a method that has been recently developed (136). From volume-weighted 

histograms of a polydisperse mixture of particles (see Figure 29b-d), it was obtained 3.7 mmol 

g−1 surface carbon atoms or theoretically exchangeable carboxyls. For comparison, a similar 

calculation using a simple spherical model and hydrodynamic radius of 38 nm obtained from 

dynamic light scattering (DLS) measurements provides a value of 2.7 mmol g−1, which 

underestimates the value obtained from TEM by 27%. 

 

Considering the experimentally determined coverage of NDs with carboxyls as 2% of 

all [111] surface functionalities (139) and the findings from the TEM image analysis, a maximal 

total theoretical fluorine content of ≈0.14 wt % was obtained. The best reaction conversion 

achieved (calculated for a fluorine content of 0.13 wt%) is therefore 94% (Table 1). Although 

this calculated yield is indeed affected by the accuracy of the input value of carboxyl content, 

it nevertheless shows that the fluorination proceeds with a high conversion. For chemical 

analysis of the near-surface region of the most fluorinated sample (reacted for 2 d at 95 °C), X-

ray photoelectron spectroscopy (XPS) was performed. In addition to estimating the efficiency 

of the surface functionalization route, XPS provides information about the chemical 

environment of the atomic species by establishing binding energy shifts of appropriate core 

levels (“chemical shifts”). Figure 30A presents the F1s core level spectrum (open symbols) as 

acquired on fluorinated NDs. Based on a line shape analysis using a least-squares fitting routine, 

a single line centered at 687.3 eV is sufficient to describe the experimental data (solid curve). 

This value agrees well with the position observed earlier for covalent C-F bonds (687.5 eV) 

(143), thus providing evidence for the stable attachment of fluorine atoms to the nanoparticle 

surface. 
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Figure 30: (A) F1s, (B) C1s, and (C) O1s core level spectra (open symbols) of diamond nanoparticles 

fluorinated according to Scheme 1. Solid lines are the result of a line shape analysis. 

 

In order to derive a more quantitative picture of the successful fluorination, the C1s core 

level region was analyzed in more detail (Figure 30B). The main peak observed at a binding 

energy of 285.3 eV can be assigned to photoemission from carbon atoms localized within the 

diamond lattice. On the high binding energy side, an additional component (shoulder) can be 

detected at 287.4 eV, representing 4.3% of the total C1s line intensity in the near-surface region. 

This is followed by very weak components at 291.8 and 294.5 eV, each contributing ≈0.1% to 

the C1s photoelectron intensity. While the latter two components can be assigned to the 

presence of negligible amounts of CF2 and CF3 at the sample surface, the contribution at 287.4 

eV can be attributed to carbon atoms forming C-F covalent bonds (287.2 eV) (143), thus giving 

additional support for a successful fluorination procedure. On the low binding energy side of 

the main photoemission line, an additional component at 284.6 eV is required to achieve a 

reasonable fit, thereby contributing 0.8% to the total C1s line intensity. This weak signal arises 

from a small amount of sp2-bound species at the sample surface. 

After establishing the spectral weight of the different carbon species present in the near 

surface region, the surface coverage of C-F moieties can be estimated using a very simplified 

model. Assuming the particles to be spherical, the intensity ratio between the main line 

(representing diamond) and the shoulder at 287.4 eV (representing carbon atoms within C-F 

bonds) can serve as input for a core/shell model simulation. Briefly, the nanoparticle is divided 

into a large number of identical cells, each contributing to the photoelectron current an intensity 

that is affected by the attenuation in cells closer to the surface according to the mean free path 

within these cells. Taking a mean free path value of 1.9 nm for C1s photoelectrons travelling 

through both the bulk diamond and the layer of surface carbon atoms covalently bound to 

fluorine atoms, an effective shell thickness of the affected carbon atoms can be estimated. This 
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yields an effective thickness of 0.05 nm, which considering the size of carbon atoms in the 

diamond (0.18 nm), results in the formation of C-F bonds by about 28% of all terminal carbon 

atoms on the diamond surface. This finally translates into fluorine surface coverage of 9% of 

the monolayer (assuming each C-F moiety is attached to three C atoms, as shown in Figure 29a) 

thereby confirming that only part of the surface was functionalized with fluorine as has been 

aimed for. 

To finally prove the nature of dual functionality induced by our procedure (fluorine & 

hydrophilic oxygen-containing groups), the O1s core level region has been characterized as 

well (Figure 30C). Here, a line-shape analysis of the experimental spectrum reveals the 

presence of 2 major components, one positioned at 532.8 eV which can be assigned to adsorbed 

water and one located at 531.7 eV. This line clearly represents C-OH functionalities. Signals of 

other types of oxygen-containing groups were not found in the spectra, indicating a predominant 

fraction of hydroxy groups. Both elemental and XPS analyses provide an evidence for the 

successful dual functionalization of the ND surface. It was found that decarboxylative 

fluorination performed under mild conditions proceeds efficiently on a highly sterically 

hindered substrate, such as ND surface. The achieved fluorine surface coverage corresponds 

fairly well to the experimentally determined content of carboxylic moieties in starting material 

(oxidized HPHT NDs), indicating a high conversion of the reaction. The surface termination 

consists of a smaller fraction of C-F groups, while the rest is covered by C-OH moieties. 

 

Colloidal characterization 

The fluorodecarboxylation proceeds solely on carboxyls (142), and it can therefore 

assumed that the hydroxy groups remain intact during the reaction. Because hydroxy groups 

are the predominant oxygen-containing moieties on our surfaces (see above), it was tested 

whether they can ensure the overall hydrophilicity of the partially fluorinated surface and 

compensate for the hydrophobicity of the terminal C-F groups. The colloidal behavior of 

oxidized and fluorinated particles in water was investigated using DLS and zeta potential 

measurements (Figure 31a). Both samples had an average particle diameter of 38 nm with a 

size distribution characteristic of HPHT NDs (7). Because DLS is extremely sensitive to signs 

of association and/or aggregation of the scattering particles, and both samples were found 

indistinguishable with DLS, it can be assumed that the colloidal stability of the oxidized ND is 

not affected by the fluorination. The zeta potential of fluorinated NDs was −46 mV and showed 

a strong coulombic stabilization of the fluorinated surface by the remaining unreacted 

carboxyls. Interestingly, the value measured for oxidized NDs (−48 mV) is very similar, 
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showing that a relatively low surface coverage with negatively charged groups in a fluorinated 

sample can still lead to highly charged surfaces (note that only a few percent of remaining 

unreacted carboxyls was considered). 

 

 

Figure 31: (a) The intensity-weighted size distribution of NDs obtained from DLS. (b) Fluorescence spectra of 

oxidized (black) and fluorinated (gray) NDs measured in acqueous colloidal solutions and normalized to NV0 

intensity. ZPL of the NV0 and NV− states are shown by dashed lines. 

 

Structural and morphological analysis using TEM 

Chemical modifications of diamonds under harsh conditions, such as oxidative gas 

treatments at high temperatures (e.g., O2, F2, H2O), plasma treatment, mineral acid digestion, 

and treatment in molten KNO3, lead to a significant surface etching (144). This results in 

changes in particle size distributions and in some cases particle shape as well. During such 

treatments, the surface carbon atomic layers are typically converted into gases (e.g., CO2, CO, 

CF4) that escape from the surface, consecutively removing the diamond lattice. The 

decarboxylative fluorination introduced in this work is based on a localized and selective radical 

mechanism, which is fundamentally different from nonspecific etching. The substitution of 

carboxyl with fluorine is fixed on the reaction site and stops immediately after the carboxyl has 

been reacted. It was therefore expected that the particles would not change their original size 

and shape distribution upon fluorination. For comparison of the particles’ size and shape 

distribution before and after fluorination, the TEM images were analyzed (Figure 29b-c). For 

each sample, nearly 1300 particles were analyzed, acquired their equivalent circular diameters, 

and recalculated them to volume-weighted histograms (Figure 29d). To compare the samples’ 

size distributions, the Wilcoxon–Mann–Whitney rank test nonnormal distributions was used, 

which test the null hypothesis that two sets of data are from the same population against an 
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alternative hypothesis. The resulting two-tailed probability was P = 0.84, which does not 

indicate different distribution of the particle volumes. 

The shape of particles in each sample was characterized by particle. The average 

circularities were 0.71 ± 0.15 and 0.73 ± 0.13 for oxidized and fluorinated NDs, respectively. 

Comparison of the samples’ circularities was performed using two sample t-test with unequal 

variances; this test showed that the circularities are equal at a significance level of α = 0.0001. 

Based on both size distribution and shape analysis, it was concluded that the fluorination 

procedure has no significant impact on particle morphology. This finding is also an indirect 

confirmation that the radical fluorination proceeds on the terminal surface layer of carbons and 

that loss of particle mass observed typically under harsh etching conditions does not take place. 

 

Fluorescence properties of NV centres 

Surface engineering of diamond is crucial for achieving high quantum yield of NV 

centres and for suppressing nonradiative recombination channels. The surface termination has 

also an influence on the spectral shape of fluorescent NV centres, as shown in studies (4; 47; 

123; 145) comparing hydrogenated, oxidized, fluorinated, and nitrogen-terminated surfaces. 

NV centres exist in two electronic states: Neutral (NV0) and negatively charged (NV−). The 

NV0 state emits orange luminescence with zero phonon line (ZPL) around 575 nm; the NV− 

state emits in the red region with ZPL at 637 nm. Both ZPLs are followed by broad phonon 

replica side band luminescence (Figure 31b). In general, highly electronegative atoms (O, F) 

covalently attached to the surface shift the Fermi level at the surface and make the NV− charge 

state predominant, while hydrogenation contributes to its depletion. In addition to direct atomic 

modification, noncovalent surface interactions can also modulate the NV emission (5). 

Nevertheless, C-F termination is currently considered the most powerful surface termination 

for stabilization and precise control of the NV− charge state (123), which is essential for most 

measurements and applications of NDs related to detection of chemical, electrical, and magnetic 

changes occurring within the ND nanoenvironment. 

To ascertain the influence of decarboxylative fluorination on the behavior of NV centres 

in fluorescent NDs, their fluorescence spectra measured in colloidal aqueous solution were 

compared quantitatively before and after fluorination. A ≈ 5% increase in emission intensity of 

the NV− state upon fluorination of oxidized NDs was observed (Figure 31b). This change is 

important, considering that the starting oxygen termination already causes strong inversion of 

polarity of the surface dipole and the respective band-bending. Despite its low surface coverage 

the fluorine can contribute distinctly to the downward band-bending. For evaluation of the 
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effects of fluorination on emission at single particle level, the photoluminescence of ND 

particles dispersed on quartz cover slip surface after drying up 1 μL ND colloidal solution was 

measured. By analyzing the NV centre distribution in 20 photoluminescence intensity maps (10 

for oxidized and 10 for fluorinated particles), local extrema points of the photoluminescence 

were determined and were analyzed statistically. To exclude influence of singularities of the 

noise only the points with NV luminescence >8 kilocounts per second (kcps), i.e. 5 kcps above 

the background (which was ≈3 kcps for 2.5 mW laser power) were counted. The cover slips 

prepared from suspension of oxidized diamond showed higher agglomeration for ND crystals, 

displayed as local maxima with high number of counts. In contrast, the fluorination significantly 

promoted luminescence in ND particles with weakest fluorescence, presumably the smallest 

particles in the ensemble. Due to this effect, the total counts for particles or particle clusters 

containing 1–10 NV centres was 29% higher for fluorinated than for oxidized NDs. 

The smaller NDs containing NV centres have been shown as more sensitive to the 

surface-related effects (101). It is anticipated that the fluorine-induced stabilization of NV− state 

applies preferably to the shallow NV centres present in smaller particles, similarly as observed 

in oxidized NDs (47). Nevertheless, the fraction of such particles in the whole ensemble is 

relatively low (Figure 29) and the corresponding increase in NV− emission intensity from bulk 

colloidal solutions upon fluorination is therefore only modest (≈5%; see above). Our data show 

that fluorination further boosts the fluorescence intensity of NV−centres and can potentially 

awake some of the NV centres present in optically inactive states. The possible reasons for NV 

awaking are the shift of the Fermi level at the surface induced by presence of electronegative 

fluorine atoms (123) and the compensation of the charge traps that are providing nonradiative 

recombination channels (47). Our findings correspond fairly well to results from a fluorination 

study of the oxidized [100] surface, where changes in NV−/(NV0 + NV−) were also small 

(<0.04) (146). A very different situation occurs during comparison of hydrogenated and 

fluorinated surfaces (146). In these cases, the detrimental upward band-bending caused by C-

H termination is completely inverted and the change in NV−/(NV0 + NV−) ratio is extensive, 

causing robust changes in spectral shape. 

 

4.3.5. Conclusion 

A synthetic pathway leading to selective Ag+-catalyzed substitution of ND surface 

carboxyls with fluorine using selective sp3-based radical chemistry has been developed. It was 

focused on NDs because fluorination of this carbon nanomaterial leads to surface band-bending 

that stabilizes shallow fluorescent NV centres. In addition, it was aimed to prepare a mixed 
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oxygen-fluorine termination preserving the hydrophilic behavior of oxygen-containing groups 

and introducing the electronic properties of fluorine. In contrast to the harsh fluorination 

procedures used for diamonds (for example, treatments using molecular fluorine in a fluorine 

line, fluorine-containing plasmas, and X-ray irradiation), our one-step approach proceeds at 

mild conditions in an aqueous dispersion of NDs and can be easily performed on the benchtop 

without special safety precautions. The procedure is robust enough to proceed with high yields 

on extremely sterically demanding substrates such as NDs and results in the mixed C-F and C-

OH termination. Thanks to the overall hydrophilic surface, the particles form a stable colloid in 

an aqueous environment, as has been demonstrated by DLS. Moreover, using precise TEM 

image analysis, it was found that the particles retain their size and shape, which supports our 

assumptions regarding the unique, nonetching nature of the decarboxylative fluorination. The 

resulting surface was characterized using XPS and elemental analysis and spectrally analyzed 

the effect of fluorination on stabilization of negatively charged fluorescent NV centres in NDs. 

Consistent with recent fluorination approaches achieved under harsh conditions (146; 123), it 

was found that decarboxylative fluorination also positively influences the NV centres, boosting 

their overall fluorescent intensity. In our opinion, this finding significantly extends the current 

approaches to diamond surface engineering (20), which has major implications for important 

quantum physical and bioimaging applications that require bright and stable NV centres. 

Finally, it can be expected that decarboxylative fluorination of a diamond surface 

bearing a higher number of carboxyls may lead to correspondingly higher surface coverage 

with fluorine. This can be used for controlled high-yield fluorination of diamonds, which is 

essential for applications such as a recently described quantum simulator (147) and represents 

one possible pathway to stabilized ultrabright single-digit-sized ND probes relevant for 

bioimaging and quantum sensing. Substantially exceeding the current highest surface coverage 

of carboxyls (≈7%) (141) using de novo chemical approaches is therefore an important goal for 

further development of sp3 chemistry on diamonds, not only from a fluorination perspective.  
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4.4. Label free visualization of near-IR probes in cells using Raman imaging 

I have presented this work at the Fifth Annual International SLAS Conference & 

Exhibition, January 2016, in the San Diego in a form of a poster. Co-authors are: H. Salehi, B. 

Varga, T. Cloitre, F. J. G. Cuisinier, P. Cígler, M. Nesládek and C. Gergely. This work deals 

with a detection of fluorescent NDs in cell environment using Raman imaging technique. As a 

main author of this work I have carried out all experiments (except TEM measurements) of 

which the results are presented here (including K-mean cluster analysis). I have grown and 

incubated the cells for the experiments at Laboratoire de Bioingénierie et Nanosciences, 

Montpellier. Raman images were taken during my stay there with help and assistance of H. 

Salehi. Outcomes of this work are in preparation for the scientific article in Journal of 

Biophotonisc (IF = 3.82). Following chapter contains to-date results. 

 

4.4.1. Abstract 

I demonstrate a Raman imaging method as a novel way to detect small (~ 10 nm) 

nanodiamond particles (ND) with high sensitivity within the living cells. The Raman signal is 

processed using K-mean cluster analysis of the obtained spectra from the image pixels. By 

mapping the intensity of specific part of the cell C-H Raman peak, I was able to visualize the 

cell nucleus clearly. This original method provides an easy way to detect any near-IR probes 

with respect to the cell nucleus without any additional dyes. 

    

4.4.2. Introduction 

Fluorescent nano-diamonds are becoming increasingly attractive tools for nanoscale 

biological cellular imaging allowing both photoluminescence and magnetic resonance imaging 

(148). Recent technological developments enable to fabricate bright fluorescent nanodiamond 

(ND) particles of various sizes with high content of nitrogen-vacancy (NV) centres (7). NV 

centres exhibit a bright luminescence in red and near infrared spectrum with different zero-

phonon lines depending on the NV centre charge state (575 nm for NV0 and 636 nm for NV-) 

and a broad red-shifted phonon sideband (PSB) of 640-800 nm. ND particles can be grafted 

with various surface ligands for specific recognition by the cell receptors, allowing targeted 

delivery of NDs. NDs enter the cell via clathrin-mediated endocytosis (149) and their cellular 

fate depends on the morphology of the nanoparticles (150). Sharp-shaped NDs penetrate the 

membranes of endosome and escape to the cytoplasm. Thanks to the stable non-bleaching 

fluorescence, NDs can be visualized in cell by the means of luminescence microscopy. 
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However, to localize their position with respect to cell organelles (e.g. cell nucleus), often 

labeling with an additional fluorescence dyes or fixation of the cells is necessary, which can 

alter the outcomes of studied processes.  

Here I present novel method to visualize the ND in cells using Raman imaging and thus 

having an additional information from cell Raman signal. This method enables detection of 

even small ND particles (~ 10 nm) with high sensitivity and distinguishing directly the NDs 

inside or outside the cells. Also, having Raman spectrum from each pixel, I was able to develop 

a method of visualizing the cell nucleus of non-fixed cells by imaging the change of intensity 

of only specific part of C-H Raman to create contrast between lipid and protein contribution to 

the signal. I demonstrate this method on breast cancer (MCF7) cell line and dental pulp stem 

cells (DPSC) using luminescent NDs (detecting mainly the PSB of NVs), but it can be apply to 

any near-IR probe. Some of the works have already shown ND detection in cells using Raman 

(151; 152; 153; 154; 155). However, this was demonstrated only on 100 nm size NDs or larger 

(presumably due to the low Raman signal), limiting thus its application. In (151; 152; 153; 154) 

blue laser (488 nm) is used and NDs are imaged using diamond Raman signal at 1332 cm-1 

whereas in (155) coherent anti-Stokes Raman scattering (CARS) at the sp3 vibrational 

resonance of diamond is employed to detect 150 - 300 nm large NDs. Our method allows to 

detect any near-IR luminescence probes and thanks to the green laser (532 nm) excitation, 

detection of the characteristic NV spectra and readout out the Raman information from cells C-

H bond peak at the same time is possible. 

 

4.4.3. Methods and materials 

Luminescent ND particles of size range from 5 to 50 nm were used, prepared from Ib 

synthetic diamond. Particles were electron irradiated, annealed and plasma oxidized to create 

stabilized NV centres. Cells used for the experiments were breast cancer (MCF7) and dental 

pulp stem cells (DPSC). Cells were grown on CaF2 substrate in Dulbecco’s modified eagle’s 

medium (DMEM) at 37 °C and 5% CO2 for couple days to obtain the desired confluency. NDs 

diluted in distilled deionized water (4 mg/ml) were filtered through 200 nm filter to exclude 

bacteria or larger clusters of nanoparticles. Resultant concentration of NDs after the filtration 

was confirmed by gravimetric analysis and the solution was further diluted in distilled deionized 

water to obtain ND concentration of 1 mg/ml. Bovine serum albumin (BSA) was gradually 

added to the NDs solution to prevent aggregation of NDs in cell medium. Lastly, this mixture 

was diluted in DMEM to obtain a concentration of 30 µg/ml NDs in DMEM with BSA 

concentration of 10 %. NDs in DMEM were heated up to 37 °C prior to incubation and the 
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original cell medium was completely removed and replaced by ND-containing medium. 

Incubated cells were kept at 37 °C and 5% CO2 for 1 hour. Afterwards, samples were rinsed 5 

times in Dulbecco's Phosphate-Buffered Saline (DPBS) and were kept in DPBS for the Raman 

measurements.  

 

The Raman spectra were collected using a Witec Confocal Raman Microscope System 

alpha 300R (Witec Inc., Ulm, Germany). The excitation for the confocal Raman microscope 

was provided by a frequency doubled Nd:YAG laser (Newport, Evry, France) at the wavelength 

of 532 nm, with 50 mW laser output power. The signal was detected by the electron multiplying 

charge-coupled device (CCD) camera (DU 970 N-BV353, Andor, Hartford, USA). The spatial 

resolution of the system is calculated by the formula d = 1.22·λlaser/2·NA, which for our system 

is 325 nm. The data acquisition and processing were performed using the Image Plus software 

from Witec.  

 

The data analysis was based on two steps. First, I utilized integrated Raman vibration 

mode intensities of the C-H stretching mode, which is one of the vibrational modes of the C-H 

groups and one of the most intense Raman mode found in cells. C-Hs are abundant in protein, 

lipid, and carbohydrate, and the image based on the intensity of this band provides a pseudo 

map of protein, lipid, and carbohydrate concentration in cells (156). Cell image was then created 

by mapping the intensities of the C-H peak. Also, here for the first time, I demonstrate 

visualization of the cell nucleus by mapping only a specific part of the C-H peak. The second 

part is a K-mean cluster analysis of the obtained spectra, which is an unsupervised algorithm 

that solves the clustering problems (157). The procedure follows a way to classify a given data 

set through a certain number of clusters (assume k clusters). Five clusters in total were created: 

1 cluster without NV luminescence and 4 NV clusters divide by the presence on C-H peak to 

“inside” and “outside” NDs and by the intensity of the detected luminescence to “high” and 

“low”. Great care was taken when selecting the threshold for NV luminescence to prevent false 

positive detection of NDs. 

 

4.4.4. Results and discussions 

I report on accomplishing to successfully internalize oxidized ND particles in both cell 

lines. It is shown that this ND internalization can be followed by Raman imaging method using 

K-mean cluster analysis to detect the NV luminescence. Commonly used spectral detection 

window for cell imaging using 532 nm Raman is roughly from 100 to 3600 cm-1 (158), which 
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corresponds to ~ 535 and ~ 658 nm respectively (see Figure 32a). The region from 700 to 1700 

cm-1 contains specific cell peaks that can be analyzed to determine whether the signal comes 

from cell nucleus, cytoplasm or mitochondria (159). The band from 2800 to 3000 cm-1 

corresponds to the C-H stretching mode and the peak at 3400 cm-1 corresponds to Raman signal 

of water present in DPBS. First, the ND internalization was imaged keeping common detection 

window with the central wavelength of Raman grating at 600 nm (see Figure 32b). This yields 

however low recognition of the NDs, as a main part of NV luminescence is undetected (due to 

the spectral range up to 658 nm, whereas NV emits with maximum around 700 nm) and rest of 

the NV luminescence interferes with the C-H band and with the water Raman peak. Therefore, 

the central wavelength of the grating was moved to 680 nm and the measurement was repeated 

on the same cells. The resulting spectra can be seen in Figure 32c. This way, I still detected the 

C-H band and also the majority of the NV luminescence. However, the characteristic cell peaks 

from 700 to 1700 cm-1 region were lost as a consequence. The detected spectra that contained 

NV luminescence were sorted into four cluster depending on whether the signal comes from 

the cells (by the presence pf the C-H peak) and whether the luminescence signal was high or 

low (see Figure 32c). NDs outside the cells with low intensity were marked light blue (both 

spectrum and image) and dark blue for those with high intensity (both spectrum and image). 

NDs inside the cells with low intensity were marked yellow (both spectrum and image) and 

those with high intensity black (spectrum) or white (image). Detecting over larger spectral range 

of NV luminescence improves the sensitivity dramatically, as can be seen in the retake image 

at Figure 32d, where several times more NDs are detected. Still, the threshold level for 

determining whether there is a NV signal in the spectrum of particular pixel was set too strictly 

neglecting weak luminescence signals. The measurement on control cell sample without ND 

incubation (Figure 32d) proves that no signal is detected at around 700 nm. Thus enabling us 

to lower the threshold for detection and reach the ultimate sensitivity demonstrated in Figure 

32e. The detection capability of Raman method to image NDs is here demonstrated on MCF7 

cell line, however comparable results were obtained for DPSC. 



69 

 

 

Figure 32: Raman imaging method demonstrated on MCF7 cell line. (a) The exemplary spectra obtained with 

the central wavelength of Raman grating at 600 nm (common setting for Raman cell imaging) and (b) the 

corresponding Raman image created by merging the distribution map of Raman signal locked on C-H peak (in 

red) with image of detected NDs (in light blue, dark blue, yellow and white – see methods). (c) The exemplary 

spectra obtained with the central wavelength of Raman grating at 680 nm for enhanced detection showing the 

average spectrum of five created clusters (see methods) and (d) the corresponding Raman image (colors of 

clusters are same for spectra and the image only black spectrum corresponds to the white color in the image for 

clarity). (e) Spectra from all the pixels obtained by Raman imaging of the control cell sample with no ND 

incubation. Lack of any signal at around 700 nm enables to lower the threshold for detection of NV 

luminescence and providing thus better sensitivity as demonstrated at the reanalyzed image (f) of the 

measurement (d). 

 

Spectra taken at each pixel of 

control sample (no ND added)  

No signal around 700 nm 

(a) (b) 

(c) (d) 

(e) (f) 
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These results prove applicability of cell Raman imaging together with high sensitivity 

for detection of the luminescent NDs. It, however, requires to shift the position of Raman 

grating to longer central wavelength and thus losing the characteristic peaks from cell sites. To 

utilize the remaining Raman cell signal, I exploit the possibilities of C-H band visualization. 

The Raman signal of C-H stretching mode comes mainly from proteins, lipids, and 

carbohydrates within the cells (124). However the exact shape and position of this peak differs 

for different concentrations of these molecules in the detected confocal volume. I have found 

out that by visualizing only part of the C-H band, a contrast between the cell nucleus and the 

rest of the cell can be created. I believe that this contrast arises from the lack of lipids and high 

content of proteins in the nucleus. Specifically, the intensities of C-H band in the range 2929 

cm-1  to 3012.5 cm-1 (corresponding to ~ 630.2 nm and ~ 633.5 nm) are mapped in comparison 

to standard mapping where the whole peak from 2800 cm-1 to 3000 cm-1 is employed. The 

demonstration of such nucleus visualization in MCF7 is shown in Figure 33 with comparison 

to standard image. 

 

 

Figure 33: Demonstration of Raman visualization of MCF7 cell nucleus by mapping the specific range of C-H 

peak. The images (a) and (b) are depicted using standard full-range C-H intensity mapping. The corresponding 

(c) and (d) images (respectively) demonstrate the possibility for nucleus label-free visualization obtained by 

mapping only the specific part of the C-H peak. 

 

To prove that the NDs are indeed successfully internalized in the cells and to localize 

them precisely, the MCF7 incubated cells were studied using Transmission Electron 

Microscopy (TEM). The incubation procedure, time and ND concentration was kept the same 

as for Raman imaging. The Figure 34 captures the ND internalization process in the beginning 

stage of endocytosis demonstrating successful uptake of NDs by the cell. 

(b) (a) 

(d) 

(c) 
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Figure 34: TEM images showing endocytosis of NDs in MCF7 cell (red circle) and particles freely in the 

cytoplasm (blue circles). Image (a) is a zoom of selected part of image (b).  

 

Most of the ND were localized in the endosomes (see Figure 35), however, many 

particles were positioned freely in the cell cytoplasm including single NV particles (see Figure 

34b). No NDs were found in the cell nucleus. 

 

 

Figure 35: TEM images showing ND particles in endosomes of MCF7 cell. Image (a) is a zoom of selected part 

of image (b). 

 

4.4.5. Conclusion 

I have demonstrated a novel way how to visualize the nucleus of living cells (most of 

the nucleus labels require fixation) utilizing Raman imaging without using any label that 

(b) (a) 

Nucleus 

(b) (a) 

Nucleus 



72 

 

interferes with the cells. At the same time I detected ND with high sensitivity even for small 

particles. The successful internalization of plain oxidized NDs (stabilized only with serum) into 

the MCF7 cells was confirmed by TEM. This method is a simple alternative to visualize any 

near-IR probes with respect to the cell nucleus. Moreover, by employing wider Raman grating 

or by scanning the spectral signal from each pixel, one can acquire broader spectrum including 

the characteristic cell peaks and localize thus the near-IR probes with respect to other organelles 

(i.e. mitochondria). 
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4.5. AFM study of diamond particles internalization by monitoring the cell 

membrane stiffness changes 

The first results of this work have been presented on-stage at AFM BioMed 

Conference, Porto, 2016. Co-authors are: M. Martin, B. Varga, H. Salehi, T. Cloitre, P. Cígler, 

M. Nesládek and C. Gergely. The data presented here study the cell membrane stiffness changes 

upon NDs’ internalization as a way to observe ND uptake rate in time. As a main author of 

these results I have carried out all the measurements that are presented here. I have grown and 

incubated the cells for all experiments. The AFM measurements were executed at Laboratoire 

Charles Coulomb, Montpellier during my stay there with help and assistance of M. Martin. 

Raman images were taken at Laboratoire de Bioingénierie et Nanosciences, Montpellier during 

my stay there with help and assistance of H. Salehi. This work is still in progress as additional 

experiments are being carried out to provide more complex study and conclusive results. 

Outcomes of this work are in preparation for publication. 

 

4.5.1. Abstract 

Atomic Force Microscopy (AFM) imaging and force spectroscopy is applied to study 

how the NDs internalization processes into the breast cancer MCF7 cell line influence the cell 

membrane elasticity. Changes of cells stiffness were detected by AFM force measurements 

after introducing the NDs into the cell medium. Variations of cell membrane Young’s modulus 

were observed as the cells became stiffer in time. It is believed that uptake (release) processes 

of NDs are responsible for these mechanical changes. The trend of cell membrane hardening 

can be utilized to determine the nanoparticles internalization rate in time. Moreover, the results 

suggest that studies of NDs uptake should consider the cell cycle, as in a cell population the 

dose of internalized nanoparticles varies for each cell. 

 

4.5.2. Introduction 

Common methods to study NDs’ behavior within the cells employ the light source as 

an excitation mean for luminescence microscopy (6), Raman detection of diamond sp3 (155; 

153) signal or in differential interference contrast microscopy (160). Here I present an 

alternative method to study particles internalization using Atomic Force Microscopy (AFM), 

which provides detailed in-time analysis of uptake rate of individual cells and can be moreover 

combined with the standard optical methods.  
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4.5.3. Methods and materials 

Luminescent ND particles of size range from 5 to 50 nm were prepared as in the previous 

work (see chapter 4.4.3). For the experiments I used breast cancer (MCF7) cells grown on a 

collagen coated Petri dish lid. The collagen coating provides better cell adhesion and was 

prepared in following way. First, the collagen solution (150µg/ml) was created by dissolving 

cold (4°) 1 mg/ml collagen stock solution in the sterile phosphate buffer solution (PBS, pH = 

5.8, ionic strength 160 mM) and consequent filtering with a 0.45 µm filter. This solution was 

further diluted in PBS to obtain final concentration of 7 µg/ml. Petri dishes were then filled 

with 2 ml of the 7 µg/ml collagen solution and placed into the incubator (37 °C and 5% CO2) 

for 2 hours. Residual solution was removed by pipette and the Petri dishes were left in the 

incubator for at least 3 days to dry out completely. Cells were grown in Dulbecco’s modified 

eagle’s medium (DMEM) at 37 °C and 5% CO2 for couple days to obtain the desired 

confluency.  

 

NDs diluted in distilled deionized water (4 mg/ml) were filtered through 200 nm filter 

to exclude bacteria or larger clusters of nanoparticles. Resultant concentration of NDs after the 

filtration was confirmed by gravimetric analysis and the solution was further diluted in distilled 

deionized water to obtain ND concentration of 1 mg/ml. Bovine serum albumin (BSA) was 

gradually added to the NDs’ solution to prevent aggregation of NDs in cell medium. Lastly, 

this mixture was diluted in DMEM to obtain concentrations of 10 and 30 µg/ml NDs in DMEM 

with BSA concentration of 10 %. NDs in DMEM were heated up to 37 °C prior to incubation 

and the original cell medium was completely removed and replaced by ND containing medium. 

Cells were measured prior to incubation and immediately after it. 

 

The AFM experimental system used for both cell imaging and force mapping was the 

Asylum MFP-3D head coupled to the Molecular Force Probe 3D controller (Asylum Research, 

Santa Barbara, CA, USA), and mounted on an Olympus inverted microscope. Triangular silicon 

nitride cantilevers (MLCTAUHW, Veeco) with a nominal spring constant of 10 pN/nm and 

half-opening angle of 35˚, and Bio-levers (BL-RC150VB, Olympus) with a nominal spring 

constant of 30 pN/nm and half-opening angle of 45˚ were used. Prior to each measurement, the 

spring constant of cantilevers was determined using the thermal noise method within the 

supplied software. A time-consequent force maps of the cells were performed to analyze the 

changes of Young’s modulus in time. The data were processed individually for each cell (for 

more details see (161)). 



75 

 

4.5.4. Results and discussions 

Changes of cells stiffness were detected by AFM force measurement after introducing 

the NDs into the cell medium. The measured time-consequent force maps of MCF7 incubated 

with 10 and 30 µg/ml NDs in DMEM are shown in Figure 36. Individual cells were identified 

on height and deflection AFM image, though the cell position is also apparent from the force 

map itself (as collagen is much stiffer than cell). Each cell was then analyzed individually for 

each force map. The average value of individual cell membrane Young’s modulus is plotted 

with respect of the measurement time showing a clear trend of cell membrane stiffening after 

NDs incubation. This cell hardening effect is expectably greater for the experiments with higher 

ND concentration. 
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Figure 36: Study of cell membrane mechanical changes upon ND incubation. (a) AFM height image of MCF7 

cells before incubation with 10 µg/ml of NDs and (b) corresponding height image. (c) Time-consequent force 

maps of the cells before and after incubation with 10 µg/ml of NDs. (d) Resulting graph of average cell 

membrane Young’s modulus for each individual cell for 10 µg/ml ND incubation. (e) AFM height image of 

MCF7 cells before incubation with 30 µg/ml of NDs and (f) corresponding height image. (g) Time-consequent 

force maps of the cells before and after incubation with 30 µg/ml of NDs. (h) Resulting graph of average cell 

membrane Young’s modulus for each individual cell for 30 µg/ml ND incubation. 

 

 I assume that NDs’ uptake processes of NDs are responsible for these mechanical 

changes. To explore this idea further, I repeated the experiments using cells grown for longer 

time (few days) as it has been shown that cell confluency and age can play role in endocytosis 

rate (162) and suppress the uptake. As confirmed by AFM morphology image (see Figure 37a), 

the cell confluency used for the measurements was high. The cells are closely packed and 

growing tall on their borders. I thus repeated the force spectroscopy experiment with 10 µg/ml 
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ND incubation (Figure 37). Compared to the experiments in Figure 36, more confluent MCF7 

cells did not show any significant change in Young’s Modulus (Figure 37d) as expected. 

 

 

Figure 37: Study of confluent cell membrane mechanical changes upon 10 µg/ml ND incubation. (a) AFM height 

image of MCF7 cells before incubation and (b) corresponding height image. (c) Time-consequent force maps of 

the cells before and after incubation with NDs. (d) Resulting graph of average cell membrane Young’s modulus 

for each individual cell for 10 µg/ml ND incubation. (e) Raman image of cell C-H peak intensity merged with 

luminescence image of NDs confirming the uptake suppression of confluent cells (incubated with 30 µg/ml ND 

for 1 hour). 

 

To confirm that closely packed cells do not internalize particles, I took another confluent 

cell sample (prepared simultaneously) and measured the Raman image (using method 

developed previously, see chapter 4.4) after incubation with 30 µg/ml of NDs for 1 hour. The 

result (Figure 37e) confirmed the suppression of uptake for confluent cells, supporting the 
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presumption that the ND internalization processes are responsible for cell membrane 

mechanical changes rather than merely the presence of NDs in the medium. 

 

4.5.5. Conclusion and future work 

I have studied cell membrane elasticity changes upon internalization with 

nanodiamonds in time. By analyzing the time-consequent force maps I was able to determine 

mechanical changes of cell membrane stiffness for individual cells. Results suggest that cells 

are hardening upon NDs’ uptake. Moreover, one should consider the cell cycle, as in a cell 

population, the dose of internalized nanoparticles in each cell varies as the expression of 

membrane proteins vary during the cell cycle (163; 164). The cell cycle is a series of events 

that lead to cell division and replication, consisting of four phases: G1 (when the cell increases 

its size), S (the cell synthesizes DNA), G2 (the cell synthesizes proteins for cell division) and 

M (the cell divides and the two daughter cells enter the G1 phase). During each event, cellular 

processes can vary; meaning that the rate at which a cell takes up foreign material, as for 

instance nanoparticles, may depend on the phase the cell is in (165; 166), modifying accordingly 

their elasticity. Therefore, the further plan is to resolve how the state of the different cells affects 

the uptake of NDs by measuring the cell stiffness changes. 
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4.6. Photoelectric detection of electron spin resonance of nitrogen-vacancy centres 

in diamond 

This result has been published in Nature Communications journal (IF = 11.470) and 

parts of the article are reprinted here with changes. Authors of the work are: E. Bourgeois, A. 

Jarmola, P. Siyushev, M. Gulka, J. Hruby, F. Jelezko, D. Budker and M. Nesladek. In this 

chapter, novel method for reading out the spin state of negatively charged NV centre was 

developed. Common methods employ optical readout (photon detection), here we detect 

photocurrent originated from ionization of the NV centres. The proposed scheme overcomes 

many drawbacks limiting the optical readout. As a co-author I was building and testing the 

ODMR setup, acquiring first ODMR signal, designing and developing hardware PDMR 

method, enhancing photocurrent setup by ODMR means to enable PDMR detection, testing the 

PDMR software, developing PDMR measurement scheme and acquiring first measurements of 

PDMR signal. All other work was done by remaining authors of the paper. Final PDMR 

measurements that are presented in the paper were done at Institute for Materials Research, 

Hasselt University, Belgium and at Institute for Quantum Optics and IQST, Ulm University, 

Germany. 

 

4.6.1. Abstract 

The readout of negatively charged nitrogen-vacancy (NV-) centres electron spins is 

essential for applications in quantum computation, metrology and sensing. Conventional read-

out protocols are based on the detection of photons emitted from NV- centres, a process limited 

by the efficiency of photon collection. We report on a novel principle for detecting the magnetic 

resonance of NV- centres, allowing the direct photoelectric read-out of NV- centres spin state 

in an all-diamond device. The photocurrent detection of magnetic resonance (PDMR) scheme 

is based on the detection of charge carriers promoted to the conduction band of diamond by 

two-photon ionization of NV- centres. Optical detection of magnetic resonance (ODMR) and 

PDMR are compared, by performing both types of measurements simultaneously. The minima 

detected in the measured photocurrent at resonant microwave frequencies are attributed to the 

spin-dependent ionization dynamics of NV-, originating from spin-selective non-radiative 

transitions to the metastable singlet state. 
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4.6.2. Introduction 

Reading out the electron spin of the negatively charged nitrogen-vacancy (NV-) centres 

in diamond is essential for applications in quantum computing and secure communication (81), 

as well as for nanoscale magnetic and electric sensing (96) or for non-perturbing sensing and 

imaging of quantum objects (104). NV- ensembles in bulk diamond are in addition used for 

high-sensitivity magnetometry, with sub-micrometer resolution (70). At present, the read-out 

of NV- centres electron spin state is typically performed optically, by detecting photons using 

confocal microscopy. No all-diamond read-out technique allowing for integration with diamond 

electronic chips is available. One of the limiting factors for optical detection is the low 

collection efficiency of photons emitted by NV- centres in bulk diamond, due to the limitations 

of objective optics and to the diamonds high index of refraction. Reaching an optical detection 

efficiency higher than a few percents most often requires complex micro-fabrication (167), even 

though simpler techniques for the fabrication of diamond photonics structures were recently 

proposed (168). Additionally, NV- centre based quantum computing involves positioning 

adjacent NV- centres at a distance of approximately 10 nm (169). The individual optical read-

out of such proximal NV- centres is difficult, since it requires a resolution below the diffraction 

limit. 

 

In this report a novel non-optical technique consisting in direct photoelectric read-out 

of the electron-spin resonance of NV- centres is described. This scheme is denoted as 

photocurrent detection of magnetic resonance (PDMR). Similarly to the read-out method 

presented in (170), our detection technique is based on the spin-dependence of NV- ionization 

dynamics. However, while in (170) spin detection relies on an optical read-out of NV charge 

state, our technique is based on direct electric detection of charge carriers excited from NV- 

centres to the diamond conduction band, which can be performed electrically on a chip. 

Contrary to a recently proposed scheme, in which electronic read-out of NV- centres spin state 

is performed by monitoring non-radiative energy transfers to graphene (171), PDMR detection 

can be performed in an all-diamond device, without the indirect energy transfer to another 

material. Photoelectric detection of spin resonances only requires the fabrication of electrodes 

on the diamond chip by standard lithography. It avoids the complexity of confocal imaging and 

would allow for example the detection of NV- spin resonance in light-scattering media. 

 

The PDMR technique is demonstrated on NV- ensembles, however it may be developed 

to be used for the read-out spins of single NV- centre. By further downscaling the inter-electrode 
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distance to 10 nm gaps (172), PDMR has the potential to reach the independent read-out of NV- 

centres situated closer than the diffraction limit. Another peculiar feature of the photocurrent 

detection principle is the photoelectric gain mechanism (173), which might lead to high 

detection efficiency since every photon has the ability to generate more than one electron-hole 

pair. 

 

4.6.3. Methods and materials 

The samples characterized by ODMR and PDMR were prepared by electron-irradiating 

a high-pressure high-temperature type-Ib single-crystal diamond (2.92.90.5 mm3 plate from 

Element Six) with an initial concentration of approximately 200 ppm of Ns
0 (sample E2) and a 

chemical vapour deposited optical grade type-IIa single-crystal diamond (2.82.80.28 mm3 

plate from Element Six) with an initial concentration of NS
0 below 1 ppm (sample E7). Electron 

irradiation at 14 MeV with doses of 1018 and 1016 cm-2 for type-Ib and type-IIa samples, 

respectively, was performed at the Mainz Microtron. After electron irradiation, the samples 

were annealed for four hours at 700 °C in vacuum, leading to a concentration of NV- centres of 

around 20 ppm in E2 and around 10 ppb in E7. Before the fabrication of electrodes, the diamond 

crystals were cleaned and oxidized for 30 minutes in an acidic mixture of H2SO4 and KNO3 at 

250 °C, and rinsed with ultra-pure water. Coplanar interdigitated electrodes with a distance of 

15 or 100 µm were then prepared on one of the faces of the diamond crystals by lift-off 

photolithography and sputtering of 20 nm of titanium topped by 80 nm of aluminum. After 

metal sputtering, the samples were annealed in vacuum at 510°C for 3 hours to form Ohmic 

contact between diamond and electrodes. 

 

For ODMR and PDMR measurements, the 532 nm illumination is produced by a 

linearly polarized single-mode Nd:YAG Laser (Gem 532 from Quantum Laser). For 

measurements on sample E2, this light is pulsed by an acousto-optical modulator (3200-146 

from Crystal Technology) with a diffraction efficiency of 80 % and a contrast ratio of 1000:1. 

Except for the study of the influence of light pulse duration on ODMR and PDMR signal, all 

the measurements were performed with a pulsing frequency of 531 Hz. The pulsed light beam 

is focused onto the diamond surface using a 10X air objective with a numerical aperture of 0,28 

and a working distance of 33,5 mm, resulting in a light spot with a diameter around 7 µm. This 

7 µm light spot is positioned in the 15 or 100 µm gap separating the coplanar electrodes. 

Photoluminescence is measured in a non-confocal configuration. Photoluminescence light is 
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collected by the same objective and filtered using a dichroic mirror with a cut-on wavelength 

of 552 nm and a sharp-edge long-pass filter with a cut-on wavelength of 550 mm (optical 

density >5 in the rejection region). The photoluminescence light is focused onto a pyroelectric 

detector. The output voltage of the pyroelectric detector is measured with a lock-in amplifier 

(7260 DSP from EG&G), referenced to the AOM pulsing (time constant: 50 ms). For 

measurements on sample E7, the 532 nm light is pulsed at a frequency of 531 Hz using a 

chopper wheel. The pulsed light beam is focused onto the diamond surface using an air 

objective with a numerical aperture of 0,82 and a working distance of 400 µm, resulting in a 

light spot with a diameter around 0,8 µm. This light spot is positioned in the 15 µm gap 

separating the coplanar electrodes. The photoluminescence light is measured by an avalanche 

photodiode. 

 

For photocurrent measurements on samples E2 and E7, the photo-carriers generated 

upon green illumination are driven towards electrodes by applying a DC voltage between 

coplanar contacts. For light pulses between 10 and 940 µs, the photocurrent is amplified by a 

low-noise current to voltage preamplifier (SR570 from SRS, gain: 20 nA/V), and measured 

using a lock-in amplifier (SR830 from SRS) referenced to the AOM or chopper wheel 

frequency (time constant: 30 ms). The settings of the lock-in amplifier are chosen so that the 

magnitude of the signal vector (which does not depend on the phase between the signal and 

lock-in reference) is recorded. Therefore the photocurrent intensity is measured, independent 

of the sign of the photocurrent. Lock-in amplification leads to high signal-to-noise ratio. The 

photocurrent measured in our experiments was in the range of 10 pA to 1 nA and was detected 

with a four-digit precision. For fast photocurrent measurements (light pulses between 50 and 

400 ns), the photocurrent is amplified using a charge sensitive preamplifier with a rise time of 

2.5 ns and a sensitivity of 4 V/pC (A250CF CoolFET from AMPTEK INC.). The high 

sensitivity of this amplifier allows the detection of 48 electrons in a single pulse. The output 

signal of the preamplifier is measured using a digital real time oscilloscope (TDS 620B from 

Tektronix, Bandwidth: 500 MHz). The DC offset of the charge sensitive preamplifier was 

subtracted from the measured signal to obtain the data. 

 

Microwaves of controlled frequency are produced with a 200-4000 MHz RF-signal 

generator (TEG4000-1 from Telemakus) with an output power of 1 mW. The microwave power 

is set to 40 mW, 1W or 5 W using an attenuator (TEA4000-3 from Telemakus) and a broadband 

amplifier with a gain of 45 dB (ZHL-16W-43+ from Mini-circuits). The microwave field is 
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applied using a metal wire pressed across the diamond surface and connected to a 50  

terminator. The metal wire is insulated from coplanar electrodes by a polymer coating. For 

ODMR and PDMR measurements, the microwave frequency is swept in the range 2800-2940 

MHz with a step of 1 MHz. For each measurement, 100 to 200 spectra are recorded and 

averaged. 

 

The static magnetic field is applied using a permanent neodymium magnet. Based on 

the relation between the splitting between ODMR resonances and the magnetic field magnitude, 

the magnitude of the magnetic field applied along the [100] is estimated to be 0,50 mT and the 

amplitude of the magnetic field applied along the [111] direction to be 2,0 mT. 

 

4.6.4. Results and discussion 

A schematic representation of the PDMR setup is depicted in Figure 38. The principle 

of PDMR is demonstrated on NV- centres ensembles, by characterizing an irradiated and 

annealed type-Ib single-crystal diamond plate of [100] crystallographic orientation (sample E2), 

containing both NV- centres (~ 20 ppm) and substitutional nitrogen centres (Ns
0, ~ 200 ppm). 

Optical detection of magnetic resonance (ODMR) and PDMR were performed simultaneously 

on this sample. For this, the intensity of photoluminescence and photocurrent were measured 

simultaneously while scanning the microwave frequency in the absence and in the presence of 

an external magnetic field (Figure 39). Minima in the photoluminescence intensity are observed 

at microwave frequencies inducing resonant transitions between the |0> and the |±1> spin 

sublevels of the NV- spin triplet ground state (3A2). Minima in photocurrent are clearly detected 

at identical frequencies, demonstrating that photocurrent measurements can be used to detect 

the spin resonances of NV- centres. 
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Figure 38: Schematic representation of the setup used for PDMR. 

 

The two resonances observed in ODMR and PDMR spectra in the absence of an external 

magnetic field indicate the existence of a zero-field splitting (ZFS) between linear combinations 

of the |+1> and |-1> spin sublevels of NV- (hereafter referred to as “|±1> spin manifold”), 

induced by local strain in the material (70) and, in the case of PDMR measurements, by the 

externally applied electric field. In the presence of an external static magnetic field applied by 

a permanent magnet, a further splitting of resonant frequencies is observed in both ODMR and 

PDMR spectrum, reflecting the perturbation of the |±1> spin manifold of NV- ground state due 

to the Zeeman effect. As expected (174), two magnetic resonances are observed when the 

magnetic field is applied along the [100] direction of the diamond crystal and four when it is 

applied along the [111] direction (Figure 39). 
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Figure 39: Comparison of ODMR and PDMR spectra recorded simultaneously (Sample E2, green light power: 

100 mW, applied electric field: 5×104 V/cm, light pulse duration: 940 µs, distance between contacts: 100 µm, 

magnitude of the magnetic field: 0,50 mT along the [100], 2,0 mT along the [111] direction). 

 

To investigate the photoionization mechanism inducing the photocurrent minima at NV- 

spin-resonance frequencies, the intensity of the photocurrent detected on sample E2 was 

measured as a function of the green light power (Figure 40). A good fit to the experimental data 

is obtained using the sum of a linear and a quadratic function, indicating that the measured 

photocurrent results from the combination of a one-photon and a two-photon ionization 

processes (175). In previous experiments (175) and in theoretical studies (176) it has been 

demonstrated that a photon energy higher than 2,6 eV is necessary to induce the photoionization 

of NV- via a one-photon process, i.e. to directly promote an electron from the ground state of 

NV- to the conduction band. Based on this argument and on the quadratic power dependence of 

the photocurrent, one can conclude that a two-photon absorption process is responsible for the 

NV--related part of the photocurrent induced by green light (2,33 eV).  
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Figure 40: Photocurrent as a function of the 532 nm light power, measured on irradiated and annealed type Ib 

diamond (Sample E2, applied electric field: 5×104 V/cm, light pulse duration: 940 µs, distance between 

contacts: 100 µm). 

 

The mechanism for the two-photon ionization of NV- centres in diamond has been 

experimentally established and modelled (177). In this process, the absorption of a first photon 

promotes an electron from the 3A2 triplet ground state of NV- to its 3E triplet excited state 

(Figure 41a) and a second photon excites this electron to the conduction band of diamond 

(Figure 41b), which results in the conversion of the NV centre to its neutral state NV0 and in 

the promotion of an electron into the conduction band (Figure 41c). To ensure the charge 

neutrality in the PDMR detection circuit, the NV0 centres formed by ionization of NV- have to 

be subsequently converted back to the NV- state, either by capturing an electron from a donor 

defect (in particular from Ns
0, present in high concentration in the type Ib sample under study) 

(27) or by two-photon conversion from NV0 to NV- (Figure 41d). In the latter process, the 

absorption of a first photon excites the NV0 centre, while a second photon promotes an electron 

from the valence band to the vacated orbital of NV0, leaving a hole in the valence band (175). 

This photo-induced process does not require the presence of electron-donor defects in the 

diamond crystal. The linear contribution to the measured photocurrent (Figure 40) is likely 

associated with one-photon ionization of NS
0. NS

0 is indeed the dominant point defect in the E2 

sample, and the threshold energy for the photoionization of this defect is well below the 2,33 

eV excitation energy used in our experiment (178). 

 

0 30 60 90 120 150 180

0.0

0.3

0.6

0.9

1.2

1.5

b = 5.4(3) 10
-3
 nA.mW

-1

 Measured photocurrent intensity

 Fit to photocurrent intensity [i(p) = ap
2
 + bp]

 Linear fraction of photocurrent

         (calculated from fit)
P

h
o

to
c
u

rr
e

n
t 
in

te
n

s
it
y
 (

n
A

)

Green light power (mW)

2-photon 

ionization

1-photon

ionization

a = 1.8(2) 10
-5
 nA.mW

-2



87 

 

 

 

Figure 41: Simplified electronic energy level scheme of the NV- centre at room temperature (not to scale) and 

description of the mechanism proposed to explain PDMR measurements. (a) The absorption of a first photon 

promotes an electron from the 3A2 ground state to the 3E state of NV-. From 3E, electrons can radiatively decay 

back to 3A2 or be excited to the diamond conduction band (CB) by the absorption of a second photon. (b) The 

spin-selective non-radiative decay of electrons to the metastable singlet state 1A1 enables PDMR and ODMR. (c) 

The two-photon ionization of NV- results in the formation of a NV0 centre and a free electron in the CB. (d) By a 

two-photon process the NV centre can finally be converted back to its negatively charged state. 

 

The mechanism proposed to explain the photoelectric detection of NV- magnetic 

resonances is presented in Figure 41. The minima observed in the photocurrent at resonant MW 

frequencies inducing transitions from the |0> to the |1> electron spin sublevels of NV- ground 

state (3A2) indicate that the photoionization dynamics of NV- is spin-dependent. In ODMR, 

electrons are initially pumped into the 3A2 |0> spin state under the effect of green illumination, 

from which they are coherently driven to the 3A2 |1> spin sublevels by the resonant microwave 

field (179). Photoluminescence originates from the radiative decay of electrons from the excited 

state (3E) to the ground state. Due to spin-selective intersystem crossing, electrons in the 3E 

|1> sublevels can decay non-radiatively to the 1A1 singlet state (lifetime  1 ns (38)) from 

which they further fall into the 1E metastable singlet state (electron shelving). This non-radiative 

decay path induces a difference between the brightness of the transitions associated with the 

different NV- spin sublevels, which provides the contrast monitored by ODMR.  

For PDMR, it is expected that electron shelving is also the dominant mechanism 

explaining the observed contrast. Electrons excited to the 3E |1> sublevels have a non-zero 

probability to undergo the shelving transitions via the 1A1 and 1E states. For the time during 
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which an electron initially in the 3A2 |1> state undergoes these non-radiative transitions, it 

does not contribute to the photocurrent. Specifically, the 1E metastable state has a lifetime of 

220 ns at room temperature (38). For that period, the 1E state stores the electron which leads to 

a temporary decrease in the occupation of NV- ground state and reduces the rate of two-photon 

ionization (proportional to the occupation of 3A2). This process probably induces the observed 

magnetic resonances in photocurrent. An alternative photoionization path would be the direct 

promotion of electrons from the 1E metastable state to the conduction band. This ionization path 

would lead to a positive sign of PDMR, since electrons in the 1E |1> sublevels have a higher 

probability to decay non-radiatively to the singlet state, which leads to a higher occupation of 

the 1E metastable state. However, the negative resonances observed in PDMR spectra suggest 

that the contribution of this photoionization process to the total photocurrent at the resonant 

microwave frequency is significantly lower than the contribution of direct transitions from the 

excited state 3E to the conduction band. 

 

 

Figure 42: Dependence of the ODMR and PDMR contrast on 532 nm light power (Sample E2, applied electric 

field: 5×104 V/cm, light pulse duration: 940 µs, distance between contacts: 100 µm). Solid lines are a guides for 

the eye. 

 

Figure 42 depicts the dependence of the ODMR and PDMR contrasts measured on 

sample E2 on the green light power. The maximal observed contrasts are ~ 0.8 % for PDMR 

and 8.2 % for ODMR. This is partly due to the fact that only the two-photon fraction of the 

photocurrent (associated with the ionization of NV-) gives rise to detectable electron spin 

resonances, while its linear fraction is not affected by the microwaves. In the case of PDMR 
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measurements performed on type-Ib diamond, a monotonous increase of the PDMR contrast 

with the light intensity is observed. However, under strong optical pumping, shelving 

transitions to the 1E singlet state should saturate, which probably explains the decrease in the 

ODMR contrast observed for green light powers above 45 mW. The absence of saturation 

detected in the PDMR contrast can be explained by the fact that increasing the light power leads 

to an increase in the quadratic fraction of the photocurrent (associated with ionization of NV- 

centres) with respect to the linear fraction (associated with ionization of NS
0). However, while 

the quadratic fraction of the photocurrent increases by a factor four between 30 mW and 180 

mW (Figure 40), the PDMR contrast only increases by a factor of two, which seems to reflect 

the saturation of shelving transitions to the 1E singlet state, as discussed above. For a 

quantitative evaluation of this phenomenon, the shelving rate and the two-photon ionization 

rate have to be further investigated. 

 

 

Figure 43: Comparison of ODMR and PDMR spectra measured simultaneously in the absence of magnetic field 

on irradiated and annealed type-IIa diamond (Sample E7, light pulse duration: 940 µs, applied electric field: 

3,3×104 V/cm, distance between contacts: 15 µm, green light power: 6 mW). 

 

An electron-irradiated and annealed optical grade diamond with estimated NS
0 

concentration below 1 ppm and NV- concentration around 10 ppb (sample E7) was used, to 

demonstrate the possibility of performing PDMR with NV- ensembles in type-IIa diamond with 

low NS
0 concentration. It was possible to detect the NV- spin electron resonance in the 

photocurrent measured on this sample (PDMR spectrum compared with ODMR spectrum in 

Figure 43). The light power-dependence of the photocurrent detected on this sample is 

presented in Figure 44. The experimental data can be fitted with the sum of a quadratic function 
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(corresponding to a two-photon ionization process) and a linear function (corresponding to a 

one-photon ionization process). By comparing with the photocurrent measured on type-Ib 

diamond (Figure 40), it appears that the ratio between the linear and quadratic pre-factors b and 

a (Figure 44) is about 300 times lower for type-IIa diamond than for type-Ib diamond. This 

suggests that in the volume of sample E7 contributing to the photocurrent, the concentration of 

Ns
0 defects is low and that a nearly pure two-photon ionization process occurs, without major 

contribution from the ionization of NS
0 defects to the photocurrent. Correspondingly, a higher 

PDMR contrast is obtained on type-IIa than on type-Ib diamond. Indeed, a contrast of 3 % was 

observed on type-IIa diamond in optimal conditions. This result shows that, as expected, the 

PDMR technique is more efficient on type-IIa diamond than on type-Ib diamond, due to the 

lower contribution of NS
0 photoionization to the total photocurrent. 

 

 

Figure 44: Photocurrent as a function of the 532 nm light power, measured on irradiated and annealed type-IIa 

diamond (Sample E7, light pulse duration: 940 µs, applied electric field: 3,3×104 V/cm, distance between 

contacts: 15 µm). 

 

To investigate the bandwidth of the photoelectric detection technique and to 

demonstrate the possibility to employ it for pulsed spin detection experiments (Ramsey or Rabi 

oscillations, spin-echo experiments, etc.), faster photocurrent measurements were performed 

with the E2 sample. The photoelectric detection of spin magnetic resonances was achieved 

using light pulses down to 10 µs, with lock-in amplification of the photocurrent. No significant 

effect of the reduction of light pulse duration on the linewidth and contrast of photocurrent 

resonances was observed. The detection of the photocurrent induced by light pulses as short as 
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50 ns was in addition achieved using a charge sensitive preamplifier instead of the lock-in 

technique. This demonstrates the possibility to perform a fast readout of the photocurrent and 

shows that the photoelectric detection method may be used for pulsed spin-resonance 

experiments, for which read-out laser pulses between 200 and 500 ns are typically used (180). 

 

4.6.5. Conclusion 

In conclusion, a new principle for the read-out of NV- centres spin magnetic resonances 

in diamond has been demonstrated. By reducing the contact area, this technique has the 

potential to address single NV- centres. This paradigm may lead to a sensitive way for the 

construction of diamond nanoscale sensors and quantum devices and their read-out, allowing 

directly performing quantum operation on a chip. 
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4.7.  Enhanced dual-beam excitation photoelectric detection of NV magnetic 

resonances in diamond 

This work has been published in Physical Review B journal (IF = 3.718) and the article 

is reprinted here with changes. Authors are: E. Bourgeois, E. Londero, K. Buczak, J. Hruby, M. 

Gulka, Y. Balasubramaniam, G. Wachter, J. Stursa, K. Dobes, F. Aumayr, M. Trupke, A. Gali, 

and M. Nesladek. Here the dual-beam excitation scheme for PDMR was developed with aim to 

improve the detection capabilities of PDMR method by enhancing the measured MW resonant 

contrast and detection rates. This is necessary for implementation of PDMR techniques in 

quantum sensing and quantum information applications. I have contributed to this study by a 

thorough analysis of the MW resonance signal strength. By varying the PDMR parameters 

(including triggering frequency, lock-in time constant, microwave and laser power, applied 

voltage, detection frequency filters, sensitivity of the pre-amplification etc.), I made it possible 

to detect PDMR with higher signal-to-noise ratio, thus reducing the measurement times. I was 

also helping E. Bourgeois with the PDMR measurements. All other work was done by 

remaining authors of the paper. Final PDMR measurements that are presented in the paper were 

done at Institute for Materials Research, Hasselt University, Belgium. 

 

4.7.1. Abstract 

The core issue for the implementation of the diamond NV centre qubits technology is 

the sensitive readout of NV spin state. Recently the photoelectric detection of NV magnetic 

resonances (PDMR) was demonstrated, anticipated to be faster and more sensitive than optical 

detection (ODMR). Here a PDMR contrast of 9 % - three times enhanced compared to previous 

work - on shallow N-implanted diamond is reported. A novel one-photon ionization PDMR 

protocol based on ab-initio modelling is demonstrated. This dual-beam scheme is predicted to 

be significantly less vulnerable to the influence of defects such as substitutional nitrogen. 

 

4.7.2. Introduction 

The negatively charged nitrogen-vacancy (NV–) centre in diamond has attracted 

particular attention as a room temperature solid state qubit (181) that can be readout by optical 

detection of magnetic resonances (ODMR) (99). Numerous applications in the field of solid-

state quantum information processing (169) and sensing (107; 70) are being studied, including 

non-perturbing nanoscale magnetometry with single NV– (85) and ultrasensitive magnetometry 

with NV– ensembles (2).  
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Recently the photoelectric detection of NV– electron spin magnetic resonances under 

green illumination (single-beam PDMR, or s-PDMR) was demonstrated (Figure 45a), based on 

the electric detection of charge carriers promoted to the diamond conduction band (CB) by the 

ionization of NV– and performed directly on a diamond chip equipped with electric contacts 

(128). Since the sensitivity of the magnetic resonance (MR) detection is inversely proportional 

to the product between the MR contrast and the root mean square of the number of detected 

photons Np or electrons Ne (128; 70), achieving a high photocurrent signal and a sufficient MR 

contrast is critical for further applications of PDMR in quantum technology. Using s-PDMR, a 

detection rate of ~ 107 electrons.s-1 per NV– was achieved (N.A. of the objective: 0.95, green 

illumination: 3.4 mW, electric field: 2.4 104 V cm-1), compared to 2 104 photons.s-1 per NV– 

using confocal ODMR detection. However, the one-photon ionization of single substitutional 

nitrogen (NS
0) is one of the factors limiting the PDMR contrast, making a high green 

illumination power necessary to achieve a sufficient contribution of NV– two-photon ionization 

to the total photocurrent (128). It was observed that under blue illumination, the ionization of 

NV– can be achieved by a more effective one-photon process, enhancing the proportion of the 

photocurrent associated with NV– compared to NS
0. Based on this idea, the dual-beam excitation 

PDMR (d-PDMR) scheme (Figure 45a) was developed, that is anticipated to lead to enhanced 

PDMR contrast in the case of samples with high [NS
0]/[NV–] ratio and could therefore hold 

promise for the photoelectric readout of single NV– spin (since the proportion of NS
0 in the 

detection volume remains substantial even in the case of single NV– centres contained in ultra-

pure diamond) or for ultrasensitive diamond magnetometry with NV– ensembles (for which 

irradiated type-Ib diamonds containing a high proportion of NS
0 are used). 

To determine the threshold for NV and NS
0 one-photon ionization, first the photocurrent 

spectra of irradiated type-Ib diamonds was measured. Based on the identification of the 

ionization bands, the d-PDMR scheme was designed, in which pulsed blue light (2.75 eV) 

directly promotes electrons from NV– ground state to the CB and converts the resultant NV0 

back to NV–. Simultaneous CW green illumination (2.33 eV) independently controls the MR 

contrast by inducing spin-selective shelving transitions to NV– metastable state (182). By 

performing ab-initio calculations of NS
0, NV– and NV0 ionization cross-sections, it was possible 

to explore the photo-physics related to the proposed scheme, relevant for achieving higher MR 

contrast and photocurrent signal. 
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4.7.3. Methods and materials 

The sample used for PDMR measurements (sample TP4) is an electronic grade type-IIa 

diamond implanted with 14N4+ ions, resulting after annealing in the formation of a shallow NV– 

layer (density ~ 30 µm-2, depth: 12 ± 4 nm). For photocurrent spectroscopy, an as-received type-

Ib diamond plate (sample R, [NS
0] ~ 160 ppm) was used as a reference, while two others were 

respectively proton- (sample A, [NV–] ~ 35 ppm) and electron-irradiated (sample E2, [NV–] ~ 

20 ppm) and annealed. Coplanar electrodes with a distance of 100 µm (samples R, E2 and A) 

or 50 µm (sample TP4) were prepared on the surface of these diamond plates. The type-Ib 

samples were characterized by photoluminescence, FTIR and UV-visible absorption 

spectroscopy. 

To realize the d-PDMR scheme, a DC electric field (2.4 104 V cm-1) is applied in 

between electrodes. A collimated blue (2.75 eV) laser beam, pulsed at 131 Hz, is focused in 

between electrodes onto the diamond surface using a 40X air objective (NA: 0.95, light spot 

diameter ~ 600 nm). CW green (2.33 eV) light produced by a linearly polarized Nd:YAG laser 

is combined with the blue beam using the same objective. The resulting photocurrent is pre-

amplified and measured by a lock-in amplifier referenced to the blue light pulsing frequency, 

so that the photocurrent induced by CW green light does not contribute to the measured signal. 

The diamond chip is mounted on a circuit board equipped with microwave antennas (183). For 

photocurrent spectroscopy, monochromatic light (1 to 300 µW) pulsed at 12 Hz is focused onto 

the sample. At each photon energy, the photocurrent is pre-amplified and measured by lock-in 

amplification (photocurrent detected down to 3 fA). The photocurrent is normalized to the flux 

of incoming photons. 

 

4.7.4. Results and discussions 

To gain insight into NV–, NV0 and NS
0 photo-ionization mechanisms, ab-initio Kohn-

Sham density functional theory (DFT) calculations was applied. In the photo-ionization 

process, an electron is excited from an in-gap defect level to the CB or from the valence band 

(VB) to an in-gap defect level. In our measurements, a bias voltage is applied to the sample, 

making the resultant electron or hole instantly leave the defects. The photo-ionization 

probability is then directly proportional to the absorption cross-section that depends on the 

imaginary part of the dielectric function related to the transition between the initial ground state 

and the final excited state. This process can be well approximated by the transition of a single 

electron from/to the in-gap defect level to/from the band edges, thus the imaginary part of the 

dielectric function can be calculated between the corresponding Kohn-Sham levels. In 
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summary, the task is to calculate the excitation energies and the corresponding imaginary part 

of the dielectric function. 

To this end, the lowest excitation energy that corresponds to the pure electronic 

transition [zero-phonon line (ZPL) energy] was calculate by the constraint DFT approach. 

Based on the previous studies (184), a range-separated and screened hybrid density functional 

HSE06 (185) was used. The ZPL energies were explicitly calculated only for the band edges, 

and assumed that the excitations at higher energy follow the calculated band energies with 

respect to the band edge energy. The imaginary part of the dielectric function is calculated at 

the ground state geometry, following the Franck-Condon approximation. Optical transitions to 

the bands require accurate calculation of the electron density of states. Since HSE06 

calculations with many k-points in the Brillouin-zone are computationally prohibitive, and 

given that PBE and HSE06 Kohn-Sham wave functions are very similar for NS and NV centres, 

a generalised gradient approximated functional PBE was applied to calculate their optical 

transition dipole moments (186). The defects were modelled in a 512-atom diamond supercell. 

 

 
Figure 45: (a) Schematic diagram of the s-PDMR and d-PDMR schemes (b) Comparison between d-PDMR 

(pulsed blue excitation: 226 µW, CW green excitation: 9.1 mW) and s-PDMR (pulsed green excitation: 3 mW) 

spectra measured on shallow NV– ensembles, in the conditions leading to maximum MR contrast (sample TP4, 

microwave power: 1W). 

 

The proposed d-PDMR scheme was tested on shallow NV– ensembles implanted in 

electronic grade diamond (sample TP4). As a reference, s-PDMR was measured on the same 

sample. At a fixed microwave power of 1W, a maximum s-PDMR contrast of 8.9 ± 0.3 % was 

obtained (Figure 45b), higher than the PDMR contrast previously observed on irradiated type-

Ib and type-IIa diamonds (128). Under green illumination the PDMR contrast is limited by the 

background photocurrent resulting from the ionization of NS
0 (128). The enhanced s-PDMR 

(a)

Lock-in 
amplifier

+

Pulsed green light 

Single crystal 
diamond

Single-beam PDMR

NV0 NV- + h

NV-  NV0 + e

h = 2.33 eV

CW green light 

Single crystal 
diamond

Pulsed blue 
light

NV0 NV- + h

NV-  NV0 + e

h = 2.75 eV

Dual-beam PDMR

MW 
antenna

MW 
antenna

Lock-in 
amplifier

+

2820 2840 2860 2880 2900 2920

0.90

0.95

1.00

1.05

1.10

 Lorentzian fit

Dual-beam PDMR

N
o
rm

a
liz

e
d
 p

h
o
to

c
u
rre

n
t (a

.u
.)

N
o
rm

a
liz

e
d
 p

h
o
to

c
u
rr

e
n
t 

(a
.u

.)

Microwave frequency (MHz)

(b)

Single-beam PDMR

0.85

0.90

0.95

1.00

 



96 

 

contrast observed on sample TP4 can be explained by the higher contribution of the quadratic 

NV two-photon ionization to the total photocurrent, which is attributed to the confinement of 

the defects to the waist of the illumination beam – where the intensity is highest. By contrast, 

the illumination intensity in bulk samples decreases with depth, leading to a higher proportion 

of linear NS
0 ionization in the total photocurrent. 

 

A maximum d-PDMR contrast of 9.0 ± 0.4 % is obtained on sample TP4 (Figure 45b), 

close to the maximum s-PDMR contrast observed on the same sample at identical microwave 

power. Measurements of photocurrent as a function of green and blue light power on sample 

TP4 show in addition that at identical power, blue one-photon excitation induces higher 

photocurrent than green excitation. For example, the photocurrent measured under 226 µW 

excitation (conditions leading to maximal d-PDMR contrast) is five times higher under blue 

(800 fA) than under green light (165 fA). Although on shallow implanted NV– ensembles the 

MR contrasts obtained by d-PDMR and s-PDMR are similar, the d-PDMR scheme could 

potentially lead to higher contrast than s-PDMR in case of samples with high [NS
0]/[NV–] ratio, 

due to the lower contribution of NS
0 ionization to the total photocurrent under blue illumination. 

Indeed, considering the green light power dependence of the photocurrent measured on type-Ib 

sample E2, under 4 mW green excitation the two-photon ionization of NV (quadratic fraction 

of the photocurrent) represents only ~ 1.5 % (0.6 pA) of the total detected photocurrent, while 

ab-initio calculations indicate that under 4 mW blue illumination ~ 30 % (0.6 nA) of the total 

photocurrent originates from the 1-photon ionization of NV–. 

To explore the mechanism behind the d-PDMR scheme, the energy dependence of NV 

and NS photo-ionization cross-sections were studied by photocurrent spectroscopy. These 

measurements were performed on irradiated and annealed type-Ib diamonds, since a high 

density of defects allows to reach a high dynamic range of detected photocurrent, leading to a 

precise determination of photo-ionization thresholds. The photocurrent spectrum measured on 

a type-Ib reference diamond (sample R, [NS
0] ~ 160 ppm) can be observed in Figure 46a. This 

spectrum displays a photo-ionization band with a threshold ionization energy of ~ 2.2 eV, 

obtained by fitting experimental data to Inkson’s formula for the photo-ionization cross-section 

of deep defects (187). This band corresponds to the ionization of NS
0 to NS

+ (188). Though its 

calculated (+|0) pure electronic charge transition level is at EC-1.7 eV (EC: CB minimum) the 

giant redistribution of position of the N and C atoms in the core of the defect upon ionization 

of NS
0 results in a low ionization cross-section at this energy. Due to very strong electron-



97 

 

phonon interaction, a photo-ionization band emerges in the phonon sidebands around EC-2.2 

eV (see (189) for further discussion).  

Compared to non-irradiated diamond, the photocurrent spectra measured on proton- and 

electron-irradiated type-Ib diamonds (samples A and E2, in which ~ 10 % of NS defects are 

converted to NV– centres) show a blue shift and the formation of an ionization band with 

threshold at ~ 2.7 eV (Figure 46a). Photoluminescence, FTIR and optical absorption 

spectroscopy indicate that the dominant defects in these samples are NS and NV, with some 

additional spurious defects (possibly associated to Ni) in sample A. 

 

       

Figure 46: (a) Comparison between photocurrent spectra measured on reference type-Ib diamond (sample R, Ei 

= 2.18 eV) and irradiated and annealed type-Ib diamonds (samples A, Ei = 2.66 eV; sample E2, Ei = 2.69 eV). 

Ei: threshold ionization energy from Inkson’s fitting. (b) Fitting of photocurrent measured on sample A using 

calculated ionization cross-sections. The contributions of NS
0, NV– and NV0 ionizations to the total photocurrent 

are shown. In the ab-initio calculation it was assumed that NV–, NV0 and NS
0 ionization dominates the spectrum, 

with other parasitic defects contributing to a small extent to the spectrum in the low energy region (not shown). 

 

The ionization cross-sections of NS and NV defects were calculated as a function of the 

photo-excitation energy and compared the results with the photocurrent measurements (Figure 

46b for sample A). In the simulation plots the experimental value of [NS
0] was set and [NV0] 

and [NV–] was fitted to the experimental data. Using only these two fitting parameters values 

of [NV–] ≈ 31.4 ppm and [NV0] ≈ 1.0 ppm were obtained in sample A, in excellent agreement 

with the concentrations determined from photoluminescence measurements ([NV–] ≈ 34.0 ppm 

and [NV0] ≈ 1.1 ppm). Our ab-initio calculations predicted (190) that the (0|–) acceptor level of 

NV lies just in the middle of the diamond gap, at EC-2.75 eV. Unlike NS, NV0 and NV– present 

very similar geometries, thus pure electronic transitions dominate the ionization process. 

Photons with an energy above 2.7 eV can therefore ionize NV– to NV0 by promoting an electron 

to the CB, but also convert NV0 back to NV– by direct promotion of an electron from the VB. 
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Calculations predict in addition that NV0 has ~ 10 times larger ionization cross-section than 

NV– at 2.75 eV, implying a larger rate for the back-conversion than for the ionization of NV–. 

Based on the results of photocurrent spectroscopy and ab-initio calculations, the d-

PDMR scheme is explained as follows (Figure 47a). Pulsed blue light (2.75 eV) promotes 

electrons from NV– triplet ground state 3A2 to the CB by a one-photon process (transition 1), 

and induces also the one-photon back-conversion from NV0 to NV– (transition 4). Simultaneous 

illumination by CW green laser light (2.33 eV) induces transitions from the ground state 3A2 to 

the excited state 3E (transition 2), followed by spin-selective non-radiative decay from the |±1> 

spin manifold of 3E to the singlet state 1A1 (transition 3) (182). From there, electrons fall to the 

metastable state 1E (220 ns lifetime) (91). At resonant microwave frequency (2.87 GHz), these 

shelving transitions result in a temporary decrease in the occupation of NV– ground state, and 

thus to a decrease in the photocurrent associated with the one-photon ionization of NV–. Here 

it was assumed that the photo-ionization cross-section from the 1E shelving state to the CB is 

low, although the metastable state 1E state has been recently estimated to be located ~ 0.4 eV 

above NV– ground state (i.e. ~ 2.3 eV below the CB) (191) and could therefore theoretically be 

ionized by 2.75 eV photons. However, the negative resonances observed in d-PDMR (Figure 

45b) indicate that the contribution of this process to the total photocurrent is significantly lower 

than the contribution of direct transitions from NV– ground state to the CB.  

 

 
Figure 47: (a) Schematic diagram of the d-PDMR mechanism (not to scale). Left: one-photon ionization of NV–. 

Right: Back-conversion from NV0 to NV–. RS: resonant state. (b) d-PDMR contrast measured on shallow NV– 

ensembles as a function of the ratio RGB between the green and blue light powers (sample TP4). Error bars 

represent the standard errors of the fitting parameters. 
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contrasts obtained by varying the green light power at constant blue power and by varying the 

blue power at constant green power present a similar trend (Figure 47b). In the range of laser 

power considered here and for RGB < 40, the d-PDMR scheme allows thus an independent 

control of the photocurrent intensity (by the blue light power) and the MR contrast (by RGB). 

The initial increase in the d-PDMR contrast with RGB (RGB ≤ 40) can be explained by the 

transfer of an increased proportion of electrons initially in the |± 1> spin manifold to the 

metastable state. Above RGB ≈ 40, the contrast saturates and slightly decreases. It should be 

noted that this effect does not result from the saturation of the singlet state 1E, since it occurs 

when the blue light power is reduced at fixed green light power. 

 

4.7.5. Conclusion 

In conclusion, it was demonstrated that a one-photon ionization scheme can be used for 

reading out the spin state of NV–. Based on this principle, a novel photoelectric scheme for the 

detection of NV– magnetic resonances was designed, in which blue illumination induces the 

one-photon ionization of NV– and converts NV0 back to NV–, while the MR contrast is 

independently controlled by CW green light. A maximal PDMR contrast of 9.0 % was obtained 

on shallow NV– centres implanted in electronic grade diamond. The d-PDMR scheme is 

expected to be less sensitive than s-PDMR to background defects in diamond and to lead thus 

to enhanced MR contrast in the case of samples with high [NS
0]/[NV–] ratio. This robust 

photoelectric detection scheme could therefore represent an important step toward the 

photoelectric readout of single NV– spin state and be used for the construction of diamond 

quantum opto-electronics devices with enhanced performances. 
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4.8. Pulsed photoelectric coherent manipulation and detection of NV centre spins in 

diamond 

This work has been accepted in Physical Review Applied journal (IF = 4.061) and the 

article is reprinted here with changes. Co-authors of the work are: E. Bourgeois, J. Hruby, P. 

Siyushev, G. Wachter, F. Aumayr, P. R. Hemmer, A. Gali, F. Jelezko, M. Trupke, M. Nesladek. 

Three main issues were examined here; removal of N-related background photocurrent, thus 

enhancing the detection contrast and S/N ratio, applicability of PDMR method for pulsed 

measurements, and downscaling of the number of NV centres detected by PDMR. As a main 

author of this work I have executed all measurements of which results are presented here. I have 

developed and tested the pulse protocols and the MW-triggering scheme. I have installed new 

hardware to enable the pulsed excitation and I have carried out the PDMR noise calculations 

for lock-in detection scheme. The sample used for the experiments was prepared at TU Wien 

without my contribution. 

 

4.8.1. Abstract 

I demonstrate hybrid photoelectric pulse protocols for reading the spin states of NV 

centres in diamond, compatible with coherent spin control and performed on shallow nitrogen-

implanted electronic grade diamond. The measurements are carried out on spin ensembles from 

1000 to just 5 NV centres, as a first step towards the fabrication of scalable photoelectric 

quantum chips. Specific MW protocols are developed that suppress background photocurrent 

related to ionization of NS0 defects and provide a high contrast and S/N ratio. The technique is 

demonstrated on Rabi and Ramsey sequences. 

 

4.8.2. Introduction 

Hybrid quantum detection approaches are considered as the most promising towards the 

realisation of scalable systems for quantum computation (192). Here I demonstrate coherent 

manipulation and photoelectric readout of nitrogen-vacancy (NV) spin states in diamond as a 

basic building block for scalable miniaturized electric quantum devices (193). I develop novel 

spin photoelectric readout protocols compatible with preparation and readout of arbitrary 

quantum states of NV centres in diamond. By providing MW triggering for lock-in detection 

of the photocurrent, I suppress photocurrent generated from ionization of single substitutional 

nitrogen NS
0. The presented technique allows for high readout contrast with the offset due only 
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to the electronic noise - up to high frequencies of ~ 20 MHz. The high sensitivity of the proposed 

protocols allows to read the spin state of ~ 5 NV centres. 

NV solid state qubits in diamond are one of the most studied quantum materials today 

due to the record spin coherence time at room temperature (30) and are used for quantum 

sensing application (e.g. magnetometry (85), thermometry (194), single spin nano-MRI (93)). 

The optically detected magnetic resonance (ODMR) method (127) used as a major technique 

for NV centres in diamond has important limitations in the scalability and does not provide 

integration with electrical readout. Recently we have introduced the photoelectrically detected 

magnetic resonance (PDMR) technique (128) for reading out the electron spin state of 

negatively charged NV centre in diamond. This method provides a vast enhancement of over 

2.5 orders of magnitude in detection rates compared to ODMR measured in similar 

experimental conditions (see 4.7 for details). Although we have demonstrated the principle of 

this method, it was only used for CW readout of the |0> and |±1> spin states of NV ensembles 

in lab-grown CVD or HPHT diamonds (128). In order to use the advantages of the PDMR 

technique in quantum sensing and computational schemes, it is necessary to demonstrate that 

the photoelectric readout is compatible with the quantum control of individual NV electron 

spins. Here, I perform coherent operations with PDMR on spin ensembles of just a few (~ 5) 

NV centres by designing specific readout sequences. I demonstrate these protocols by 

performing Rabi and Ramsey measurements on shallow NV ensembles implanted in electronic 

grade diamond, that is, unlike bulk crystals, a material suitable for future quantum devices. The 

proposed method leads to a significant suppression of background photocurrents, which is one 

of the main limiting factors for using PDMR for readout of single NV sites (128; 195), and 

considerably increased signal-to-noise (S/N) ratio compared to CW PDMR measurements (128; 

196). By this way I could experimentally verify the S/N ratio that were previously only 

theoretically predicted (197). 

 

4.8.3. Methods and materials 

Figure 48a depicts the hybrid photoelectric quantum chip used in my measurements. 

Type-IIa single crystal electronic grade diamond was implanted with 8 keV 14N4+ ions and 

annealed at 900°C to create ensembles of shallow NV centres (depth: 12 ± 4 nm). The 

implantation fluence was varied to create in total five regions with different NV densities (from 

~ 15 µm-2 to 104 µm-2). The sample was equipped with coplanar Ti-Au electrodes with 50 µm 

gap and mounted on a circuit board to enable microwave (MW) excitation and photocurrent 

readout. MW was provided using two printed antennas (183). Green laser illumination induces 
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the two-photon ionization of NV centres from the |0> and |±1> 3A2 NV ground state (GS) spin 

manifolds to the conduction band (CB) (Figure 48b) (177; 174). A DC electric field is applied 

in between electrodes and the photocurrent is read by lock-in after sensitive pre-amplification. 

 

 

Figure 48: (a) The schematics of the setup used for pulsed PDMR showing a type-IIa nitrogen implanted 

diamond mounted on the circuit board. (b) A simplified electronic energy level scheme of the NV centre showing 

two-photon ionization of electron from GS to CB. Spin-selective decay through metastable 1E state enables the 

PDMR (MW: microwave, VB: valence band, CB conduction band). 

 

4.8.4. Results and discussions 

The magnetic resonance (MR) contrast in the detected photocurrent is obtained under 

resonant microwave excitation (2.87 GHz) inducing transitions from the |0> to the |±1> spin 

sublevels of NV ground state (65). Electrons photo-excited from the |±1> GS manifold have a 

non-zero probability to undergo shelving transitions from NV excited state to the metastable 1E 

state (99; 181). During the time in which the |±1> spin electron is stored in the metastable singlet 

state (~ 220 ns lifetime) (91; 182), it is protected from photo-ionization. This leads to a 

reduction of the overall photocurrent and thus to a minimum in the photocurrent signal at the 

resonant MW frequency (128). So far, the photocurrent signal from NV centres was readout 

either by lock-in technique referenced to the laser pulse frequency (128; 196) or by detecting 

the DC photocurrent after implementing a laser readout pulse (197). Both proposed methods 

suffer from a background photocurrent induced by the photo-ionization of other defects such 

as substitutional nitrogen (NS
0) (196), which reduces the detected MR contrast, preventing the 

a) b) 
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application of PDMR for single NV detection. Here I perform PDMR readout using pulse 

sequences and referencing the lock-in signal to the on-resonant MW pulses. By this way, I 

detect only the proportion of the photocurrent affected by the MW field, i.e. variations in the 

photocurrent signal S, related to |0> ↔ |±1> transitions. Therefore I obtain a resonance 

spectrum with a positive contrast, defined as (Smax - Smin)/(Smax + Smin), where S is the AC signal 

detected by the lock-in and its maximum is equivalent to the ~ 30% of the total DC off-resonant 

NV photocurrent. Because the AC off-resonant photocurrent is zero, the detection contrast 

between off- and on-resonant MW frequencies is ~ 100% and is only reduced by the detected 

noise. As an additional advantage, the background signal from other defects than NV is filtered 

out when scanning the MW frequency around NV resonant line. By using the on-resonant 

trigger the signal from substitutional nitrogen is suppressed. Also, the use of MW triggering 

sequences gives significantly lower electronic noise that is identified to originate from coupling 

of MW irradiation to photocurrent readout circuits. To quantify the benefit of MW triggering 

scheme I measured CW PDMR spectra at the same position using both approaches (laser and 

MW pulse frequency referenced to lock-in amplifier with similar experimental conditions) and 

I compare the signal-to-noise ratios (S/N) for both cases in. The photocurrent signal S is 

determined from a fit of PDMR spectrum. The noise N is calculated as the standard deviation 

of the off-resonant (blank) photocurrent signal. The MW triggering yields on average a 7 times 

improvement in S/N ratio. At highly implanted region of the sample (corresponding to ~ 1000 

NVs in focus of the objective) I get a 7.4 times improvement in S/N for the MW-triggering 

method. The illustrative spectra are shown in Figure 49a. The vast improvement in S/N is 

visible even for a very fast measurement. 

 

 

Figure 49: (a) Comparison of the laser (dark red dots) and MW (black dots) triggering CW PDMR method in the 

case of a fast measurement. Data were measured on a NV ensemble using similar experimental conditions and 

fitted. (b) PDMR pulse trains that encode high frequency pulse sequences (Rabi, Ramsey) into a low frequency 

envelope used as a reference for lock-in detection. 

a) b) 
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To achieve coherent manipulation of spins with photoelectric readout I encode single 

pulse sequences into a low-frequency envelope (Figure 49b). A continuous series of 

consecutives laser pulses is used, in which each pulse serves for the spin initialization and spin 

state readout. Bursts of spin manipulation MW pulses, time-shifted with respect to laser pulses, 

are added to encode any arbitrary sequence. A MW trigger pulse marks the start of the pulse 

burst during which the low frequency modulated photocurrent signal is measured. In the off 

period of the duty cycle, a train of spin polarisation laser pulses maintains the occupation of the 

|0> state. I explored envelope frequencies from 30 Hz up to 1 kHz, tuned to obtain the highest 

S/N ratio. In principle, this method enables encoding any pulse sequence into the low-frequency 

envelope. Here I demonstrate this technique on Rabi and Ramsey protocols, which are essential 

for quantum measurements (2). 

 

 

Figure 50: Photoelectric detection of Rabi oscillations using the envelope technique with MW-triggering. The 

black scatter points are the experimental data for MW power of 3.2 W and the blue line is fitted assuming an 

exponential damping. Inset shows the dependence of the frequency of Rabi oscillations with respect to the square 

root of the applied microwave power (red line is the result of linear fit). 

 

Rabi measurements (see Figure 50) were performed first in the region of the sample 

with an approximate number of 1000 NV centres in the focus of the objective. Static magnetic 

field is applied perpendicularly to the <100> diamond plane to split the |±1> spin levels. I then 

vary the duration of resonant MW pulses at constant power (see Figure 49b) to determine the 

duration of π-pulse. As expected, the Rabi frequencies calculated from the fit (179) of these 

measurements depend linearly on the square root of the MW power (Figure 50 inset). The 
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presented measurement proves the possibility of coherent spin readout using MW-triggered 

PDMR envelope pulse scheme. The measured Rabi oscillations for MW peak power of 3.2 W 

are plotted in Figure 50, yielding the Rabi decay time of ~ 490 ns on the sample area with the 

highest 14N4+ ions implantation fluency. 

 

To show the applicability of the designed PDMR protocols, I demonstrate functional 

Ramsey fringes pulse sequences (Figure 49b), employed to characterize the NV centre free spin 

dynamics. The measurement is performed at the same position as for the Rabi experiment. By 

varying the free precession time τRAM I observe a decay curve consisting of the superposition 

of three cosine functions with different frequencies δi. Each frequency corresponds to the 

detuning of the applied MW frequency from one of the hyperfine 14N transition such that δ1 = 

νRAM - 2.2 MHz, δ2 = νRAM and δ3 = νRAM + 2.2 MHz (198; 199), where νRAM is the Ramsey 

frequency. The measurement was performed for different detunings δ2 (4, 8, 12, 16, 20 MHz) 

from the central resonant frequency. The results are shown in Figure 51. As expected I observe 

a linear dependency of the Ramsey frequency on the detuning values (Figure 51 inset).  

 

 

Figure 51: Photoelectric detection of Ramsey fringes for different detuning of MW excitation frequency from the 

NV resonant frequency. The scatter points are the experimental data, fitted considering a single exponential 

decay (continuous lines). Inset shows the linear dependence of Ramsey frequency to the MW detuning (purple 

line is the result of linear fit). 

 

The average dephasing time T2
* for all measurements is ~ 41 ns using single exponential 

decay fitting (200) or ~ 66 ns using Gaussian decay fitting of the data (201). This short value 
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reflects decoherent interactions of NV ensembles on the sample area over-implanted with 14N4+ 

ions. The main source of dephasing is the bath of paramagnetic substitutional nitrogen 

impurities (NS
0 centres) although 14N nuclear spins can also contribute (91; 55). Despite the 

very fast decay, this technique enables to readout Ramsey fringes at high frequency of 20 MHz 

with a very high contrast, confirming the ability of MW-referenced PDMR to measure samples 

with very short T2
* times with high S/N ratio. By the proposed technique, Hahn-echo or more 

complex sequences such as CPMG (Carr-Purcell-Meiboom-Gill pulse train) can be encoded 

into the envelope carrier. The base value of the MW-triggered photocurrent is inversely 

proportional to the detuning frequency, reflecting the occupation of spin states integrated over 

the statistical weight of the |0> and |-1> manifolds. 

 

An important milestone for the PDMR technique is to reach coherent manipulation of 

single NV spins. While our recent studies (128; 196) and other published work (197) 

demonstrated PDMR on NV ensembles, the photoelectric readout of single spins was not 

achieved yet. To downscale of the number of NV centres I used the N-implanted electronic 

grade diamond containing five regions of descending NV densities, corresponding to ensembles 

from 1000 to ~ 5 NV centres in focus of the objective. The number of NV centres was calibrated 

from photoluminescence counts of a single NV obtained at the same conditions. First I 

measured the total photocurrent signal upon downscaling NV ensembles (see Figure 52 inset). 

For this I use lock-in technique referenced to a pulsed laser, without the MW field applied. This 

data could be fitted using a sublinear function. We speculate that this is due to a reduction of 

recombination lifetime in highly implanted region. From the fit we experimentally determine 

the total photocurrent resulting from the ionization of a single NV to be ~ 1.0 pA for an electric 

field of 2×104 V·cm-1, similarly to predictions presented in (128; 197). However, the measured 

photocurrent is a sum of NV-related photocurrent and of the background signal originating 

mainly from single substitutional nitrogen NS
0 ionization. We estimate that at these power 

conditions ~ 75% of the signal comes from two-photon ionization of the NV centres (196). 

Thus I could experimentally verify the predictions of the photocurrent value expected for single 

NV centres in given electric field conditions by measurements on a small number of NV centres 

(~ 5), downscaled by at least ~ 104 times compared to previous measurements (197). 
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Figure 52: (a) Rabi measurement on 5 NV centres at MW power of 3 W. The fit of the data takes into account the 

beating originating from coupling to the nitrogen nuclear spins with frequency of 2.2 MHz, similarly to the 

fitting of Ramsey data in Figure 4. (b) Photocurrent spectra measured on small spin ensembles down to 5 NVs 

using a sequence consisting of short laser pulse followed by a MW π-pulse. The experimental data are fitted with 

two Gaussian functions. For comparison the inset shows the total photocurrent from different numbers of NV 

centres measured with only laser excitation (blue line is the result of fit). 

 

By using pulse PDMR protocols with MW triggering, i.e. without any contribution of 

background photocurrent originating from NS
0 photoionization, I demonstrate Rabi 

measurement on the sample region with the lowest implantation density, e.g. with 5 NVs in the 

focus (Figure 52a). The presented results show the applicability of the scheme for 

measurements of just a very few individual NV centres. Figure 52b shows pulse PDMR spectra 

obtained for decreasing numbers of NV centres in the focus of the objective. Data were fitted 

using a two-peak Gaussian function (202), averaging over the central and hyperfine MR lines 

and a noise background offset was subtracted from the spectra. The estimated value for single 

NV photocurrent at resonance frequency averaged from all four measurements is ~ 2 fA. This 

value is ~ 50 times lower than the photocurrent expected for a single-NV in the used conditions 

b) 

a) 
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based on CW light-triggered measurements (see above) and considering a CW PDMR contrast 

of ~ 10 % (196). This is attributed to several factors such as the use of duty cycle (resulting in 

a reduced effective MW and laser power) and the loss of the contrast during the laser readout 

pulse (since the laser pulse is used for both readout and initialization of the NVs). However as 

shown in Figure 52a, the pulsed photocurrent related to the magnetic resonance of ~ 5 NV 

centres is detected with very high contrast. 

 

To explore the limitations of the pulsed PDMR method I concentrated on the 

comparison of theoretical and experimental values of noise level. The main components of the 

total noise Nrms come from the shot noise generated by the photocurrent ISN(rms) (203), input 

noise of the pre-amplifier IPreamp(rms) and input noise of the lock-in amplifier ILock-in(rms), 

expressed as 

𝑁𝑟𝑚𝑠 = (𝛿𝐼𝑆𝑁(𝑟𝑚𝑠) +  𝛿𝐼𝑃𝑟𝑒𝑎𝑚𝑝(𝑟𝑚𝑠) +  𝛿𝐼𝐿𝑜𝑐𝑘−𝑖𝑛(𝑟𝑚𝑠)) √∆f 

where Δf is the bandwidth of detection electronics. Thanks to the lock-in amplifier detection, 

one is able to reduce the noise significantly, since in this case Δf corresponds to the equivalent 

noise bandwidth (ENBW) determined by the lock-in amplifier time constant. The ENBW can 

be then very narrow, thus increasing the S/N by rejecting the white noise (203). The total noise 

is then calculated as 

𝑁𝑟𝑚𝑠 = ( √e ∙ 𝐼 +  𝛿𝐼𝑃𝑟𝑒𝑎𝑚𝑝(𝑟𝑚𝑠) + 𝛿𝐼𝐿𝑜𝑐𝑘−𝑖𝑛(𝑟𝑚𝑠)) ∙ √ENBW 

where e is the elementary charge and I is the measured photocurrent. Considering the 

specifications for our preamplifier and lock-in amplifier, I calculate for the CW technique 

Nrms/√ENBW of ~ 60.4 fA·Hz−1/2, with a dominant noise originating from the preamplifier (~ 

60 fA·Hz−1/2 at given frequency), compared to measured value of ~ 83.7 fA·Hz−1/2 for 1000 

NVs in the focus. I speculate that this difference (23.3 fA·Hz−1/2) between the experimental and 

predicted noise is due to photocurrent noise correlated to MW cross-talk occurring on the chip 

level. This type of cross-talk noise should be significantly reduced for the pulsed measurements 

where the laser readout pulse is decoupled from MW pulse. To confirm this I have determined 

the correlated noise for the experiment in Figure 52b, performed using the pulsed protocols. In 

this configuration the correlated noise is reduced to 4.4 fA·Hz−1/2. The correlated noise 

compared to the optically triggered CW PDMR (212.5 fA·Hz−1/2) is therefore reduced by a 

factor of 48. The shot noise for the MW-triggered PDMR is ~ 0.126 fA·Hz−1/2 calculated for a 

single NV spin photocurrent (considering a differential current between spin |0> and |±1> states 

of 100 fA). 
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4.8.5. Conclusion 

To conclude, I demonstrate pulsed coherent readout techniques for small ensembles 

down to 5 individual NV centres in shallow implanted electronic grade diamond, which is the 

material used for relevant quantum applications. I developed MW referenced pulse sequences, 

enabling to eliminate the NS
0-related background photocurrents, which was previously 

identified as a main obstacle for using PDMR technique for readout of single NV spins. By this 

way, together with lock-in readout technique, I reach the signal detection contrast close to 

100%. A significant reduction of the correlated noise compared to CW technique made possible 

an order of magnitude enhancement of the S/N ratio. I developed hybrid Rabi and Ramsey 

photoelectric coherent spin manipulation protocols encoding high frequency MW and laser 

pulse sequences into a low frequency envelope. A further enhancement in S/N ratio can be 

achieved by designing nanoscopic electrodes for operating efficiently single NVs with high 

photoelectron gain (128; 196). The ability to read and control spin state by hybrid photocurrent 

method presented here demonstrates perspectives for progressing towards compact and scalable 

single spin device. 
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5. SUMMARY AND FUTURE PERSPECTIVES 
 

Main aim of this work is development of detection methodology on the two, currently 

highly important, systems. One of them are probes based on nanodiamond particles (NDs) that 

can be utilized in in-vitro application and possibly in-vivo in near future. Here, I studied 

luminescence properties of the probes and developed novel detection techniques of the NDs in 

cell environment. The other systems are sensors based on single crystal diamond using novel 

photocurrent spin readout method in diamond, where I addressed the techniques towards the 

development of quantum chips. These chips have wide potential for application such as ultra-

sensitive NMR detection or the sensors of ultra-small magnetic fields that could be applied in 

diagnostic methods i.e. magnetoencephalography or magnetocardiography. Such emerging 

medical diagnostic methods are starting to be used in large medical centers, however wider use 

is rather inconvenient thanks to the high price range. With the methodology presented in this 

work, it will be possible to substantially reduce pricing of such equipment and to provide 

compact devices with better spatial resolution, detection rates anticipated. For this purpose, 

techniques for realization, application and detection of NV based sensors have been studied on 

NV-containing single crystal diamond, for which we have developed novel and original 

principle of photoelectric detection. All of the goals has been fulfilled and are listed below: 

 Development of the optical setup for readout of NV specific signals 

o I have rebuilt the home-built confocal setup, achieving imaging resolution of 

300 nm and high sensitivity luminescence spectral scanning 

 Characterization of NDs for novel preparation methods 

o I have measured and compared luminescent spectra of fluorescent NDs created 

by pellet and liquid target irradiation showing, that aqueous irradiation does not 

alter the NV luminescence properties of NDs 

o Using Raman spectroscopy I have demonstrated, that using liquid target yields 

lower lattice damage compared to pellet target irradiation 

o I have measured and analyzed luminescent spectra of fluorinated and oxidized 

fluorescent NDs demonstrating ≈ 5% increase in emission intensity of the NV- 

state upon fluorination 

 Detection of NDs in biological environment 

o I have successfully internalized NDs in cancerous (MCF7) and dental pulp stem 

(DPSC) cells 
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o I have demonstrated novel way of how to detect near-IR probe (such as NV 

NDs) in cell environment with simultaneous visualization of non-fixed cell 

nucleus using Raman imaging without any additional dyes 

o Using atomic force microscopy (AFM) in the force spectroscopy regime I have 

measured cell membrane Young’s modulus variations upon NDs uptake 

demonstrating cell stiffening in time 

 Enhancing the detection rates for NV- spin state readout 

o I have participated in the development of a completely new method for NV spin 

readout using photoelectric readout of magnetic resonances (denoted PDMR) 

o I have built the first PDMR setup and carried out the first photoelectric 

measurements 

o By varying the measurements parameters (triggering frequency, lock-in time 

constant, microwave and laser power, applied voltage, etc.) I have managed to 

suppress the noise and enhance the S/N ratio of PDMR. 

o I have studied and calculated the theoretical noise sources in PDMR 

measurements using lock-in detection and compared them with experimental 

results with prediction for the single NV shot noise 

o I have shown that by referencing lock-in detector to the microwave (MW) slow 

pulse frequency (~ 100 Hz) one can strip the PDMR signal from background 

photocurrents and measure thus with high S/N and contrast. 

o Using the MW referencing I have developed a method for coherent spin 

manipulation and readout with PDMR by encoding the high frequency (~ 20 

MHz)  pulse trains into the slow frequency (~ 100 Hz) envelope 

o Using the pulse sequences I was able to measure Rabi and Ramsey oscillations 

and downscale the detection from previous 106 to only 5 NVs in the focus. 

 

5.1. Development of confocal setup 

I have rebuilt the home-built confocal setup, achieving 300 nm resolution and high 

sensitivity spectral scanning of NV luminescence. Two additional detectors have been added to 

allow Time-Correlated Single Photon Counting (TCSPC) measurements. The whole system is 

now being enhanced to enable pulse Optically Detected Magnetic Resonance (ODMR) 

measurements. This will provide for magnetic sensing of NV centres either directly from 

ODMR resonance frequencies shift or by reading out the dynamic properties of the NV spins 
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such as T1 or T2 relaxation times. Such monitoring of temporary changes in magnetic 

environment is performed on a very short time scale and is of extreme interest for biomolecular 

sensing. This techniques will be further applied to ND sensors equipped with specific spin 

recognition chemical architectures. 

 

5.2. Nanodiamond particles 

The production of NV centres in Ib-type NDs has been optimized by altering the 

irradiation method (Stursa et al., Carbon, 2016, IF = 6.198). Use of aqueous suspension yields 

more homogeneous distribution of NV color centre per particles and brings possibility to 

achieve exactly one NV centre per ND. This is of interest for magnetic field sensing by the 

detection of electron spin resonance of NV– color centre. I have contributed to this work by 

characterizing the produced nanoparticle. I measured and compared the luminescence of NDs 

create by both liquid and pellet target irradiation, to show that aqueous method does not change 

the NV0/NV-  fluorescence ratio. Also, by measuring the Raman spectra and comparing the sp2 

and sp3 carbon content of NDs I have found out, that aqueous irradiation causes less lattice 

damage than pellet irradiation. 

Moreover, stabilization of NV luminescence for ND particles containing exactly one 

NV was demonstrated as the surface band bending induced by the covalent fluorination of the 

ND surface converts the NV to its bright state (Havlik et al., Advanced Functional Materials, 

2016, IF = 11.38). This novel method is non-destructive (preserving the NDs morphology), 

provides with increased NV-/NV0 ratio and creates colloidally stable nanoparticles. I have taken 

part in this work by studying the NV related luminescence. Using Raman spectroscopy I have 

analyzed the luminescence spectra of oxidized and variously fluorinated NDs and I have 

compared the NV0/NV- fluorescence ratio. 

Furthermore, I have demonstrated successful internalization of ND in MCF7 and DPSC 

cell lines. To follow the NDs within the cells I have employed a Raman imaging technique 

(Gulka et al., in preparation for Journal of Biophotonics, IF = 3.82). Using a K-mean cluster 

analysis of obtained spectra (one per each pixel) it was possible to trace the NV luminescence 

and distinguish whether the signal is coming from already internalized or non-uptaken NDs. 

The simultaneously visualization of the nucleus of living cells was demonstrated, thanks to the 

Raman signal from cell, without the use of any additional dyes. This is a big advantage as this 

technique does not interfere with the cell (common methods includes staining or fixation of the 

cells).  
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To study the influence of ND uptake onto the cell membrane mechanical properties I 

have performed AFM measurement in force spectroscopy mode (Gulka et al., in progress. 

expected publication later in 2017). By analyzing the time-consequent force maps 

determination of the uptake rates with respect to the incubation time was possible with each 

cell analyzed individually. It was shown that ND uptake is responsible for mechanical changes 

of cell membrane stiffness as I observe cell hardening with time. The further plan is to consider 

the cell cycle in the measurements, as in a cell population, the dose of internalized nanoparticles 

in each cell varies as the expression of membrane proteins vary during the cell cycle. Thus the 

rate at which a cell takes up foreign material, as for instance nanoparticles, may depend on the 

cell phase, modifying accordingly their elasticity. The goal is to resolve how the state of the 

different cells affects the uptake of NDs by measuring the cell stiffness changes with the 

developed AFM spectroscopy method. 

 

Future perspectives: 

Recently, our collaborators have addressed an issue of ND particle aggregation in 

solvent reporting strategies for the modification of NDs, yielding bioorthogonally reactive 

hydrophilic shells (204) (205) (206). These hybrid particles show superior colloidal stability 

and they can be dissolved in aqueous buffers of high ionic strength and biological liquids. They 

are also protein-resistant: the polymer interface protects them against nonspecific protein 

adsorption. Moreover, the reactive groups on their surface enable highly efficient attachment 

of recognition/sensing moieties or complex molecular systems by various chemistries, 

including “click” chemistry. These features are crucial for the NDs function as selective chemo- 

or biosensors working in complicated matrices, including cytosol. The plan is to exploit these 

hydrophilic shells fabricating a new tool for highly sensitive, selective, and spatiotemporally 

resolved analysis of molecular events in biological environment. It will include construction of 

novel prototypes of nanosensors where optically detected magnetic resonance (ODMR) of the 

NV centre will be combined with sophisticated sensing architectures built on well-defined ND 

particles. Quantum sensing principles based on spin interactions of NV centre with smart 

molecular architectures at the sensors’ interfaces will be utilized. This will include three diverse 

approaches. Firstly, detection and quantification of free radicals via spin trap systems attached 

to NDs, secondly, selective molecular recognition of paramagnetic species (e.g. paramagnetic 

ions) followed by their direct spin-based quantification and finally use of cleavable spacers for 

rapid release of attached paramagnetic species from proximity of NV centre upon specific 

cleavage caused by an analyte. 
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5.3. Single crystal diamond 

I have studied detection possibilities of NVs in the single crystal for the purpose of NV 

sensoring application. Novel method for readout spin state of NV- centre has been developed 

by our team (Bourgeois et al., Nature Communications, 2015, IF = 11.470). The method is 

denoted PDMR and is based on photocurrent detection of charge carriers promoted to the 

conduction band of diamond by two-photon ionization of NV- centres. This novel technique is 

of great asset for magnetic sensing application as it overcomes limiting factors for optical 

detection such as low collection efficiency of photons and can be performed on an all-diamond 

devices. I have participated on the development of PDMR readout. I have built and designed 

the hardware of the PDMR setup and made first tests and measurements. I helped to test and 

adapt the controlling software and analyze the first photoelectric data. Together with E. 

Bourgeois we managed to measure for the first time magnetic resonance from NV centres using 

photoelectric readout. 

Further,  the dual-beam photoionization scheme was studied, where a blue laser is used 

for 1 photon ionization of NV centre and green laser is used for achieving the internal photo-

transition leading to the spin contrast (Bourgeois et al., Physical Review B, 2017, IF = 3.718). 

This technique was a first step to suppress NS
0-related photocurrent and to control 

photoionization rate and magnetic resonance (MR) contrast independently. I have contributed 

to this study by a thorough analysis of the MW resonance signal strength dependency on the 

PDMR parameters (including triggering frequency, lock-in time constant, microwave and laser 

power, applied voltage, detection frequency filters, sensitivity of the pre-amplification etc.). 

The results enabled to detect PDMR with higher signal-to-noise ratio reducing thus the 

measurement times.  

Using PDMR for quantum sensing applications - and in particular to read and image 

nearby target spins - requires coherent pulsed spin manipulation and photoelectric readout of a 

single NV centre. During my last years of PhD study I have developed such specific pulsed 

protocols for PDMR detection (Gulka et al., Physical Review Applied, accepted, IF = 4.061). 

By using lock-in amplifier I could lock on the ms = 0 ↔ ms = ±1 spin transition and therefore 

strip any background photocurrent related to ionization of NS
0 (or other) defects, leading to high 

contrast and S/N ratio. The photoelectric detection of Rabi and Ramsey sequences was 

demonstrated on ensembles from 1000 to just 5 NV spins even on a sample with very short T2
* 

time (~ 41 ns), proving high sensitivity of the method anticipated to reach single spin detection. 

These results open up a pathway towards the realisation of scalable photoelectric quantum 

chips. 
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Future perspectives: 

One particularly interesting application of PDMR is a development of electrically-

readout quantum spin sensors with optimized performances, enabling highly sensitive, 

selective, and spatio-temporally resolved NMR quantum analysis of magnetic fields originating 

from molecular objects. These non-perturbing and non-invasive quantum spin probes acting as 

a nanoscale magnetic resonance imaging system will allow determination of single molecule 

structure without the need of averaging, which is one of the most prominent ambition of today’s 

nano-characterization techniques. The enhanced S/N ratio enabled by PDMR will lead to a 

major improvement of sensitivity and acquisition time, which is the key element for spin-probe 

applications as single molecular matrix imagers. For example in a theoretical 3D nano-MRI 

(magnetic resonance imaging) proposal, the total acquisition time to image the 1H structure of 

rapamycin using optical readout of a single NV centre is more than 7 days (and twice as long 

for the 13C structure) (8). Our first measurements show that the detection rates of PDMR (~ 107 

electrons.s-1 per NV and higher) provide a vast rate enhancement of almost 3 orders of 

magnitude compared to confocal ODMR (2·104 photons.s-1 per NV at same conditions and laser 

power of 3.4 mW) (196). Taking into account the current PDMR detection rates, the time 

required for imaging of the rapamycin molecule would be already reduced to tens of minutes. 
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6. OUTLOOK FOR THE BIOMEDICAL ENGINEERING 
 

As a stable-spin qubit with long coherence time and photoluminescence detection, 

nitrogen-vacancy (NV) centre in diamond has been demonstrated as a unique room-temperature 

sensor. Many of NV-sensoring utilizations outreach into biomedical engineering including 

clinical and theranostic applications. This chapter summarizes the related biomedical 

application of nanodiamonds (NDs) and single crystal diamond (SCD) and discusses how the 

novelty of this thesis contributes to the current state-of-art methods and research. 

 

 

A) BIOMEDICAL APPLICATIONS OF NANODIAMONDS: 

Vast majority of the ND biomedical applications involves direct in-vitro cellular 

application with in-vivo applications anticipated in near future. The considerable interest in 

NDs’ use for theranostic applications has raised concerns about the biocompatibility and 

nontoxicity of diamond particles. Bulk diamond is known for its excellent biocompatibility and 

nontoxicity, mainly due to the sp3 carbon, that makes diamond material chemically and 

biologically inert (10). At nanoscale, one has to consider increased surface-to-volume ratio (9) 

and therefore higher chemical surface reactivity (14), so understanding the nature of 

nanodiamond interactions with surrounding biological structures is critical (207). Several 

factors need to be taken into account when examining ND biocompatibility: particle size, ND 

concentration, exposure time, surface chemistry and cell-type-specific response (9). The long-

term stability (5 months) and nontoxicity has been demonstrated even on a large concentration 

(up to 75 mg/kg of body weight) on rat studies using standard-sized (~ 100 nm) HPHT NDs 

(208). Even though NDs are so far considered well biocompatible and nontoxic for cultured 

cells (209; 210) and animals (211; 208), further studies are necessary to examine long-term 

organ exposure outcomes [for possible “nanotoxicity” induced by the nanoscopic size (212)] 

and duration needed for complete clearance (207). Apart from biocompatibility, another 

important NDs’ feature is near-IR luminescence that has small absorption in tissues and is easily 

spectrally distinguishable (with longer wavelengths than cell’s auto-fluorescence) and thus can 

be conveniently separated with the optical long-pass or bandpass filter. Lifetime of the detected 

fluorescence can be also used to identify NVs as the bio-luminescence happens on substantially 

shorter timescale [1–4 ns (213)] than NV luminescence [~ 11 ns (214)]. 
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Nanodiamond-mediated drug and gene delivery:  

Up-to-date NDs’ applications in living biological systems focus mainly on drug 

delivery (212). Large number of therapeutically important drugs have poor water solubility and 

their clinical applications are thus limited (215). One of the approaches to circumvent this issue 

is to complex poorly water-soluble drugs with nanoparticles (216) to enhance their dispersion 

while keeping the drug activity. To be considered as a drug delivery platform of this kind, the 

NDs must be biocompatible, able to carry a broad range of therapeutics and must have good 

water dispersibility. Diamond nanoparticles fit all these requirements and, furthermore, their 

fluorescence can be used to detect the NDs and to monitor the drug release. The detachment of 

the carried molecule can be observed optically by detecting the luminescence spectral change 

as the charge molecules on the NDs’ surface alter the charge state of NV centres (5). This 

principle is visualized in Figure 53. 

 

 

Figure 53: Principle of nanodiamond-mediated delivery of therapeutics with direct optical monitoring of drug 

release. The charge of the ligands/drugs attached to the NDs’ surface shifts the NV-/NV0 ratio which leads to the 

colour change of the detected luminescence. 

 

First attempts at ND-drug delivery systems were prepared mainly by absorption of 

lipophilic drug molecules onto the surface of small (4-6 nm) detonation NDs and creating 

cluster (see Figure 54) of 100-200 nm size (217). The aggregates result in enhanced blood 

circulation halftime and tumour retention and different anticancer drugs have been delivered 

using this approach (212). However, obtaining a narrow size distribution of these clusters with 

high stability is challenging and thus there is a potential risk for non-specific interactions with 

plasma proteins and unpredictable side effects (218). Later, stabilization of single ND particles 

has been demonstrated by attaching polymers on ND surface (219) and drug molecules have 
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been conjugated to this platform (220; 221). Further, polymer shells were introduced (204) that 

significantly increased the colloidal stability of such modified NDs and offered enhancement 

especially for delivery of highly hydrophilic drugs (212). Vast range of different cargos have 

been delivered to cells by NDs including cancer treating drugs [sorafenib (222), doxorubicin 

(223), daunorubicin (224), cisplatin (225), paclitaxel (226)], proteins (227; 228), small 

molecules under acidic conditions (228), siRNA for specific cancers (229) and nucleic acids 

(see further). NDs were also used as a composite with gutta-percha for root canal (endodontic) 

therapy (230) or conjugated with alendronate to achieve bone-targeted delivery for osteoporosis 

treatment (231).  

 

 

Figure 54: Different drug delivery systems based on nanodiamond particles. Taken from (212). 

 

The fact that NDs are capable of safely and efficiently introduce DNA coding to the 

cells in a culture makes them a good candidate for gene therapy applications. Moreover, they 

can be used as a cell targeting bifunctional device: a DNA-delivery vehicle and a fluorescent 

label at the same time. The gene therapy is problematic owing to the facts, that naked nucleic 

acids have inefficient cellular delivery due to the physicochemical characteristics (i.e. negative 

surface charge, large molecular weight) (232) and that there is a deficiency in acceptable vector 

delivery systems (233). Diamond nanoparticles have found a role in gene transfection because 

of their superior properties. The DNA delivery has been demonstrated using fenton-treated 

hydroxylated NDs functionalized with triethylammonium to pair electrostatically with 

negatively charge plasmid DNA (234). Other approaches employ PEI functionalization of NDs 

and then apply them to DNA delivery (235) and direct monitoring of cargo release (6). 
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Nanodiamonds as markers for bioimaging:  

The excellent photostability of NV defects provides a great advantage over commonly 

used fluorophores (236) and makes the NDs one of the most promising candidates for long-

term biomedical imaging/labelling both in vitro and in vivo (237). Cellular imaging with NDs 

can provide critical information on cellular function, movement, and development and can 

assist in diagnosis and treatment of diseases. To date, NDs have been successfully internalized 

in various cell lines with possibility of reconstructed three-dimensional imaging and accurate 

particle tracking (238) recently demonstrated in real time (239) (3). NDs have been used as a 

luminescence probe e.g. to investigate the uptake mechanism of transferrin in HeLa cells (240), 

to monitor the intracellular transport of proteins through tunneling membrane nanotubes (241) 

or to help understand the transforming-growth-factor-beta receptors and their pathways (242). 

NDs can be also used for organism imaging to study the functionality and characteristic of 

entire system. Fluorescent NDs, for example, were employed to investigate the entire digestive 

system tract of Caenorhabditis elegans (211). Furthermore, potential for long-term imaging (up 

to 28 days) was demonstrated after an intravenous injection of NDs into mice to study NDs’ 

fate and biodistribution (243). Alternative imaging techniques of NDs make use of the ODMR 

signal from NV centres. Nanodiamond imaging (in 3D) was demonstrated for example by 

scanning the magnetic field free-point while the central resonant microwave (MW) frequency 

and light illumination was applied to the whole sample (see Figure 55a) (244). Here, the optical 

excitation shifts the NV spins into a highly fluorescent state, and the MW affects only spins 

near the field-free point resulting in the decrease of fluorescent signal. The phantom with NDs 

was placed in the chicken breast and imaged. Sensitivity and spatial resolution was calculated 

from the results and it was suggested that this method has the potential to yield images with 

high sensitivity (∼100 fg nanodiamond) together with high spatial resolution (∼100 μm), which 

are mutually exclusive in existing imaging systems (see Figure 55b). 
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Figure 55: Nanodiamond imaging using ODMR principle. (a) Schematics of the measurement. The whole 

sample is illuminated and excited with microwave (µ-wave) and the NV luminescence is detected. To create the 

image, magnetic field free-point is scanned. (b) Comparison of sensitivity and the resolution with the commonly 

used methods [NDI (b) – results of nanodiamond imaging, NDI (a) – future implementation of nanodiamond 

imaging, FLI – fluorescence imaging, US - ultrasound]. Taken and modified from (244). 

 

Quantum sensing in cells:  

Apart from nanodiamond imaging, ODMR signal from NV centres can be employed for 

quantum sensing. Measurements of magnetic fields and other physical quantities with high 

sensitivity (55) and nanoscale spatial resolution (85) are possible as the fluorescence signal 

intensity is modulated upon interactions of the NV’s single electron spin with the surroundings. 

Even though this field is just arising, several successful examples prove the great potential of 

NDs to be developed into the smallest sensing probes for nanoscale detection of ultra-small 

magnetic fields and electron spins in vitro and eventually in vivo (212).  

 

 

Figure 56: Illustration of ND quantum sensing experimental setup for detection inside living cells. Taken from 

(212). 

 

The possibility to study the biological reactions inside living cells by quantum sensing 

with NDs has been confirmed in (245), where ODMR from single ND was detected inside HeLa 

cells. Thanks to the unique ODMR spectrum of a ND with single NV centre it was possible to 
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identify and track the particles inside the cells. The common experimental setup for ODMR 

quantum sensing with nanodiamonds is depicted in Figure 56. One of the fascinating utilization 

of quantum sensing is nanoscale thermometry. The measurement is based on the temperature 

dependence of the zero-field splitting as the precise value of the MW transition frequency 

changes. The ability to monitor local temperature variations has been demonstrated in a living 

human embryonic fibroblast (246), with measurement precision as small as 1.8 mK and a spatial 

resolution as small as 200 nm. Other applications include monitoring of ion concentrations 

with use of spin relaxometry (247), optical trapping of NDs with concurrent ODMR 

measurement for maneuvering the ND inside the cellular environment with nanometer precision 

(107) or measurement of membrane potentials based on electric field detection (107). 

Sketches for the quantum sensing application are shown in Figure 57. 

 

 

Figure 57: Promising applications of NDs with NV centres for quantum sensing including (a) nanoscale 

thermometry, (b) monitoring of ion concentrations, (c) optical trapping and (d) measurement of membrane 

potentials. Taken from (107). 

 

Novelty and contribution of the thesis’ results with respect to the state-of-art:  

The applications of NDs presented here make use of NV fluorescence either for imaging 

or sensing. For this, bright particles are necessary. Each NV centre has a comparable brightness 

to a single dye molecule of a conventional fluorophore (108) but, if the number of optically 

active NV centres per particle increases, the total photoluminescence increases as well. For 

quantum sensing, magnetometry and orientation tracking of ND only one NV centre per particle 

is desirable (248). This thesis described a novel method of ND preparation by liquid target 

irradiation that yields a three-fold larger fraction of luminescent NDs which is important for all 

above application. Another boosting of luminescence has been demonstrated by a new 

fluorination method of NDs that not only increases the number of optically active NVs but also 

creates well soluble particles, which is essential for cellular experiments. Both of these methods 

(liquid target irradiation and fluorination) also contribute to production of NDs containing 



122 

 

exactly one NV centre. Other two results presented on NDs (Raman imaging on NDs with 

respect to nucleus and AFM cell membrane stiffness measurement upon ND uptake) contribute 

further to understanding the processes responsible for ND uptake and the NDs cellular fate. 

Raman imaging method also provides a way to visualize cell nucleus without the need of any 

label or cell fixation so it enables to study cell-ND interactions without additional cell 

perturbing. 

 

 

B) BIOMEDICAL APPLICATIONS OF SINGLE CRYSTAL DIAMOND: 

The fact that the NV spin quantum states can be influenced even by ultra-weak external 

electric or magnetic fields gives rise to one of the most visionary application of NV sensors: 

the detection and three-dimensional mapping of nuclear spins in nanoscale samples with atomic 

resolution (nano-MRI). The quantum detection and metrology are anticipated to bring a 

ground-breaking understanding of life cycle processes, including applications to medicine. 

These techniques move towards a direct monitoring and imaging of single molecular objects or 

even resolving their atomic structure by using quantum protocols without need of averaging 

over ensembles (8). Unfortunately most of the quantum sensors, such as ensembles of cold 

atoms, or SQUIDS require specific working conditions such as cryogenic temperatures or ultra-

high vacuum and have limited spatial resolution (75).  

Recently, it has been shown that for NV ensembles magnetic sensitivity can be as low 

as ~ 100 fT√Hz with predicted quantum limit ~ 0.9 fT√Hz (2), thus practically approaching the 

sensitivity of SQUIDs and cold atom ensembles (~ fT√Hz). Using a single NV centre qubit 

spatial resolution of single molecule can be reached and, moreover, NV operates at room 

temperature. Some first works have demonstrated single NV qubit sensor as a quantum spin-

probe for detection of external single electron spin (92), nuclear spins (75) or even 3D nano-

MRI (8). By using the NMR-based protocols, the resulting information can be worked out either 

classically or by quantum way using quantum tomography techniques, approaching super-

resolution (8). The main principle of such methods is detection of weak magnetic fields 

originating from the targeted spins by appropriate manipulation of the spins to affect the 

precession phase accumulation of the highly coherent NV electronic spin. For instance, electron 

spin external to diamond can be detected using double electron–electron resonance (DEER), 

where spin echo MW sequence (π/2, π, π/2) is applied to NV centre and a RF pulse tuned to 

NV π-pulse is scanned to flip the probed spin, therefore the spins dipolar magnetic field is 

reversed and the equivalence of the NV spin precession is disturbed. Using similar scheme a 
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single proton NMR (both time-domain and spectroscopic) can be detected sensing nanotesla 

field fluctuations at room temperature (75). 

This is a significant application of the NV sensor since the conventional coil-based 

induction method is insensitive to samples at nanometer scale, as their sensitivity is limited only 

to large spin ensembles (212). In a conventional MRI machine, large magnets are used to set 

up a field gradient in all three directions and thus to enable creation of 3D images. With NV-

based nano-MRI, natural magnetic properties of the single NV centre qubit (which is a magnetic 

dipole) can be employed for this purpose (8) (see Figure 58a). The nano-MRI technique would 

bring a possibility to look inside the proteins and learn how they interact with chemicals, such 

as newly developed drug molecules, and provide thus an important new tool for drug discovery. 

Because the method is non-invasive, it could be theoretically used to image the interior of living 

cells or to detect metal ions in cells (249). 

 

 

Figure 58: (a) Implementation of a single NV qubit for a nano-MRI application using ODMR. The probe acts as 

both sensor and gradient field source for the spatial-frequency encoding of the nuclear spins in the target 

molecule. Taken from (8). (b) The proposed novel detection principle implementing the PDMR scheme to 

coherently read out the NV spin state. 

 

Contribution to the state of art – PDMR sensor: 

Current quantum methods rely on using optical readout of single NV, leading to voxel 

volume of approximately 5 nm3 (93) and to long acquisition time averaging over many 

measurements (in the best case 1 photon over 10-50 µs range is detected by ODMR). The novel 

method Photoelectric Detection of Magnetic Resonance (PDMR) in diamond that was 

developed as a part of this thesis can significantly shift the potential of NV centre for single 

molecular detection due to the high detection rate. This proposed readout method (see Figure 
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58b) is essential to the developed imaging technique as it will improve the sensitivity of the 

detection by a factor 103 or higher (196). Therefore, it would enable single shot readout of the 

developed probe spin and thus access dynamically the changes in i.e. biological or chemical 

environment with high signal-to-noise (S/N) ratio. Also, overcoming of the diffraction limit 

imposed by the optics is feasible by construction of nanoscale pixels and or even full matrix of 

such pixels to develop quantum detector with high spatial resolution. Establishing single NV 

readout with enhanced S/N ratio enabled by PDMR will lead to a major improvement of 

sensitivity and acquisition time, which is the key element for spin-probe applications as single 

molecular matrix imagers. For example the theoretical total acquisition time to image the 1H 

structure of rapamycin using 3D nano-MRI optical readout of a single NV centre is more than 

7 days (8). Taking into account the detection rate enhancement of almost 3 orders of magnitude, 

the time required for imaging of the rapamycin molecule would be already reduced to tens of 

minutes with PDMR. 
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