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Abstract 
 

This thesis delves into the realm of quantum sensing and imaging, centering 

around the utilization of paramagnetic nitrogen-vacancy (NV) color centers in 

diamond for magnetic field, current, and temperature measurements. The 

straightforward optical initialization and readout, coupled with a relatively long 

coherence time under ambient conditions, position NV centers as promising 

candidates for applications in many fields. 

In the initial stages of nitrogen-vacancy microscopy development, the 

focus has primarily been on proof-of-concept experiments that highlight its 

significant potential. However, these early experiments may not have yielded 

distinctive insights into the studied systems. This cumulative thesis is based on 

[1-4] articles and aims to advance the progress of sensor technology by applying 

it to investigate various intricate and complex hybrid glass and diamond samples. 

Specifically, a wide-field and confocal approach is adopted, employing a dense 

ensemble of sub-micrometer and nanometer-sized diamonds to capture 

magnetic fields, current flows, and temperature sensitivity. In each of the 

presented applications, the intrinsic physics of the test systems and the effects 

resulting from their interaction with the imaging technique are explored. These 

observations inspire adjustments to our approach, enhancing the overall utility of 

the technique. 

The results presented in this work originate from a desire to explore the 

potential of combining nanodiamond powders with easily accessible optical 

equipment, such as optical fibers and scanning probes, to innovate sensor 

technology. Consequently, Chapters 1, 2, and 3 serve as an introduction to the 

subjects discussed in the articles. Chapter 2 delves into the theory of the NV color 

center found in diamond, providing an explanation of the fundamental 

phenomena observed within this defect, e.g. initialization process of the center 

through optical pumping and its readout, the formulation of the ground-state 

Hamiltonian, and the application of the optically detected magnetic resonance 

(ODMR) research technique in the examination of the nitrogen-vacancy color 

center. Chapter 3 presents an overview of the experimental setups built by the 

author to verify the sensing capabilities of nano- and sub-micron-sized diamond 

powders containing nitrogen-vacancy color centers, in conjunction with optical 

fibers and commercially available scanning probes. Chapter 4 provides a concise 

overview of the results presented in articles [1-4], with a comprehensive account 

of the author's contribution. 
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Streszczenie 
 
 Niniejsza dysertacja zagłębia się w dziedzinę wykrywania i obrazowania 

kwantowego, koncentrując się na wykorzystaniu paramagnetycznych centrów 

barwnych azot-wakancja (ang. nitrogen-vacancy, NV) w diamencie do pomiarów 

pola magnetycznego, przepływu prądu i pomiarów temperatury. Prosta 

inicjalizacja optyczna i odczyt, w połączeniu z długimi czasami koherencji  

w warunkach laboratoryjnych, pozycjonują centra NV jako obiecujących 

kandydatów do zastosowań w wielu dziedzinach. 

Rozwój mikroskopii z wykorzystaniem centrów barwnych azot-wakancja  

w diamencie wykazał, że jest to istotna platforma badawcza, która pozostaje  

w zainteresowaniu badaczy od lat 70. ubiegłego wieku. Niniejsza praca jest 

zbiorem artykułów [1-4], a jej początkowe rozdziały stanowią wstęp do tematyki 

badań złożonych układów z dziedziny nanotechnologii i materii skondensowanej. 

Wykorzystując znane techniki mikroskopii szerokiego pola oraz konfokalnej  

oraz unikalną platformę jaką są diamenty o rozmiarach setek nanometrów  

oraz submikronowych, zaprezentowano ich przydatność do pomiarów pól 

magnetycznych, elektrycznych oraz temperatury, otwierając tym samym nowe 

możliwości pomiarowe. W każdym z artykułów przedstawiono możliwości 

pomiarowe badanych czujników, każdorazowo rozwijając dotychczas stosowane 

techniki obrazowania.  

Wyniki przeprowadzonych eksperymentów przedstawione w tej pracy 

próbują odpowiedzieć na postawione pytanie badawcze, czy połączenia 

proszków nano- i submikronowych z dostępnym sprzętem optycznym, takim jak 

włókna optyczne i komercyjnie dostępne sondy skanujące, mogą doprowadzić 

do stworzenia innowacyjnego czujnika do pomiarów m.in. pola magnetycznego. 

Rozdziały 1, 2 i 3 stanowią wprowadzenie do omawianych w artykułach tematów. 

Rozdział 2 obejmuje niezbędną teorię opisującą centra barwne NV, wraz  

z wyjaśnieniem podstawowych zjawisk obserwowanych w tym defekcie m.in. 

proces inicjalizacji centrum poprzez pompowanie optyczne, jego odczyt, 

hamiltonian stanu podstawowego oraz wykorzystanie techniki badawczej 

optycznie wykrywanego rezonansu magnetycznego (ang. optically detected 

magnetic resonance, ODMR). Rozdział 3 przestawia opisy układów 

eksperymentalnych zbudowanych przez autorkę niniejszej pracy, 

wykorzystywanych w naszym laboratorium do badań nad kwantowymi czujnikami 

działającymi w oparciu o centra barwne NV w diamencie. W Rozdziale 4 skrótowo 

przedstawiono główne konkluzje z artykułów [1-4], z naciskiem na opis wkładu 

własnego autorki w badania przedstawione w niniejszej pracy.  
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Chapter 1 

Introduction 

 

 

 
Sensors are devices that detect and respond to physical stimuli. They are used 

to measure a wide range of physical properties like temperature, pressure, light, 

sound, and movement. Sensors come in a variety of forms and sizes, and they 

can be found in many different applications. This thesis is based on four research 

articles discussing highly adaptable magnetic field sensors [1-4]. 

In the past decade, there has been a dramatic increase in the number and 

overall impact of sensors on our lives including integration of technologies into 

everyday use appliances, e.g. smartphones and watches. This is due to several 

factors, including improved accuracy, reliability, safety, and efficiency of 

nowadays sensors [5]. 

The proliferation of sensors is having a major impact on our lives. They are 

used to improve the safety and efficiency of transportation, manufacturing, and 

healthcare. They are also being used to develop new applications in areas such 

as environmental monitoring and smart homes. For example, the accuracy of 

sensors has improved thanks to the development of new materials and 

manufacturing techniques. This has made sensors more reliable and less prone 

to errors. Sensors have also become safer, thanks to the use of new materials 

and designs that are less likely to cause injury, e.g. modern smoke detectors, 

utilizing photoelectric or ionization sensors instead of traditional radioactive 

materials like americium-241, which led to enhancement of reliability, efficiency, 

and safety for both consumers and the environment [6]. 

The efficiency and overall performance of sensors have also improved 

thanks to the development of new data processing and analysis techniques. This  
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has made it possible to extract more information from sensor data, which can be 

used to improve the performance of applications. 

In addition to their everyday applications, better sensors are also essential 

for the discovery and understanding of new physics. For example, the Laser 

Interferometer Gravitational-Wave Observatory is a sensor to detect gravitational 

waves, which are ripples in the structure of spacetime caused by massive objects 

such as black holes and neutron stars. This major breakthrough confirmed the 

existence of gravitational waves and opened up a new window into the universe 

[7]. Sensitive particle detectors have allowed scientists to study the fundamental 

particles that make up matter. The Large Hadron Collider in CERN uses particle 

detectors to study the collisions of subatomic particles at high energies. This 

research has helped to understand the basic building blocks of the universe and 

the forces that govern them [8]. The satellite sensors have enabled scientists to 

monitor the Earth's climate and environment as well as track the movement of 

hurricanes and other weather systems [9]. This information is essential to 

understand and predicting climate change. The last example is the use of medical 

imaging sensors that have revolutionized the diagnosis and treatment of 

diseases. Magnetic resonance imaging (MRI) uses powerful magnets and radio 

waves to create detailed images of the body. This technology is used to diagnose 

a wide range of medical conditions, including cancer, heart disease, and stroke 

[10]. 

As sensors continue to improve, even more applications in science and 

technology can be expected. For example, better sensors based on quantum 

physics could be used to develop new medical treatments, create more efficient 

energy sources, or even detect life on other planets. 

Quantum sensors are devices that use the principles of quantum 

mechanics to measure physical quantities. They have the potential to outperform 

classical sensors in terms of sensitivity, accuracy, and resolution [11]. 

The specific domain where sensors have been widely utilized is spectral 

sensing, e.g. fluorescence spectroscopy or spectrophotometry. Spectral analysis 

unveils the frequency and magnitude components of signals that change over 

time, and it holds significance across various domains in natural science and 

medicine. This is due to its diverse range of practical uses, such as establishing 

time and frequency standards [12,13]. The accuracy of spectral information is 
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limited by the laws of physics. Quantum mechanics ultimately determines these 

limits, and therefore only quantum mechanical detectors can perform quantum 

spectroscopy at the limits of resolution, sensitivity and still be non-invasive, e.g. 

due to its nano-size. 

This thesis centers around a particularly auspicious quantum sensor, 

known as the nitrogen-vacancy (NV) center in diamond. Due to its atomic size 

and electronic spin properties, it exhibits remarkable sensitivity to magnetic fields 

and offers nanoscale spatial resolution. The fundamental concept behind 

magnetic field sensing using NV is common to optical magnetometry, in which 

the energy of spin levels is altered by a magnetic field in direct relation to the 

field's strength [14, 15]. 

Nitrogen-vacancy centers in diamond have garnered significant attention 

in the field of quantum sensing due to their exceptional properties. These centers 

arise from a substitutional nitrogen atom adjacent to a carbon vacancy within the 

diamond lattice. In their negative charge state, an electronic ground state of NV 

center is the spin triplet with a milliseconds-coherence time at room temperature 

[16]. The electronic spin of the NV center interacts sensitively with both magnetic 

and electric fields, rendering it an exceptional platform for diverse sensing 

applications [17]. Notably, the NV center's ability to achieve high sensitivity for 

magnetic fields and nanoscale spatial resolution has enabled advancements in 

various fields. Magnetic field sensing based on NV centers operates on the 

principle of energy level shifts in response to applied magnetic fields, akin to 

optical magnetometry [18]. This characteristic has found applications in quantum-

enhanced metrology [19], as well as biomedical imaging and magnetic resonance 

spectroscopy [20]. Additionally, NV centers have been harnessed for studies in 

quantum information processing and quantum communication [21]. Furthermore, 

their potential integration into solid-state quantum devices has sparked research 

endeavor to realize practical quantum technologies [22]. NV centers have the 

potential to serve as nanoscale sensors for temperature [23] or pressure [24]. 

Given the myriad capabilities of NV centers, ongoing research continues to 

explore their diverse applications and unlock their full potential in the realm of 

quantum sensing.  

This thesis is based on four articles on the specific research that I have 

conducted developing NV color centers based sensors. These are: 
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[1] "Tellurite Glass Rods with Submicron‐Size Diamonds as Photonic Magnetic 

Field   and Temperature Sensors." Zuzanna Orzechowska, Mariusz Mrózek, 
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of this thesis. The results presented in this work provide an answer to the 

research hypothesis that it is feasible to combine nanodiamond powders with 

readily available optical equipment, e.g. optical fibers and scanning probes, to 

create an innovative sensor for measuring temperature, electric currents, 

magnetic fields, and their gradients. Therefore, Chapters 2 and 3 constitute an 

introduction into those research topics. Chapter 2 approaches the theory of NV– 
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color center found in diamond, along with an elucidation of the fundamental 

phenomena observed within this defect. This includes the process of initializing 

the center through optical pumping and its redout, the formulation of the ground-

state Hamiltonian, and the utilization of the optically detected magnetic 

resonance (ODMR) research technique in the study of the nitrogen-vacancy color 

center. Chapter 3 provides an overview of experimental setups designed to 

validate the sensing capabilities of the nano- and sub-micron-sized diamond 

powders with nitrogen-vacancy color centers combined with optical fibers and 

commercially available scanning probes.  
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Chapter 2 

The diamond’s nitrogen-vacancy defect 

 

 

2.1 Diamond utilized as a host medium 

 

 

 

 

Diamonds stand out as a remarkable substance with extensive uses. Renowned 

for its stunning elegance, it has achieved fame as possibly the most favoured 

precious stone in the realm of jewellery, often selected for engagement rings to 

symbolize eternal commitment. However, beyond its aesthetic allure, diamond 

occupies a crucial position across various domains of industry and scientific 

exploration due to its superb physical characteristics. In particular, its unparalleled 

hardness, which is among the best natural materials, underscores its significance 

in diverse applications beyond the gem sector. This feature arises from the 

densely packed arrangement of carbon atoms in a crystal lattice, and the robust 

bonds they form, render diamonds exceptionally suitable for cutting tools and 

abrasives.  

Furthermore, diamond boasts unparalleled thermal conductivity at room 

temperature, measuring around 2000 W/(K m), with phonons serving as the 

primary agents for heat propagation. In cases involving highly pure diamond and 

temperatures close to 100 K, this value can rise to 41,000 W/(K m) [25]. 

In diamond, each carbon atom undergoes sp3 hybridization and forms 

covalent bonds with four adjacent carbon atoms, maintaining a separation of 1.54 

Å. The resultant crystal structure is a face-centered cubic lattice, characterized 

by a lattice constant of 3.57 Å under standard conditions [26], with a two-atom 

basis located at positions [(0, 0, 0), (1/4, 1/4, 1/4)]. Although diamond is not the 

most thermodynamically stable carbon allotrope under typical conditions, its 
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transformation into graphite occurs at a low pace due to a notably elevated 

activation barrier, ranging between 730 to 1160 kJ/mol, with the exact value 

depending on the specific surface of the diamond involved [27]. 

Diamond's importance in quantum applications is particularly highlighted 

by its classification as a semiconductor possessing a substantial indirect band 

gap measuring 5.47 eV [28]. As a wide-bandgap semiconductor, it also has a 

remarkable breakdown field of 13 MV/cm and extraordinarily high intrinsic carrier 

mobilities, which can reach up to 3800 cm2/(V s)  for holes and 4500 cm2/(V s) 

for electrons when measured at room temperature [29]. These distinctive 

properties make diamond exceptionally suitable for advancing the next 

generation of high-power electronic devices, including applications such as 

diodes and microwave transistors [30, 31]. The large band gap implies that 

diamond requires a significant amount of energy to transfer electrons from the 

valence band to the conduction band, which is essential for facilitating controlled 

electronic transitions in various quantum devices. This feature allows diamond to 

act effectively as a platform for quantum information processing, where precise 

control over the energy states of individual particles is a paramount. Furthermore, 

the possibility of controllable doping and the exceptional coherence properties 

achievable in diamond's crystal lattice contribute to its position as a frontrunner 

in quantum communication systems [32], quantum computing architectures [33] 

and the field of quantum sensors [1-4], the development of which is the main 

focus of this thesis. 
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2.2 impurities in diamond lattice 

 
 

 

Electronic defects situated within the band gap of the diamond have significant 

implications for quantum applications as they have the potential to serve as 

qubits. The current understanding encompasses over 500 optically active defect 

variations [34]. The most elementary among these defects is a vacancy resulting 

from the absence of a carbon atom within the lattice. Additionally, impurity atoms 

can be identified within diamond's structure. The proximity of boron and nitrogen 

to carbon in the periodic table confers similar sizes, rendering them prime 

candidates for replacing carbon atoms in the diamond lattice. This property 

positions boron and nitrogen as the most prevalent impurities, and their 

concentration can serve to classify diamonds, as illustrated in Table 2.1.  

Defects can significantly affect certain physical characteristics of a host 

diamond, such as its color. Unlike pure diamonds, which are transparent to visible 

light because of their wide band gap, defects and impurities can introduce extra 

energy levels within the energy band gap. These additional energy levels can 

result in the absorption and emission of light within the visible spectrum, ultimately 

giving the diamond its distinct coloration. Hence, these imperfections are called 

color centers.  

Most natural diamonds belong to the type Ia class due to their elevated 

nitrogen content (Table 2.1). However, since both stable nitrogen isotopes (14N 

and 15N) generate defects with electronic and nuclear spins, causing optical and 

magnetic interference, samples with excessive nitrogen concentration are 

generally unsuitable for specific scientific applications. Conversely, diamonds of 

type II, characterized by a minimal nitrogen content, are more suitable for specific 

applications where a small amount of nitrogen is advantageous. In this study, all 

results are derived with type Ib diamond samples.  

Because type II diamonds are typically not naturally occurring, it becomes 

necessary to create them artificially. The synthesis of diamonds also offers the 

added benefit of being able to control properties such as the type and density of 

impurities and their crystallographic orientation in a diamond lattice. The primary 
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techniques employed for this purpose are chemical vapor deposition (CVD) and 

high-pressure high-temperature (HPHT) methods. The predominant source of 

nanodiamond powders is the detonation nanodiamond (DND) method. While 

comprehensive accounts of these methods are documented in references 

[35-37], a concise overview of the fundamental steps in these procedures is 

provided here 

 

Table 2.1: Types of diamond. Diamonds classification based on their nitrogen [N] content. The 

majority of naturally occurring diamonds fall into the category of type Ia. However, for scientific 

applications, diamonds with minimal defects, known as type IIa diamonds, are of greater interest 

(data extracted from [35]). 

 

The HPHT technique entails initiating a phase transition from graphite to 

diamond by subjecting the material to extreme conditions, including pressures 

ranging from 60 to 150 GPa and temperatures of at least 2000 K. This method is 

widely employed for the synthesis of synthetic diamonds, as it closely mimics the 

conditions prevailing in the Earth's mantle, the natural diamond-forming 

environment. The introduction of metals like iron, cobalt, or nickel can act as 

catalysts, facilitating the reaction and lowering the necessary pressure and 

temperature conditions [38, 39]. As impurities are typically present in significant 

 Type Characteristic 

Type I 

[N] > 1-2 ppm 

Ia 
common in nature, a pale yellow or brown color due to nitrogen atom 

aggregations within the carbon lattice 

IaA 
Ia subtype, A-centers are created when a duo of nitrogen atoms 

substitutes carbon atoms in the diamond lattice 

IaB 

Ia subtype, B-centers are generated when four nitrogen atoms 

replace carbon atoms, accompanied by a vacancy (an absence of 

an atom) within the lattice 

Ib 

naturally occurs rarer, substantial nitrogen atoms are more widely 

spread, found in a broad range of vivid colors that mirrors the 

nitrogen distribution, known as C-centers that are formed when a 

nitrogen atom replaces a single carbon atom within the diamond 

lattice 

Type II 

[N] < 1-2 ppm 

IIa 

often described as the epitome of purity, featuring minimal impurities 

and exhibiting transparency across both the visible and ultraviolet 

(UV) spectra, down to approximately 230 nm wavelengths, resulting 

in a colorless appearance 

IIb 

also have very low nitrogen content despite, typically exhibit a light 

blue or gray appearance due to the inclusion of small amounts of 

boron atoms substituting carbon within their crystal lattice 
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quantities, the majority of diamonds produced using this method are classified as 

type Ib crystals. By utilizing exceptionally pure carbon melts and elements that 

bind to impurities, it becomes feasible to produce diamonds of type IIa [40]. 

The CVD method involves forming thin layers through the layer-by-layer 

deposition of atoms from a plasma. It is essential to create suitable conditions for 

arranging the deposited carbon atoms. Gases, such as methane or hydrogen, 

are heated to a plasma state, enabling the deposition process. Generating 

diamond layers involves numerous physical and chemical interactions occurring 

both in the gaseous phase and at the gas-solid interface. This method allows for 

a high degree of control over the conditions necessary for producing the nitrogen-

vacancy color centers which are the main subject of this thesis. 

The detonation method involves triggering an explosion within a potent 

explosive mixture that includes CaHbNcOd compounds (with a, b, c, d denote the 

number of each respective atom in the molecular formula) while ensuring 

deficiency of oxygen. The resulting shock wave generates extreme pressure and 

temperature conditions, exceeding 10 GPa and 3000 K. Within this process, 

approximately 75% of the carbon is transformed into diamond, forming crystallites 

with dimensions of around 4 nm [41]. This method is commonly employed to 

produce nano- and microdiamonds. Typical uses for detonation nanodiamonds 

encompass applications such as electroplating coatings, abrasive polishing 

compounds and suspensions, polymer composites, lubricating oils, and greases. 

Additionally, DND has been employed in the seeding of substrates used during 

the CVD process for growing diamond films [41]. Emerging and innovative uses 

for nanodiamonds are swiftly evolving across a wide spectrum of fields, including 

magnetic recording, medical technology, biomedicine, and antifouling 

applications. Research suggests that DND is not harmful and is compatible with 

biological systems, rendering it appealing for medical and biotechnological 

purposes. This appeal is strengthened by its extensive surface chemistry, which 

can be methodically altered [42].  

In following articles included in this thesis HPHT-type diamonds were 

acquired through commercial procurement from Adamas Nanotechnologies with 

a range of sizes. These sizes include around 1 micrometer-sized diamonds used 

for measurements presented in articles [1, 2] and carboxylated fluorescent 
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nanodiamonds (FND-COOH) with dimensions of 140 nm and a concentration of 

1.5 ppm of NV centers in articles [3, 4]. 
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2.3 Color centers: The nitrogen-vacancies 

 

 

 

Over the past decade, there has been a significant surge in the engineering of 

color centers in diamond, particularly for applications in photonic and quantum 

technologies. Optically active defects with strong luminescence within the visible 

and near-infrared spectral regions, including impurities associated with vacancies 

in the diamond lattice, such as nitrogen-vacancy (NV), silicon-vacancy (SiV), 

germanium-vacancy (GeV), and more recently, lead-vacancy (PbV) and tin-

vacancy (SnV) centers, are being explored as potential candidates for generating 

single photons [43-49]. These developments hold promise for the advancement 

of solid-state quantum photonics [50, 51]. 

The NV color centers exhibit stability at room temperature and have the 

potential to serve as quantum bits (qubits) that operate in everyday ambient 

conditions. Although it is possible to create these color centers in diamonds 

through ion implantation [52], the approach of in situ doping during the diamond 

growth process is the preferred method. This preference arises from the desire 

to avoid any residual damage caused by the implantation process, which can 

persist even after high-temperature annealing. A couple of illustrative methods 

for achieving in situ doping include introducing gaseous precursors such as silane 

(SiH4) [53] and germane (GeH4) [54] into the plasma during the CVD diamond 

growth process. The concentrations of the respective color centers can be 

precisely controlled by adjusting the flow rate of the dopant. 

Because of the inherent abundance of nitrogen and vacancies, NV centers 

typically exist within any given diamond. The most straightforward method to 

augment their quantity involves elevating the diamond's temperature beyond 

600C. At these elevated temperatures, vacancies become mobile and disperse 

throughout the diamond lattice. 

As depicted in Figure 2.1(a), the NV center represents a point defect 

characterized by a nitrogen atom that replaces a carbon atom and an adjacent 

vacancy. It exhibits C3v symmetry [56], with its symmetry axis aligned along the  
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imaginary line connecting the nitrogen atom and the vacancy. Consequently, the 

NV center can be manifested in four distinct crystallographic orientations, as 

illustrated in Figure 2.1(b). 

NV centers exhibit a range of exceptional characteristics, rendering them 

highly intriguing candidates for applications in quantum technologies. For 

example, they demonstrate optical stability when exposed to light. Additionally, 

NV centers are firmly trapped within the robust diamond lattice, leading to a 

theoretically boundless lifetime, obviating the necessity for special conditions. 

Consequently, they remain stable even at temperatures of approximately 1700C 

[57]. Compared to other defects found in diamonds, NV centers stand out due to 

their relatively lengthy relaxation times for electron spin, even under ambient 

environmental conditions. Another advantage is their optical accessibility, which 

allows for the initialization and readout of the spin state.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The electronic structure of NV color center can be described as follows: 

the nitrogen atom possesses five valence electrons, three of them are bonded to 

nearby carbon atoms, and the remaining two are close to the vacancy and non-

bonded. Three unbounded electrons from neighboring carbon atoms add to a 

C 

Figure 2.1: The nitrogen-vacancy center in diamond. (a) Illustration of the NV center in 

diamond, which is composed of a nitrogen atom (depicted in blue) substituting for a carbon atom 

(shown in black), along with an adjoining vacancy (represented in light blue). (b) Four possible 

alignments for NV centers within a diamond lattice, with a bond angle of approximately 109.5°. 
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total number of five electrons that contribute to electronic structure of the color 

center. This specific arrangement is called a neutral NV color center, and denoted 

NV0. NV0, with its neutral charge and paramagnetic properties (S = 1/2), appears 

to hold significant promise for applications in quantum information systems. 

However, this type of center has received limited research attention, particularly 

with regard to the absence of optically detected magnetic resonance signals for 

NV0 [58]. It is important to highlight that detecting those signals is a crucial 

milestone in harnessing its potential for qubit applications and magnetic tracking 

in biomarker studies [59]. When an additional electron from a donor in the lattice, 

e.g. another nitrogen atom, becomes associated with the vacancy, this defect 

transforms into the negatively charged color center with S = 1, which will be the 

primary focus of this dissertation and called for brevity of this thesis as NV. A less 

frequent occurrence involves NV center having only four electrons, resulting in 

the formation of an NV+ color center [60].  

Diamond is primarily composed of carbon 12C (comprising 98.9% of its 

composition), characterized by a zero nuclear spin. However, all naturally 

occurring diamonds contain a trace amount of carbon 13C (1.1%), which has a 

nuclear spin of 1/2. This nuclear property renders the presence of carbon 13C 

particularly significant due to its strong, hyperfine interaction, with the nitrogen-

vacancy color center [61]. 
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2.4 Optical initialization and redout of the nitrogen 

vacancy center 

 
 
 

One remarkable characteristic of the NV– center is its ability to transfer its electron 

spin S = 1 to the ms = 0 state through the process of optical pumping. As illustrated 

in Figure 2.2, non-resonant laser illumination enables optical excitation from the 

orbital-singlet, spin-triplet 3A2 ground state [16] to vibronic levels situated above 

the first excited state. 

While the excited 3E state is characterized as orbital-doublet and spin-

triplet, it can be simplified as an effective spin-triplet system, as demonstrated in 

previous studies [62, 63]. This simplification holds when the temperature exceeds 

approximately 20 to 25 K, effectively averaging the spin-orbit coupling, resulting 

in a zero-field splitting of 1.42 GHz [64, 65]. The non-radiative decay into the 

lowest vibrational band occurs quite rapidly, within a short timescale of 

approximately 50 fs to 4 ps [66, 67]. 

In the process of returning to the ground state, two potential pathways are 

illustrated in Figure 2.2. The immediate decay, with the emission of a photon, 

preserves the spin (red arrows) and predominantly occurs into the vibronic levels 

of the ground state. The second decay route entails a non-radiative intersystem 

crossing (ISC) to intermediate states positioned energetically between the ground 

and excited states. They comprise an orbital-singlet, spin-singlet state denoted 

as 1A1 and an orbital-doublet, with a single spin in the 1E state. These singlet 

states are coupled by an optical transition with a zero-phonon line (ZPL) occurring 

at 1042 nm [68]. The ISC from the excited state 1E to the 1A1 state is primarily 

driven by spin-orbit coupling and exhibits a significant dependence on the spin 

state [63]. Specifically, for the ms = 0 spin state, this transition is relatively weak, 

while it becomes approximately four times more likely for the ms = ±1 spin states. 

Following a rapid transition to the 1E state, the shift to the ground state displays 

only a minor spin dependence, as reported articles [69, 70]. 
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As a result, the probability of a change in spin state after a single optical 

cycle is approximately 8% when starting from the ms = 0 state, and approximately 

35% if the initial state was ms = ±1 [69]. Consequently, on average, the ms = ±1 

spin states experience depopulation in favor of the ms = 0 state. However, due to 

the non-zero possibility of both an ISC from the excited ms = 0 state into the 

intermediate 1A1 state and a transition from the 1E state to the ms = ±1 levels in 

the ground state, initialization with a perfect spin polarization cannot be achieved 

in an equilibrium state. The achievable polarizations are reported to be around 

80% for ensembles of NV centers [71] and approximately 84% to 92% for single 

defects [72–74]. When discontinuing optical illumination, the presence of the NV 

Figure 2.2: Diagram of electron levels of the NV– center. Radiative transitions are represented 

by solid lines, while non-radiative transitions are indicated by dashed lines. A thicker dashed line 

denotes a greater likelihood of transitions. Excitation from the 3A2 ground state into vibronic levels 

above the 3E excited states is non-resonant and followed by a rapid decay over vibronic states 

preserving the spin state. In the process of decay to the ground state, there are two pathways. 

The first pathway involves a direct decay into vibronic levels of the ground state, which also 

conserves the spin. In this case, the emitted photons exhibit a redshift comparable to that of the 

zero-phonon line at 637 nm and are marked by red arrows lines pointing down. The second 

pathway marked by a violet downward arrow encompasses a spin-dependent intersystem 

crossing towards intermediate states, specifically the 1A1 and 1E states. This transition is 

significantly stronger for spin states with ms = ±1. Subsequently, the decay from the 1E state into 

the ms = 0 ground state exhibits a higher probability. Consequently, this optical cycle enhances 

the likelihood of populating the ms = 0 spin state. 
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center in intermediate states cannot be ruled out. Therefore, it is advisable to 

incorporate an additional relaxation period of not less than 1 µs before starting 

subsequent experiments. The time required to achieve the equilibrium state 

described above depends on the excitation power, as it determines the rate of 

excitation from the ground state to the excited state.  

 Numerous techniques for measuring the electron spin of NV centers have 

been reported. A commonly employed method involves detecting spin-dependent 

photoluminescence (PL). The change of charge dynamics between NV0 and NV– 

by optical illumination enables application of spin-to-charge conversion 

techniques. Different charge states can be distinguished optically [73–76] or 

electrically by detecting released charge carriers [77–79]. At cryogenic 

temperatures, spin-selective excitation results in fluorescence exclusively from 

one of the selected states, enabling high-contrast readout [80–82]. In addition, 

infrared absorption techniques can also be utilized [83]. The following discussion 

will focus on the readout techniques pertinent to this thesis, while a 

comprehensive overview of all presently known detection methods can be found 

in [84]. 

The process of direct relaxation back to the ground state, which preserves 

the spin, involves vibronic levels. Consequently, under room temperature, a 

significant portion of the emitted photons undergoes a redshift relative to the zero-

phonon line (ZPL) at 637 nm. Figure 2.3 displays a representative spectrum 

recorded under ambient conditions. Even at extremely low temperatures, only 

about 4% of the total fluorescence contributes to the ZPL [85], and the spectrum 

is predominantly characterized by substantial phonon sidebands, reaching their 

maximum intensity at approximately 680 – 700 nm. Optical excitation can also 

lead to switching between the charged and neutral states of the NV center [86, 

87]. These transitions alter the electronic configuration, producing photons with a 

shorter wavelength characterized by the NV0 zero-phonon line at approximately 

575 nm. 

There are two primary reasons why fluorescence varies with NV spin state. 

First, the decay through ISC is considerably more likely for the ms = ±1 states, as 

illustrated in Figure 2.2. Consequently, the likelihood of photon emission during 

a single optical cycle is lower for these spin states. Second, the slow relaxation 

rate from the 1E state to the ground state serves as an effective trap, impeding 
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further optical excitation. The lifetime of this state depends on the temperature. 

At the same time, numerous cycles involving direct decay can occur, resulting in 

the emission of numerous photons. This ultimately leads to a higher PL signal on 

average for the ms = 0 spin state. 
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2.5 The Hamiltonian characterizing the ground state of the 

nitrogen-vacancy center 

 

 

 

When considering diamond defects with electronic spin, the ground state spin 

Hamiltonian is typically divided into four components [88]. The initial component, 

denoted as ℋ𝑍𝐹, characterizes the interaction among the unpaired electrons. The 

second term, ℋ𝑍, represents the coupling of the electron spin to an external 

magnetic field, accounting for the Zeeman effect. ℋℎ𝑓 deals with hyperfine 

interactions between the electron spin and associated nuclear spins, while ℋ𝑄 

describes the quadrupole interaction. Thus, the complete Hamiltonian can be 

expressed as follows: 

ℋ𝑁𝑉 = ℋ𝑍𝐹 + ℋ𝑍 +  ℋℎ𝑓 + ℋ𝑄                 (1) 

Figure 2.4 offers a sketched overview of each separate term, and Table 

2.2 presents a collection of the pertinent coupling constants. In this context, minor 

couplings such as the nonsecular Zeeman, nonsecular hyperfine, and nuclear 

Zeeman interactions have been omitted as they are not relevant to the focus of 

this thesis [89].  
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Figure 2.4: Energy manifold of an electronic spin in the 3A2 ground state.  The graph 

illustrates the main interactions of the ground state: zero-field splitting (yellow), the Zeeman 

interaction (pink) and the hyperfine interaction (green) with the neighboring nitrogen atom, 

whether either 14N or 15N. 
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Because the excited state plays a crucial role solely in the optical pumping 

cycle for both initialization and readout (as described in Sections 2.3), but holds 

no significance during the sensing phase, it is not elaborated upon in this context. 

Readers interested in this aspect are directed to [61, 64, 90]. 

Equation below expresses the Hamiltonian of the 3A2 ground state under 

the influence of an external magnetic field B: 

ℋ𝑁𝑉 = 𝐷𝑆𝑧
2 + 𝐸(𝑆𝑥

2 + 𝑆𝑦
2) + 𝑔𝑠𝜇𝐵𝐵⃗ ∙ 𝑆 + 𝐴∥ 𝑆𝑧𝐼𝑧 + 𝐴⊥(𝑆𝑥𝐼𝑥 +  𝑆𝑦𝐼𝑦) + 𝑃𝐼𝑧

2 − 𝑔𝐼𝜇𝑁𝐵⃗ ∙ 𝐼 .  (2) 

In the given context, 𝜇𝐵 represents the Bohr magneton,  𝜇𝑁 denotes the nuclear 

magneton, D is the axial zero-field splitting (ZFS) coefficient, E stands for the 

transverse zero-field splitting coefficient, 𝑔𝑠 is Lande g-factor, 𝑆𝑥, 𝑆𝑦 and 𝑆𝑧 are 

components of the electron spin vector 𝑆 . 𝐴∥ represents the axial hyperfine 

constant, and 𝐴⊥ denotes the transverse hyperfine constant. The coefficients 𝐴∥ 

and 𝐴⊥ depend on the nitrogen isotopes present in the color center with natural 

diamond typically consisting of 99.6% nitrogen 14N (with nuclear spin I = 1) and 

0.4% nitrogen 15N (with nuclear spin equal to 1/2) [91]. Additionally, P symbolizes 

the quadrupole moment,  𝐼𝑧  represents the longitudinal component of the nuclear 

spin, and 𝑔𝐼 is the nuclear gyromagnetic ratio. The principal axis of the NV– center 

aligns with one of the four crystallographic directions <111> (as depicted in Figure 

2.1). The specific values of the coefficients mentioned in equation 2 are detailed 

in Table 2.2. 
 

Table 2.2: Constants governing the coupling of the NV center. The primary factors influencing 

the ground-state Hamiltonian typically involve the zero-field splitting parameter D and the Zeeman 

interaction with the coupling g-factor. Nitrogen isotope-dependent constants encompass the 

parallel (𝑨∥ ) and perpendicular (𝑨⊥) hyperfine couplings, along with the quadrupole parameter P. 

These values are sourced from [92]. 

isotope D (GHz) 𝒈𝒔 𝒈𝑰  𝑨∥ (MHz) 𝑨⊥ (MHz) P  (MHz) 

14N 
2.87 2.003 0.403 

-2.14 -2.79 -5.01 

15N 3.03 3.65 — 

 

 

 

[88] Loubser, J. H. N., and J. A. van Wyk. "Electron spin resonance in the study of diamond." 

Reports on Progress in Physics 41.8 (1978): 1201. 

https://doi.org/10.1088/0034-4885/41/8/002 

https://doi.org/10.1088/0034-4885/41/8/002


Chapter 2    2.5  The Hamiltonian characterizing the ground state of the nitrogen-vacancy center 

 27   
 

[89] Suter, Dieter, and Fedor Jelezko. "Single-spin magnetic resonance in the nitrogen-vacancy 

center of diamond." Progress in Nuclear Magnetic Resonance Spectroscopy 98 (2017): 50-62. 

https://doi.org/10.1016/j.pnmrs.2016.12.001 

[90] Rogers, L. J., et al. "Time-averaging within the excited state of the nitrogen-vacancy centre 

in diamond." New Journal of Physics 11.6 (2009): 063007. 

https://doi.org/10.1088/1367-2630/11/6/063007 

[91] Rabeau, J. R., et al. "Implantation of labelled single nitrogen vacancy centers in diamond 

using N15." Applied Physics Letters 88.2 (2006). 

https://doi.org/10.1063/1.2158700 

[92] Felton, S., et al. "Hyperfine interaction in the ground state of the negatively charged nitrogen 

vacancy center in diamond." Physical Review B 79.7 (2009): 075203. 

https://doi.org/10.1103/PhysRevB.79.075203 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1016/j.pnmrs.2016.12.001
https://doi.org/10.1088/1367-2630/11/6/063007
https://doi.org/10.1063/1.2158700
https://doi.org/10.1103/PhysRevB.79.075203


 

28 
 

 

 

 

2.6 Magnetic field sensitivity and optically detected magnetic 

resonance basis 

 

 

 

The fundamental mechanism behind coupling of the NV electronic spin to 

magnetic fields is the Zeeman effect. This effect induces shifts in the energies of 

spin states with a non-zero spin quantum number ms when exposed to an external 

magnetic field B. Derived from the Zeeman Hamiltonian outlined in Section 2.5 of 

this Chapter, the gyromagnetic ratio 𝛾𝑁𝑉  of the NV center can be expressed as: 

. 𝛾𝑁𝑉 =
𝑔𝑁𝑉∙𝜇𝐵

ℎ
≈ 28.03 GHz/T.     (3) 

To perform vector magnetometry, NV centers aligned with all four possible 

crystallographic axes orientations can be used [93]. These orientations are 

responsible for effective gyromagnetic ratios, and hence different Zeeman 

splitting. 

 The interaction of the NV center with electric fields occurs through the 

Stark effect [94, 95]. This interaction is governed by the spin-orbit coupling 

between the ground and excited triplet states. Nanoscale electric field sensors 

are of significant importance because numerous particles, such as free electrons, 

produce electric fields but relatively weak magnetic fields. For instance, the 

detection of a single charge at a distance of 150 nm is achievable with just one 

second of averaging, leading to an overall alternating current (AC) electric-field 

sensitivity of 2.02 Vm−1Hz−1/2 [96]. Further potential applications of the NV center 

as an electric field sensor are suggested in [97, 98]. 

As the NV center constitutes a spin system with S = 1, it has a ZFS 

parameter, which depends on the separation distance of the two unpaired 

electrons. Consequently, any external factors influencing this distance can alter 

the ZFS parameter D. Noteworthy examples include pressure p (dD/dp = 1.46 

kHz/bar [24]) and temperature T (dD/dT = − 74.2 kHz/K [99]). Hence, NV centers 

have the potential to serve as nanoscale sensors for temperature [23] or pressure 

[24]. 
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Most important for this thesis is the capability of NV centers to identify and 

analyze magnetic signals. To achieve this, various measurement techniques 

exist, and their suitability and effectiveness hinge on the nature of the magnetic 

field. The following section outlines the most prevalent techniques. Magnetic 

resonance is an extensively used and valuable technique, that relies on the 

absorption (and/or emission) of electromagnetic radiation by paramagnetic 

particles [100]. As spins possess a magnetic moment, electromagnetic fields 

resonant to a transition between two spin levels can be absorbed. Consequently, 

an unknown frequency can be identified by adjusting the energy difference 

between the spin levels and detecting the absorption. 

Given that the fluorescence of the NV center is spin-dependent, optically 

detected magnetic resonance (ODMR) emerges as a straightforward yet robust 

spectroscopic technique [15]. The underlying principle is illustrated in Figure 2.5 

(a). The NV center is subjected to a continuous light irradiation and is 

simultaneously exposed to the magnetic field oscillating at microwave frequency. 

Light consistently populates (pumps) the ms = 0 state, while the microwaves (MW) 

induce spin transitions if their frequency is resonant with transitions to other 

magnetic substates. When the MW frequency does not match with the energy 

splitting between the ms = 0 and ms = − 1 or + 1 spin states, the recorded 

fluorescence remains high. Conversely, if the microwaves are absorbed, the spin 

state can change, leading to a reduction in fluorescence. As the NV center is 

continuously illuminated, an equilibrium is established between these two 

competing mechanisms, dependent on the excitation power of the laser and the 

driving amplitude of the microwave field. In the absence of an external magnetic 

field, the spin states ms = − 1 and ms = + 1 are degenerate and shifted by D = 

2.87 GHz compared to the ms = 0 level. Owing to Zeeman interactions, both 

states with a non-zero spin quantum number are split, allowing for selective 

addressing of transitions with ms = 0 state, as illustrated in Figure 2.5 (a). The 

splitting 𝜈∆, measured in frequency units, is defined by: 

𝜈∆ = Δ𝑚𝑠γNV𝐵𝑧 ≈ 𝐵𝑧 ∙ 2 ∙ 28 GHz/T,     (4) 

where ms = 2 represents the difference in spin quantum numbers, 𝛾𝑁𝑉  is the 

gyromagnetic ratio of the NV center's electron spin, and  𝐵𝑧 is the projection of 
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the magnetic field onto the symmetry axis of the NV center. Based on the 

selection rules, the spin quantum number can only change by one, allowing direct 

driving of the ms = 0 ↔ ms = −1 and ms = 0 ↔ ms = +1 transitions. 

When considering the zero-field splitting D, the resonance frequencies are as 

follows: 

𝜈𝑟𝑒𝑠 = 𝐷 ± 𝛾𝑁𝑉𝐵𝑧 = 2.87 GHz ± 28
GHz

T
∙ 𝐵𝑧 .    (5) 

In Figure 2.5 (c) and (d), the ODMR spectra for various magnetic bias fields (𝐵𝑧) 

are depicted for the [111] orientation of magnetic field. In this context, the 

fluorescence was recorded while varying the microwave frequency (𝜈) of a 

generated microwave field.  
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Figure 2.5: Basis of the ODMR technique. (a) The NV centre is constantly illuminated and 

simultaneously subject to a microwave field in time domain. (b) The transition frequency between 

the spin states ms as a function of the magnetic field Bz. If the microwave frequency is in 

resonance with either the ms = 0 ↔ ms = −1 transition (brown arrow) or the ms = 0 ↔ ms = +1 

transition (beige arrow), absorption occurs. The ms = −1 ↔ ms = +1 transition is forbidden due to 

selection rules. Figures (c) and (d)  presents the ODMR spectra for different magnetic fields. The 

resonances split symmetrically with increasing bias field. (c) represents the spectra collected for 

bulk crystal sample with an external magnetic field along <111> direction and (d) are ODMR 

signals from 140 nm ND powder visible broadening of the spectra is caused by the coexistence 

of all possible magnetic field orientations.  
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When 𝐵𝑧 = 0, a single peak is observed around 𝜈 = D, marked by red 

dashed line. As the magnetic field increases, two lines, beige and brown, 

correspondingly follow minima that extend apart from each other in Figure 2.5 (c) 

and (d). Consequently, the strength of an unknown magnetic field can be directly 

determined by determining position of these peaks at MW scale. Using the same 

principle, an oscillating field (e.g. various frequencies are used for different 

measurements techniques 0.1 Hz to 10kHz in ODMR, 100  kHz to 1 MHz for 

dynamical decoupling and 1 to 10 GHz for T1 relaxometry) with an unknown 

frequency can be recorded by sweeping a well-known bias field [103]. As 

illustrated in Figure 2.5 (c), ODMR spectra can be gathered for a bulk crystal 

sample. In Figure 2.5 (d), a typical spectrum for a nanodiamond sample is 

depicted. In contrast to bulk samples, changes in the magnetic field cannot be 

determined by straightforwardly recalculating the minima of peak positions. The 

coexistence of all possible magnetic field orientations leads to a broadened net 

spectrum. Therefore, the magnitude of the external magnetic field is determined 

by calculating the second derivative of the ODMR signal [101]. 
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Chapter 3 

Experimental setups 

 

 

3.1 Wide-field microscopy setup 

 

 
 
All the measurements outlined in this thesis and articles gathered in Chapter 4 

were conducted using the wide-field microscopy setup, built by the author of this 

thesis. While this system has a relatively straightforward design, it provides the 

synchronized management of NV diamond substrate illumination and 

photoluminescence collection, manipulation of the NV spin state through a 

microwave field, application of an external magnetic field to offset the NV spin 

state energy levels, and control/modulation of the device or system while 

investigating various diamond sample. This section introduces the elements 

common to the wide-field microscope that can perform ODMR measurements, 

encompassing optics configuration, sample mounting, microwave antennas, and 

alignment of the external magnetic field in different configurations to interact with 

diamond samples, e.g. powders and powder-covered optical fiber facets, bulk 

diamond samples or thin membranes. 

The optical components in any experiment with NV spins need to facilitate 

the initialization and readout of the NV spin state, involving excitation from a light 

source, e.g. a laser, and efficient collection of the photoluminescence. In most 

applications, the laser excitation needs to be gated, allowing it to be used for time-

dependent spin-state pumping and optimized for sensitive readout. In wide-field 

imaging experiments, the excitation laser must deliver sufficient power across a 

field of view of typically tens or hundreds of micrometers in diameter. The NV 

photoluminescence collected from the same area must be projected onto a 

camera for imaging. This can be done in various ways, and this section reviews 
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Figure 3.1: Illustration outlining the optical and electronic components of the wide-field 

NV diamond microscope built by the author. A CW laser beam with a wavelength of 532 nm 

(green) passing through a beam expander (lenses L1 and L2) to adjust the beam waist and 

subsequent field-of-illumination. The beam is then focused (lens L3) on the back focal plane of a 

microscope objective which provides wide-field illumination of the sample. The resulting NV red 

photoluminescence is gathered through the objective, separated from the excitation laser using 

a dichroic mirror, and filtered before being concentrated onto an sCMOS camera for imaging. 

Signals from the sCMOS camera sensor and MW generator are synchronized with a pulse 

streamer and controlled by the computer.    

the methods used throughout this thesis. Additional details can be found in the 

references [93, 102, 103]. 

Figure 3.1 illustrates the configuration of optical components employed in 

constructing a wide-field microscope for NV-diamond imaging. This schematic 

serves as a representation for custom-built wide-field microscopes built by the 

author of this thesis and utilized in articles [1-4]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 
  

 
 
 
 
 
 
 
 
 
  
 
  

A continuous wave (CW) diode-pumped solid-state laser (Sprout G, 

Lighthouse Photonics) operating at a wavelength of 532 nm is employed to both 

initialize and read out the NV spin state. The laser’s output power can reach up 

to 10.0 W, providing power stability at higher operating levels. The laser power is 

kept at maximum for stability reasons but most of its energy is dumped and only 

1 W is distributed among different experiments on the optical table using beam 

splitters. The typical power used in experiments, measured before the dichroic 
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Figure 3.2: A photograph of the wide-field microscope. The picture (a) shows the custom 

setup built by the author utilized in the research presented in articles [1-4]. The laser beam is 

safely separated within the experiments using black laser-safe boards visible next to L1 and L2 

lenses. Elements corresponding to the schematic representation in Figure 3.1 are labelled 

accordingly, such as the lenses of the beam expander marked as L1, L2 and the lens L3 which is 

responsible for focusing the beam onto the back focal plane of the objective. Additionally, the 

setup includes a camera, MW antenna with a diamond on a moving stage, objective (O) and a 

permanent magnet (M) is positioned to the left of the sample stage. The dichroic mirror and filter 

are integrated into a cage cube (Thorlabs), and marked as C1. The C2 cage cube holds a mirror 

directing the fluorescence towards the camera (sCMOS). The inset picture (b) was taken with the 

use of green light filter (Laser safety glasses LG3, Thorlabs, with transmission less than 0.00001% 

for a light wavelength 180 to 532 nm) and shows an objective (40x/0.6 LUCPLFLN, Olympus) 

which directs laser light on a nanodiamond sample lying on the MW antenna. The red 

fluorescence from the NV – color centers is visible due to filtering of strong 532 nm green laser 

and passing red spectrum of light. 

mirror in the C1 cage, was approximately 60 mW. In the setup involving a wide-

field microscope, half-wave plates are utilized to attenuate the laser power 

(usually in the tens of milliwatts range) while preserving the laser’s polarization. 

The beam passes through a beam expander to adjust its waist. By employing a 

half-wave plate, the linear polarization of the beam is rotated. This rotation allows 

for optimization of the pumping process of a specific NV group in a particularly 

oriented diamond plate (see Figure 2.5), leading to enhanced optical spin state 

contrast [104]. Alternatively, the polarization can be balanced across multiple 

groups to reduce background in vector ODMR measurements [105]. 
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The expanded beam is directed into the back focal plane of an objective (40x/0.6 

LUCPLFLN, Olympus), which illuminates a substantial area of the diamond bulk 

or powdered sample. The emitted red photoluminescence from the illuminated 

NV centers is collected by the same microscope objective and separated from 

the excitation laser using a dichroic mirror. Any extraneous light collected along 

with the NV photoluminescence is filtered out (by the filter FEL0550, Thorlabs, 

with the cut-off wavelength 550 nm and transmission region 559 - 2150 nm) 

before the photoluminescence is focused onto the sCMOS camera photosensor 

for imaging (Zyla 5.5 megapixels, Andor, Oxford Instruments) using a tube lens (f 

= 100 mm).  A neodymium permanent magnet is positioned near the sample stage 

on either a magnetic post holder or a goniometer, enabling precise manipulation 

of the external magnetic field at the sample’s location as can be seen in Figure 

3.2. This magnetic field can be oriented to align with the orientation of a specific 

NV centers within the imaging ensemble or to form the same angle with all four 

possible NV orientations, aligning them to degeneracy. 
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3.2 MW generation and camera synchronization for wide-

field imaging 

 

 
 

The majority of NV sensing methods necessitates the utilization of a pulsed 

resonant microwave field to manipulate NV spin states. In the context of our wide-

field vector imaging, the typical microwave frequencies applied fall within the 

range of 2.7 to 3 GHz. However, certain applications may demand the driving of 

NV spin resonances to frequencies as low as a few MHz or exceeding 3 GHz 

[106, 107]. 

By employing microwave and radio frequency (RF) fields, it becomes 

feasible to manipulate the electron spin states of the NV center. In our wide-field 

microscope used for ODMR experiments, the microwave signal is produced by 

the generator (SG386, Stanford Research Systems) is transmitted through 

coaxial cables to the microwave antenna. While the term "antenna" is commonly 

used in the context of NV color centers in diamonds, it's important to emphasize 

that in this context, a magnetic field generated by a current-carrying wire (near-

field) is utilized rather than a radiated electromagnetic far-field. Thus, from a 

classical perspective, the structures delivering microwaves do not fit the 

traditional definition of antennas. Nonetheless, for the sake of brevity, we refer to 

these elements of the apparatus using the term antenna, as many of them share 

the similar or identical design to the proper-use, oftentimes resonant, radiating 

antennas. The antenna is positioned either behind or beneath the diamond 

sample. Various orientations of experimental samples in relation to the antenna 

are illustrated in Figure 3.3. The antenna is mounted to the custom-made board, 

which is then attached to the XYZ translation stage (PT3/M - 25.0 mm, Thorlabs). 

This setup enables external control of the sample's movement in three orthogonal 

directions: two within the plane of the optical table and one perpendicular to it, 

through motors (KDC101 Thorlabs) featuring a DC servo motor actuator with a 

25 mm travel range and a minimal repeatable step of 0.2 µm (Z925B, Thorlabs). 

The microwave signal travels through a switch and power amplifier with a 

maximum power of 42 dBm, i.e. 16 W (ZHL-16W-43-S+, Mini-Circuits), 

subsequently being directed to the antenna. 
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Figure 3.3: Photographs depicting different orientations of samples and antennas 

employed in the described experiments. The figure illustrates the range of orientations and 

challenges associated with varying sample sizes and shapes that needed to be taken into 

consideration during experiments. All sample holders visible on these pictures were custom made 

and designed by the author to meet the need of effective delivery of MWs as close as possible to 

the NV color centers in diamond samples. Picture (a) presents the vertical orientation of an 

antenna employed when the sample absorbs microwaves, and there is no other way of efficient 

delivery of this field to diamonds. An antenna used in this experiment is described in [107]. Picture 

(b) depicts a horizontally positioned antenna. A CVD diamond sample with NVs near the surface 

is positioned on a Si wafer with surface magnetic domains. This antenna is called double split-

ring resonator (DSRR) and effectively and uniformly couples microwave magnetic fields into 

nitrogen-vacancies over a large area [109]. On the image (c) a visible plastic tripod serves as a 

holder for an imaging fibers bundle, with its facet coated with nanodiamonds, positioned in close 

proximity to an antenna. This specific sample orientation is described in article [4]. This antenna 

is a printed circuit board (PCB) designed to generate circular polarization [110], two parallel lines, 

spaced 320 µm apart are visible. Image (d) presents another approach to sensing with imaging 

fiber bundle and uses of Ω-shaped, microstrip line antenna similar to one described in [111]. This 

antenna features multiple pins, allowing for the connection of various structures, such as gold-

printed crosses that facilitate currents flowing in various directions. 
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The effective utilization of this entire infrastructure relies on the 

synchronized control of each component. Continuous laser and microwave 

pulses are applied to initialize, manipulate, and read out the NV spin state in 

synchrony with the photoluminescence collection by the sCMOS camera. This 

synchronization is achieved through a digital pattern generator (Pulse Streamer 

8/2, Swabian Instruments) configured and controlled in LabVIEW by a  custom 

script written by the author of this thesis.  As illustrated in Figure 3.4, the 

microwave signal from the amplifier is directed to the digital pattern generator 

which synchronizes the microwave signal and the image capture process in the 

wide-field microscope.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the presence of continuous light illumination, two images are taken with 

microwaves alternately turned on and off for each MW frequency. This is done to 

subtract the background and compute the normalized fluorescence contrast, 

effectively mitigating variations in fluorescence intensity caused by laser power 

drifts and fluctuations. This process enhances the overall signal-to-noise ratio 

(S/N). The signal timing pattern is presented in Figure 3.4. 
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Figure 3.4: Timing of MW generation and camera synchronization for wide-field imaging. 

Under continuous light illumination, two images (1, 2) are captured, with microwaves sequentially  

activated for about 10 ms (on) and deactivated (off) for each microwave frequency. The 

acquisition time corresponds to the exposure duration of a signal collected by the sCMOS 

camera, 10 µs – 100 ms configured for each measurement in the LabView program made by 

author of this thesis. The camera is triggered to capture a picture within a time frame of 1 µs. 
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3.3 Confocal spectroscopy  

 

 

 

NV– color centers are commonly examined using a confocal microscope system 

[14, 112-114]. The fundamentals of confocal imaging, originally introduced and 

patented by Marvin Minsky in 1961 [115], differ from wide-field microscopy or 

fluorescence microscopy. In the wide-field microscopy, the entire object is 

illuminated by a light source, and the sample reflects, absorbs, or fluoresces light, 

which is then collected by the objective. However, the lens not only gathers light 

from the focal plane but also from the entire volume of the illuminated sample 

along the beam axis. This leads to unwanted, out-of-focus signals that contribute 

to a blur and noise and reduce signal-to-noise ratio (S/R). To address this issue, 

confocal microscopes use a small diaphragm, such as a pinhole, iris, or an optical 

fiber with a small core, placed at the focus of a lens in front of the detector. This 

diaphragm eliminates signals originating from outside the focal plane, 

significantly enhancing image contrast and quality and essentially limits the image 

to a thin slice in the focal plane. The main drawback of this configuration stems 

from signal collection from one point (in reality a tiny, diffraction limited volume) 

at a time and the necessity of scanning to obtain an image.  

 

 
 
 

 

 

 

  

 

 

(b) (a) 

Figure 3.4: Schematic representation of a confocal microscope employed with NV 

diamond. (a) a green laser is directed into an oil-immersion objective, allowing scanning over the 

diamond surface in increments ranging from approximately 10 nm to 1 µm. To exclusively capture 

the red-shifted fluorescence from the confocal volume, a pinhole is employed before reaching the 

single-photon counting module (SPCM). In the confocal image (b), individual grains with NV 

centers manifest as distinct bright spots, 1 is a side view and 2 from the fiber facet. 

 



Chapter 3     3.3  Confocal spectroscopy 

 42   
 

Figure 3.4 illustrates the configuration of the confocal microscope 

employed in the measurements presented in articles [2-4]. A CW diode-pumped 

solid-state laser (Sprout G, Lighthouse Photonics) generates a collimated and 

linearly polarized beam of monochromatic light at a wavelength of 532 nm. The 

light is then directed towards a dichroic mirror (Thorlabs DMLP567L), which 

predominantly reflects the light with λ below 550 nm and efficiently transmits 

spectral components with λ above 584 nm. The reflected light is guided to an oil-

immersion objective (100×/1.3, UPLFLN Olympus) positioned on a piezo stage 

(Nano-LP200, Mad City Labs) with a scan range of 200 × 200 × 200 µm and an 

accuracy of 0.4 nm. This arrangement allows for the precise positioning and 

scanning of the sample placed above the objective, which is responsible for 

focusing the laser light. The light emitted from NV centers is collected by the 

objective and directed to the dichroic filter, which allows the transmission of red-

shifted fluorescence. Subsequently, the light is focused onto a pinhole (Thorlabs 

PS30, 30 µm diameter) to enable the passage of light emitted from the confocal 

volume to the detector. The remaining fluorescence is focused onto a single-

photon counting module (SPCM-AQRH-14-FC, Excelitas Technologies). For 

protection against stray light, this section of the setup is enclosed within an 

additional box. 

The dimensions of the confocal volume are determined by the 

characteristics of the objective, the laser wavelength 𝜆 and the refractive index n 

of the immersion medium. The axial resolution (distance along a line that is 

parallel to the laser beam) of an ideal confocal microscope, assuming an infinitely 

small pinhole, is expressed in terms of the full width at half maximum (FWHM) of 

the Airy spot and is defined by [116]:  

    𝐹𝑊𝐻𝑀 =
0.64𝜆

𝑛−√𝑛2−𝑁𝐴2
 ,              (6) 

and the lateral resolution (distance in a plane of sampling object perpendicular 

to the laser beam) is given by: 

 

                                       𝐹𝑊𝐻𝑀 =
0.37𝜆

𝑁𝐴
 ,             (7) 

where NA is the numerical aperture of the objective.  
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To manage the experiment, including command and parameter input, as 

well as data visualization, a PC was employed. Ensuring the synchronized 

operation of all hardware devices necessitates a dependable control software. 

Consequently, for all presented experiments in articles [1-4] that mention 

confocal microscopy, the Qudi software was utilized. Qudi serves as a 

comprehensive, modular, and multi-operating system suite written in Python 

[117]. The scientific modules within Qudi can be classified into three domains. 

The logic modules oversee and coordinate specific experiments, convey input 

parameters, and analyze measurement data. The graphical user interface (GUI) 

modules facilitate parameter input, visualize data, and provide a user-friendly 

interaction with the logic modules. Third domains is “translation”, often an 

experimental hardware varies significantly in their command structures, 

sometimes even within products from the same manufacturer. In response, 

hardware modules are tasked with translating commands from the logic modules 

into the language compatible with the used hardware. 
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3.4 Photoluminescence spectroscopy 

 

 

 

One of the distinctive features of the wide-field microscope built by the author is 

its easy adaptability into a confocal setup. In addition to being utilized for confocal 

imaging, this configuration was successfully applied for PL measurements in 

articles [1, 3]. Spectral measurements of the NV photoluminescence can serve 

as a valuable sensing technique independently, providing swift and efficient 

insights into the surrounding environment. 

 Similarly, as detailed in the description of the wide-field microscope setup 

in section 3.1, light is passing through all optical elements with slight 

modifications. After the beam is expanded by the combination of L1 and L2 

lenses, an iris enables the adjustment of the expanded beam's size, extending it 

up to 0.3 mm, making the lens L3 redundant. Additionally, one of the cubes, C2, 

which directs fluorescence to the camera can also be eliminated. As illustrated in 

Figure 3.5, light is focused by a lens onto a facet of the fiber, which then collects 

and guides the light to the spectrometer (AvaSpec-3648, Avantes). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5: Confocal photoluminescence spectroscopy setup. The signal collected in this 

setup is depicted in Figure 2.3 and in article [1]. 
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Chapter 4 

Articles 

 

 

4.1 Overview of the results 

 

 

 

Following chapter builds upon preceding introduction to NV physics and 

experimental systems to provide a brief introduction and summary of the findings 

presented in articles [1-4].  

The previous chapters served as an introduction to fundamentals of the 

NV color center in diamond. This theoretical framework provides an explanation 

of the essential phenomena associated with this defect, in particular, an 

explanation of the processes involved in initializing the center through optical 

pumping and subsequently reading its state. Additionally, the formulation of the 

ground state Hamiltonian, which outlines the quantum mechanical properties of 

the NV center, is discussed. Furthermore, the application of the optically detected 

magnetic resonance (ODMR) research technique is highlighted as a crucial tool 

for examining characteristics of the nitrogen-vacancy color center in diamond. In 

this thesis, a central point of every experiment is a wide-field microscope. This 

microscope enables imaging applications of NV centers in nanodiamonds and 

confocal PL measurements. The unique configuration described in Chapter 3 was 

not only conceptualized but  also physically constructed and programmed by the 

author of this thesis.  

The extreme flexibility of this setup facilitated its involvement in numerous 

experiments conducted on various types of samples. These included fiber 

bundles with facets coated with nanodiamonds, tellurite rods with sub-micron-

sized diamonds incorporated into glass during the melting process, AFM 

scanning probe with cantilever coated with nanodiamonds. Additionally, the 
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research considered bulk CVD diamonds not discussed in detail here. These 

diamond plates used for the magnetic mapping, including a 50-micrometer-thick 

diamond membrane with NV centers close to the surface. The utilization of this 

imaging system allowed for corroborating measurements and an exploration of 

the utility of the researched temperature, magnetic and electric field sensors, as 

presented in the subsequent articles. Each project not only provided novel 

insights into the systems but also prompt refinements to the NV imaging 

technique to alleviate interactions that may hinder imaging or affect the observed 

phenomena. As a result, a robust and intuitive approach to wide-field imaging 

with NV ensembles in diamond has been developed, poised for future 

applications in many systems. 

The limitations of the imaging technique constitute a crucial factor when 

dealing with absorbing materials or those sensitive to temperature variations. 

Studying phenomena such as magnetic fields in samples with ferromagnetic 

domains or current flows in wires necessitates minimal substrate requirements 

and fabrication. In other cases, the direct transfer of nanodiamond onto 

substrates is deemed a viable and appropriate approach. To address this 

challenge, an unconventional yet effective solution is explored, allowing to 

characterize samples by endoscopic methods. Subsequently, one such 

extraordinary samples, is an imaging fiber bundle coated with nanodiamond 

enabling imaging and measuring current flows remotely, through the fiber. This 

method combines the flexibility of NV experiments with the numerous benefits of 

fiber imaging, e.g. endoscopy, thereby expanding the potential range of future 

applications. 

In this section a summary of following articles [1-4] is presented, 

emphasizing the author's input to each one. The article [1] "Tellurite Glass Rods 

with Submicron‐Size Diamonds as Photonic Magnetic Field and Temperature 

Sensors." Zuzanna Orzechowska et al. proposes a novel type of photonic sensor 

based on tellurite glass rods doped with submicron diamonds. This type of sensor 

can be used to measure magnetic fields and temperatures with high sensitivity. 

The sensors are fabricated by doping tellurite glass rods with submicron 

diamonds containing nitrogen vacancy and nitrogen-vacancy-nitrogen (NVN) 

centers. As a result, it was demonstrated that this type of sensor measures 

magnetic fields up to 50 G with a sensitivity of 10−5 T  Hz− 1/2, and temperature 
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shifts of up to 8 degree at room temperature with a sensitivity of 2.2 K  Hz− 1/2. 

The obtained sensor is small, lightweight, and the signal can be collected from its 

side in contrary to the optical fiber. This makes them promising candidates for a 

variety of applications, such as medical imaging or environmental monitoring. 

Samples were prepared through collaborative efforts with the research groups 

from Gdansk and Warsaw. Despite the fragility of tellurite glass, the author of this 

thesis successfully conducted challenging measurements, leading to a pivotal 

discovery that the samples not only contained NV color centers but mainly NVNs. 

This newfound information constituted a novel contribution to the field of sensing 

properties with different types of color centers. The author assumed responsibility 

for coordinating the description of primary findings, composing the major sections 

of the published article, conducting measurements, and analyzing data to 

succinctly summarize the research within the article. 

The article [2] “Preparation and characterization of AFM tips with nitrogen-

vacancy and nitrogen-vacancy-nitrogen color centers” by Zuzanna Orzechowska, 

et al. discusses a simple method for coating AFM tips with submicron-sized 

diamonds containing color centers. This coating enables convenient visualization 

of AFM tips above transparent samples as well as potentially using the tip for 

performing spatially resolved magnetometry. In this article we also showed its 

sensitivity for magnetic field. The principal content of this article, including 

obtaining the AFM probes, planning and execution of the methodology and 

measurements, was undertaken by the author of this thesis. The standard silicon 

AFM probes were dip-coated in a suspension of submicron-sized diamonds in 

isopropyl alcohol. The used diamonds contained two types of color centers: NV 

and NVN. The AFM tips were characterized by measuring their fluorescence 

intensity and magnetic field sensitivity. It was found that the tips can be visualized 

using microscopy, e.g. on a fluorescent microscope with AFM attachment module 

and that they have a magnetic field sensitivity of 2.2 nT  Hz−1/2. The proposed 

method is a simple and a cost effective way to create AFM probes with both 

optical and magnetic sensing capabilities. These probes have the potential to be 

used in a variety of applications, such as nanoscale magnetic mapping and 

imaging. 

The article [3] “Optically detected magnetic resonance study of thermal 

effects due to absorbing environment around nitrogen-vacancy-nanodiamond 
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powders” by Mona Jani et al. shows the impact of Fe+ ion implantation on optical 

properties of nanodiamonds containing nitrogen-vacancy color centers. 

Observed decrease in the NV– peak intensity and a blue shift in Raman spectra, 

indicated a transition from sp3 to sp2 carbon hybridization. The ODMR spectra 

showed a red shift in the resonance position, suggesting local heating due to 

absorption of laser energy. This shift disappeared after annealing, suggesting that 

it is caused by absorptive impurities in the environment. To confirm this the iron 

oxide and graphite powder were added to the nanodiamond suspension, leading 

to a substantial increase in the ODMR red shift. This suggests that the shift is 

caused by local heating of the NV centers by absorptive impurities. The study 

highlights the importance of considering the local environment in NV-based 

nanodiamonds experiments. It becomes a crucial consideration, particularly 

when attempting to measure magnetic fields within living organisms containing 

iron-laden erythrocytes, its potential impact on experimental outcomes cannot be 

omitted. As the second author of this article, I undertook planning and performing 

ODMR and PL measurements within an experimental setup built by me and 

described in this thesis. Additionally, I provided guidance to the primary author in 

the analysis of the acquired data and proposed the idea of sample analysis after 

annealing, thus contributing to proving the reversibility of the observed local 

heating phenomenon primarily caused by ion implantation. 

The article [4] "Sensing of Magnetic-Field Gradients with Nanodiamonds 

on Optical Glass-Fiber Facets." by Mona Jani et al. describes a method for 

detecting magnetic field gradients using nanodiamonds covalently attached as a 

thin film on one facet of an optical fiber bundle. Through ODMR signal 

measurements from individual fibers within an ~0.5-mm-wide imaging bundle, 

variations in local magnetic field strengths and gradients across the bundle facet 

were determined. These gradients result from direct electric currents in a wire 

near the nanodiamond film. The measurement facilitates determining the net 

magnetic field for different current directions and their associated magnetic field 

gradients. Using my prior expertise in optical fiber measurements, I made 

relevant contributions to this manuscript through the experiment planning, 

execution, and analysis of ODMR measurements utilizing developed and 

programmed wide-field microscope. Experiments presented in the article, 
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indicate prospects for compact fiber-based endoscopy, offering possibilities for 

remote and highly sensitive magnetic field detection with sub micrometer spatial 

resolution in ambient conditions. 
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4.2 Summary 

 

 

 

This cumulative thesis is based on 4 research articles investigating paramagnetic 

nitrogen-vacancy color centers in nano- and submicron-sized diamonds.  

The initial phase involved designing and constructing a wide-field 

microscope system, easily convertible into a confocal microscope, and 

programming a new sCMOS camera  that provided high sensitivity imaging 

functionality not available before in the laboratory. This system enabled various 

measurements, including the examination and observation of ODMR and 

fluorescence spectra in micro- and nanodiamond samples. By combining 

diamond powders with known photonic equipment such as imaging optical fiber 

bundles, tellurite glass rods, or AFM scanning probes, unique sensors based on 

NV– and NVN color centers were developed. 

Beyond creating innovative research equipment and conducting detailed 

characterization on nitrogen-vacancy color centers in diamonds, this work opens 

new opportunities for further research. The analyses and measurements 

conducted herein can serve as the foundation for future projects. For example, 

exploring magnetic fields in flowing liquids using nanodiamonds embedded in 

optical fibers, magnetic mapping using nanodiamond-coated AFM probes, or 

mapping magnetic domain fields beneath thin-film diamond samples. The author 

has already initiated work on mapping magnetic fields using 50 µm thin diamond 

crystal with NV color centers and wide-field microscopy, which holds promise due 

to its potential for significantly accelerating magnetic field mapping with 

nanoscale resolution on microscale surfaces compared to currently used 

diamond-based AFM magnetic microscopes. 

This thesis presented several hybrid platforms that combine common 

measurement tools, such as optical fibers and scanning probes, with 

nanodiamond powders containing nanoscale defects. In the course of this work, 

I have successfully proven the research hypothesis that these systems can 

function under ambient conditions and serve as practical sensors for measuring 

magnetic fields and their gradients, electric currents, and temperature.
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1. Introduction

Nitrogen-vacancy-nitrogen (NVN) and
negatively charged nitrogen-vacancy (NV−)
color centers are point defects in the di-
amond lattice which find increasingly
more important applications in photonics,
sensors, and biomedical diagnostics.
The NVN (also known as H3), structure

is formed by a nitrogen pair trapped near a
vacancy and is one of the most commonly
present lattice defects in natural diamonds
after the thermal annealing process. In par-
ticular, the H3 color centers are used as in
vivo fluorescent markers due to their low
toxicity, strong green fluorescence,[1–3] and
long fluorescent lifetime.[4] Very good ther-
mal stability, even at temperatures as high
as 500 ◦C, makes NVN centers interesting
candidates for room temperature color cen-
ter lasers.[5] H3 centers can be taken into
consideration in thermometry applications

based on the frequency shift of their zero-phonon line
(ZPL).[6]

The NV− are diamond defects where a substitutional nitro-
gen atom replaces the carbon and an adjacent lattice site is left
empty creating a vacancy. In addition to applicability as fluores-
cent markers for biological systems caused by their strong red
fluorescence,[7,8] the NV− centers are paramagnetic, hence ex-
hibit very interesting magnetic properties. For example, they can
be used as qubits in quantum information science,[9,10] and sen-
sors of electric[11] or magnetic[12,13] fields.
Large sizes of typical commercial high-quality magnetometers

motivate new developments of small-scale devices combining op-
tical fibers with color centers in diamonds. That approach was
realized in several ways: by attaching a diamond to the optical
fiber,[14–16] incorporating it into photonic crystal fibers,[17] grow-
ing the diamond material at the outer fiber core,[18] coupling
them with tapered optical fibers,[19] or designing miniaturized
hybrid magnetometers.[20,21]

One promising direction of these developments is based on
themelt mixing of diamonds and glass material during the draw-
ing process. Such an approach has been notably advanced by the
Monro group.[22–24] We followed their recipe for glass preparation
and similarly chose the tellurite glass which is well-suited as a
host material for submicron diamonds (SDs). The reason for that
is the relatively low melting point temperature of 600 to 700 ◦C
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minimizing the oxidation of SDs when mixing them into the
glass melt. Moreover, tellurite dioxide (TeO2) based glasses are
transparent in the range of 500–4000 nm and possess highly non-
linear optical properties.[25] Embedding SDs in a tellurite glass
host enables efficient coupling of single-photon emission to the
bound modes of rods drawn from this material. These features,
together with high transparency and low transmission losses
(around 1 dBm−1 for wavelengths 550–900 nm [26]) determined
mainly by the NV− centers absorption are essential in exploiting
the unique properties of NV− doped SDs and application of such
material in various photonic devices.
In addition to their interesting optical properties, a more

important feature of the negatively charged NV defect is its
magnetic properties due to the nonzero electronic spin (S = 1)
that enables magnetic resonance studies and, together with a
long coherence time, makes these centers suitable for sensing
applications. The sensing principles are extensively described
(e.g., in refs. [27–29]), so we just briefly summarize the main
features which make it possible. The ground state of the color
center defect NV− is a spin triplet. In the absence of a magnetic
field, the ground state sublevels ms = 0 and ms = ± 1 are split
by 2.88 GHz, while the application of a magnetic field splits
the ms = ± 1 levels with a slope of 2.8 MHz per G of the field
component along the NV axis. Using optical pumping (excitation
by a green light), the ground state of the NV− defect becomes
spin-polarized. Application of the resonant microwave (MW)
field allows the manipulation of the ms sublevel populations
with energy splitting depending on the magnetic field projection
on the NV axis and temperature, while the fluorescence signal
can be used to probe the spin-state population difference in an
optically detected magnetic resonance (ODMR) measurement.
The ODMR experiments performed here are based on collecting
the red fluorescence from the tellurite glass rods enriched with
NVs as a function of the MW frequency and magnetic field.
In this paper, we describe the development of incorporating

two kinds of fluorescent SDs into tellurite glass for photonic
sensing applications. We use high-pressure high-temperature
(HPHT) submicron-size diamonds of size around 750 nm, with
both nitrogen-vacancy-nitrogen and nitrogen-vacancy color cen-
ters. The former offers green fluorescence (with the maximum
at ≈520 nm), while the latter fluorescein in the red (≈670 nm),
which allows for their independent detection and addressing. In
the studied samples, we observe the contributions of the NVN
and NV centers and extend the previous studies by demonstrat-
ingmeasurements of magnetic fields in a wide range, up to 50 G,
and by employing the thermometry based on the ODMR. Glass
rods doped with color centers appear to be a convenient material
platform for further modification for the development of various
photonic devices, for example, ending of rods with needle shapes,
tapers, fiber extruding, making microlenses, plates, etc.

2. Experimental Results

For initial characterization of the fabricated tellurite glass rods,
the distribution of diamond particles was investigated with the
help of confocal fluorescence microscopy, which is described in
Section 2.1. This allowed us to evaluate the doping process, par-
ticularly the amount of SDs detectable in the drawn rod. In Sec-
tion 2.2, we analyze the fluorescence spectra of the doped rod in

order to compare them with the raw SDs material. Finally, Sec-
tion 2.3. is devoted to the observation of optically detected mag-
netic resonance signals and its use for sensing applications in the
wide-field microscopy setup.

2.1. Confocal Imaging

Figure 1a schematically presents the beam paths and relevant op-
tical components of the home-built confocal setup used for imag-
ing SDs containing NV centers in the rod volume. 2D sample
scanswere performed along the planes indicated schematically in
Figure 1b. The resulting fluorescence images recorded are shown
in Figure 1c. Images 𝛼 and 𝛽, obtained for planes marked 1 and
2, respectively, visualize the SDs containing NV centers as bright
spots. To visualize both kinds of SDs, that is, also those contain-
ing NVN centers, the image 𝛾 in Figure 1c was obtained with a
commercial microscope equipped with several excitation sources
and suitable filter sets. By merging the images recorded at the
green and red wavelength bands under blue and green excita-
tion, respectively, we confirmed that the developed tellurite glass
contains comparable densities of SDs with the NVN and NV−

color centers.
The amount of diamonds present in the glass matrix after

rod fabrication may be affected by many factors, such as melt-
ing temperature, glass cane drawing speed at the fiber drawing
tower, the concentration of SDs added to the melt, and the size
of particles.[22,23] As mentioned in Section 4.1 of this paper, the
concentration of SDs at the input was 0.001% (w/w) and from
the obtained images we were able to calculate the average num-
ber of submicron diamonds with color centers that were visible
after (survived) the drawing process. We use the same method-
ology as presented in ref. [23]. 25 SDs with both NV− and NVN
color centers were identified on six merged confocal images of
known focal depth 1.44 μm and the volume of ≈4.2 × 105 μm3.
The initial number of diamond particles incorporated into the
glass was ≈2.6 × 109. Based on the confocal images acquired and
assuming the identical distribution of SDs along the full length
of the drawn rod, ≈93% of the initial number of diamond par-
ticles survived the drawing process which is significantly more
than in ref. [23]. This confirms our prediction that larger-sized
diamonds are more resilient for mixing with glass and the tellu-
rite glass with a low melting point is a well-suited host material
for diamonds with NV− and NVN color centers.

2.2. Fluorescence Spectra

Figure 2a shows the fluorescence spectra of NV− color centers
of the submicron-size diamond incorporated (SD-doped) tellu-
rite glass rod obtained with 532 nm excitation light. The spectra
were collected in three geometrical configurations: first, associ-
ated with the excitation and fluorescence detection from the rod
side (Figure 2c) corresponding to the spectrum depicted by the
blue curve; second, associated with the excitation and detection
from the top end of the rod (Figure 2d) and corresponding to the
spectrummarked with the red curve in Figure 2a; third, with the
excitation from the side and fluorescence detection from the top
presented in Figure 2e which corresponds to the green line in
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Figure 1. a) Beam path and optical elements used in the confocal setup. b) Schematic view of the tellurite rod with indicated planes 1 and 2 which
correspond to the images depicted below. c) Images of the front face (𝛼) and side of the rod (𝛽) were recorded with the scanned confocal microscope.
Image 𝛼 was collected with the rod of 245 μm diameter at the depth of 42 μm. Image 𝛽 shows the front face of the 400 μm diameter rod (bright spots on
the outer edge of its face are recognized as dust particles and are also visible with a standard optical microscope). Both images 𝛼 and 𝛽 are a result of
merging 6 and 9, 200 × 200 μm single scans, respectively. Images 𝛼 and 𝛽 were taken with red spectral filters transmitting the NV− emission, whereas
image 𝛾 was taken with different spectral filters selectively transmitting the green (NVNs) and red (NV−s) fluorescence.

Figure 2a. Each of these spectra exhibits a 637 nm ZPL peak of
NV− as shown in detail in inset Figure 2a, which confirms that the
developed glass indeed contains submicron-size diamonds with
NV− color centers. The peak observed around 555 nm was also
present in the undoped glass and only marginally contributes to
the overall fluorescence level.
Interestingly, all three spectra of the tellurite rod have their

amplitudes in the short-wavelength wing (below 637 nm), sig-
nificantly higher than the reference spectrum of the used SD
powder under the same (532 nm) excitation (Figure 2b). Since
the undoped tellurite glass does not possess any spectral feature
in the range 560–800 nm, we have to associate the observed
spectral changes with the SD admixture. In addition to the well-
evidenced spectrum of NV− there are other principally possible
sources of the fluorescence below 637 nm: one is the possible
green H3 emission, the second is the NV0 fluorescence with ZPL
at 575 nm. The first possibility, however, cannot be realized with
the excitation by 532 nm light used in our experiment, thus we
assign the enhancement of the short-wavelength fluorescence

wing in Figure 2a to NV0. The exact nature of this enhancement
is an open question at the moment and deserves future detailed
studies. Definitely, a thermal conversion between NV− and
NV0 and increase of vacancy mobility with temperature play
an important role here, as noticed in ref. [30]. For wavelengths
above 637 nm, in Figure 2a different amplitudes of the phonon
sidebands can be noticed. They may be caused by the different
ratios of NV0 to NV− for various SDs observed in three config-
urations. The influence of NV0 on the NV− shape and intensity
of the spectral line is described in ref. [31]. The observed spectra
may be compared with the fluorescence spectrum of the starting
material, MDNVN1 diamond powder, presented in Figure 2b
for various excitation wavelengths. For excitation at 405 nm,
we have a characteristic emission peak for green (NVN) color
centers at 520 nm; for excitation at 488 nm, the mixed spectra of
the green/red color centers exhibit a significant peak at 575 nm
associated with NV0 color centers; and the spectrum recorded for
532 nm excitation, has a peak emission at 680 nm characteristic
for red fluorescing color centers.
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Figure 2. a) Fluorescence spectra of the SD-doped tellurite glass rod ex-
cited at 532 nm. Various spectra correspond to different excitation and
detection directions, color coded as: b) green excitation from the rod
side and detection of the red side fluorescence—labeled as side/side; c)
green excitation from the top of the rod and detection of the backward red
fluorescence—labeled as top/top; d) excitation from the rod’s side and de-
tection of the red fluorescence emitted along the rod—labeled as top/side.
The inset to (a) shows details of the NV− ZPL at 637 nm. e) Fluorescence
spectra of the starting material, MDNVN1 powder, obtained for excitation
wavelengths 405, 488, and 532 nm with a proper set of filters.

2.3. ODMR in Magnetic Field and Temperature Measurement

The dependence of the NV energy-level structure on external per-
turbations enables various sensing applications, with the most
important being the magnetic field and temperature probing.
The signal detection relies upon shifts of energy levels caused

by the magnetic field and temperature, which can be monitored
by the corresponding shifts of fluorescence and/or ODMR
spectra.
The relevant energies are described by the Hamiltonian of

the NV color center which takes into account the interaction of
electronic spins with the magnetic field, the thermal expansion
of the crystal lattice, and the electron-phonon interactions. The
simplified form of the NV Hamiltonian, which ignores the dia-
mond anisotropy and the effects of electric fields has the follow-
ing form:

HNV = DS2z + gNV𝜇BBS + SAI (1)

with D as a zero-field splitting parameter along the z-axis equal
to 2.87 GHz, Sz being the spin component along the axis of a
defect, S being the electronic spin operator, g the electron Landé
factor, 𝜇B the Bohr magneton, B the applied magnetic field, A
the hyperfine tensor, and I the nitrogen nuclear spin operator.
The first and second terms in Equation (1) represent the main
contributions enabling thermometry and magnetometric appli-
cations, respectively.
ODMR measurements of the developed tellurite glass rods

containing NV− color centers were conducted in a wide-field
setup at room temperature. The tellurite rod with submicron
diamonds was mounted on a microstrip patch antenna where
the MW field around 2.87 GHz was delivered (the measurement
configuration is presented in Figure 3d). The MW antenna
was designed similarly to the one described in ref. [32]. A
movable neodymium magnet was used to create the magnetic
field varying in the 0–5.0 mT range and an additional laser
(532 nm) was employed to heat the sample for temperature
measurements.
Figure 3a presents the ODMR spectra collected from the

area around 24 μm2 corresponding to different magnetic field
strengths with the individual signals vertically offset for clarity.
In this configuration, the maximumODMR contrast without the
magnetic field was 6% and reduced to around 2% with the ap-
plied magnetic field, consistently with the observation of NV en-
sembles in bulk diamond mono-crystals.[33] The geometry of the
ODMR signal collection in the present work was different from
the one reported in ref. [24] as a large area was illuminated at once
in a wide-field type configuration. This resulted in the detection
of the signal from an ensemble of SDs at the same time. Addi-
tionally, we have also observed a slightly higher ODMR contrast,
which we attribute to an improvement of MW field strength at
the probed fiber volume.
The ODMR signals collected for the camera full-frame area of

around 3.5 × 104 μm2, covering dozens of diamond particles, are
presented in Figure 3b. The observed spectra in a nonzero mag-
netic field reflect the fact that the sensing volume contains many
NV color centers oriented in arbitrary directions relative to the di-
rection of the magnetic field. With a small detection volume, this
averaging is not complete and, hence, the ODMR spectra are a
mixture of discrete and structure-less components. Despite this
orientation-related averaging, the broadened spectra still enable
measuring the magnetic field intensity by detecting the outer-
most edges of the spectrum.[34]
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Figure 3. a) ODMR spectra as a function of the external magnetic field collected from the area of interest where a single particle was visible. The inset
presents a sensing area of about 24 μm2 selected with the cursors. b) ODMR spectra as a function of the external magnetic field collected from the Full
Frame area of 205 × 173 μm. c) Dependence of the resonance frequency (left vertical axis) on the heating-laser power (horizontal axis). The temperature
difference corresponding to the resonance frequency shift is displayed on the right vertical axis. The straight line shows a linear fit to the collected data.
d) Illustration of the wide-field setup used for the described ODMR measurements: the tellurite rod was placed on MW antenna and the excitation and
fluorescence light was passing through the same objective. The illuminated area of about 3.6 × 106 μm contained many SDs.

The magnetic sensitivity can be estimated following ref. [35]
as

𝜂DC =
√
e∕(8ln2) h

gNV𝜇B

𝛿

C
√
N

(2)

where C is the ODMR contrast in a nonzero magnetic field,
C = 0.04, the ODMR linewidth is 𝛿 = 27 ± 0.5 MHz, and h is the
Planck’s constant. The number of photons per second detected at
the output end of the glass rod was N = 3 × 106 s−1, and resulted
in a projected magnetic sensitivity of around 10−5 T Hz−1∕2, con-
sistent with the sensitivity obtained for tellurite fibers in ref. [24].
Similarly, based on ref. [36] one can estimate the sensitivity of

measuring the temperature of the SD and its environment as

𝜂T = 1
|dD∕dT|

𝛿

C
√
N

(3)

where dD/dT is a linear slope, resulting in a projected temper-
ature sensitivity of around 2.2 K Hz−1∕2, that is, consistent with
the sensitivity obtained in ref. [36].

3. Conclusion

Results presented in this work demonstrate that the hybrid ma-
terial, tellurium glass rods doped with submicron-size diamonds
containing NVN and NV− color centers, is a promising platform
for temperature and magnetic field sensing. While the tellurite
rods used in this work are larger than previously employed optical
fibers, the projected magnetic sensitivity around 10−5 T Hz−1∕2

obtained in this work is comparable to the one achieved in fibers
covered with submicron diamonds[19,37] and to that of tellurite
fiber incorporated with 40–50 nm nanodiamonds studied by
Ruan et al.[24] The bigger size of diamond particles used in this
work lead to a significantly larger number of observed fluoresc-
ing diamonds that survived themelting and drawing process. We
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observed the effect of broadening and reducing of the ODMR
contrast from 6% to ≈2% with an increase of the magnetic field,
similarly to the results reported in refs. [24, 37]. This is caused by
the random orientation of individual SDs as well as the increased
strain in the diamond lattice due to the SD placement inside the
glass matrix.
The ability to use NVN and NV− color centers implemented in

the tellurite glass increases the versatility of the developed mate-
rial and enables its wide applications. For example, temperature
measurements based on the shift of ZPL of NVN became also
possible with the described material as demonstrated in ref. [6],
albeit with a lower sensitivity than the NV− ODMRmeasurement
enables. For further increasing the sensitivity, theMDNVN1pow-
der used in this work can be replacedwith the one containing SDs
with higher concentrations of NV− color centers. On the other
hand, in light-sensitive applicationswhere exposure to red and/or
green light needs to be limited, it may be useful to trade the sen-
sitivity offered by NV− centers for a blue-shift of optical excitation
and detection bands offered by NVN centers.
Temperature measurements based on ODMR studies pre-

sented in this paper demonstrate that this type of sensors can
be used to simultaneously detect magnetic fields and temper-
ature changes. Spatial dispersion of diamonds inside the tellu-
rite rod can be thus seen as an advantage enabling temperature
and magnetic field gradient measurements. Submicron-size di-
amonds dispersed in the tellurite glass can thus be a versatile
platform for measuring local microscopic magnetic fields and
temperature sensing in the microscale. Furthermore, the drawn
structure can be easily connected to an undoped optical fiber, of-
fering much better light transmission over larger distances, to
act as a remote sensor probe with the SD-doped sensing volume
localized only at the fiber end.

4. Experimental Section
Sample Preparation: Submicron diamond incorporated tellurite glass

was fabricated using a four-component systemwith the following chemical
composition [mol%]: TeO2 (73), ZnO (20), Na2O (5), La2O3 (2) (abbrevi-
ated as TZNL) identical to that reported in ref. [22]. High purity chemical
reagents were used to make batches for glass melting. The glass was syn-
thesized at a maximum temperature of 825 ◦C and stirred twice during
melting to homogenize the glass. Next, the glass was cooled down to 650
◦C and 2 mg of SD powder was added to 200 g of TZNL, stirred again,
and inserted into a furnace at 650 ◦C for 10 min. The resulted concentra-
tion of the diamond powder in the glass was 0.001%w/w. Recently, Kumar
et al.[38] reported that annealing of SDs at 750–1000 ◦C increases the con-
centration of NV− centers thanks to the vacancy migration in the lattice.
The glass was then cast into a preheated graphite form and annealed from
335 ◦C to room temperature at a cooling rate of 0.5 ◦Cmin−1. The drawing
process was carried out in a fiber drawing tower at a temperature of 440
◦C. Rods about 400 μm in diameter were obtained and used for ODMR
magnetic field and temperature measurements in this study. The SD pow-
der (MDNVN1 from Adamas Nanotechnologies with 750 nm particle size,
as determined via DLS measurements) was used as a carrier for H3 and
NV− color centers. The use of a powder resulted in random positioning of
diamond particles inside the glass matrix and yielded measurable green
and red fluorescence from the manufactured tellurite rods. For undoped
glasses, the measured refractive index was nd = 2.0655 and the coefficient
of linear thermal expansionmeasured in a range of 20–200 ◦Cwas equal to
17.5× 10−6 K−1. When the undoped tellurite glass was excited with a green
light (532 nm) laser, it did not exhibit noticeable fluorescence in the red

(600–800 nm) wavelength range as verified with an optical spectrometer
(AvaSpec-3648, Avantes). Hence, any fluorescence in the doped glasses
was attributed to the introduced SDs.

Fluorescence Spectra Collection: Optical fluorescence spectra pre-
sented in Figure 2a were recorded using a 0.3 mmonochromator (SR303i,
Andor—Oxford Instruments) equipped with a 1200 grooves mm−1 grat-
ing and an intensified charge-coupled device (ICCD) detector (DH740,
Andor—Oxford Instruments). The spectra in Figure 2b were collected with
commercial confocal microscope (LSM710, Zeiss) equipped with spec-
trometer (SP2150, Acton) and ICCD camera (PI-MAX2, Princeton Instru-
ments).

Confocal Microscopy and ODMR Technique: Optical excitation was
achieved using a 532 nm laser (Sprout G, Lighthouse Photonics) with an
output power of ≈1 mW for confocal imaging, and ≈60 mW (for wide-
field ODMR measurements). In the home-made confocal setup the oil
immersion objective with a magnification of 100× (100×/1.3 UPLFLN,
Olympus) was used to illuminate and collect fluorescence from the sam-
ple. The movement of a sample in three directions with 200 × 200 × 200
μm steps size and resolution of 0.4 nm was enabled by the piezo-scanner
stage (Nano-LP200,Mad City Labs). Detection of the emitted fluorescence
was performed by a single photon counting module (SPCM-AQRH-14-FC,
Excelitas Technologies). The pinhole (30 μm) placed just before the fiber
connected to the SPCM eliminated the fluorescence emitted out of the fo-
cal plane by spatial filtering. Instruments of the in-house build confocal
setup were controlled by a computer with the Qudi software.[39] Confocal
image 𝛾 presented in Figure 1c was taken with a commercial wide-field
microscope (Axio Observer Z1, Zeiss) equipped with an sCMOS camera
(Orca 4.0 V2, Hamamatsu). The ODMR spectra were collected in a wide-
field setup. For wide-field illumination, the green laser was focused onto
the back-focal plane of the objective (40×/0.6 LUCPLFLN, Olympus), the
optical excitation of SDs was achieved in the same way as with the con-
focal setup. The collected fluorescence was projected onto a 704 × 594
pixel photosensitive sensor of a camera (Zyla 5.5 sCMOS, Andor—Oxford
Instruments) and the used optics yielded an effective pixel size of about
≈(0.29 μm)2 with the field of view of 205 × 173 μm. The camera was con-
nected to a computer which controlled the experiment and collected data.
The MWs were delivered from a signal generator (SG386, Stanford Re-
search Systems).
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Abstract—We demonstrate a simple dip-coating method of   covering 

standard AFM tips with nanodiamonds containing color centers. Such 

coating enables convenient visualization of AFM tips above transparent 
samples as well as tip using for performing spatially resolved 

magnetometry.  
 

Atomic force microscopy (AFM) is a well-established 
field of research that offers multiple measurements 
including surface topology mapping, magnetic force 

measurements and electric conductance imaging with 
high-spatial resolution in various environments, like a ir, 

vacuum and/or liquids moda lities [1‒2]. Studies of 
nanomechanical properties of biological molecules, 
organella and living cells may be performed through local 

indentation by the AFM probe [3‒4]. Measurements 
performed on optically transparent objects often  require 
fluorescence imaging and the acquired AFM signal needs 

to be spatially correlated with the optical image [5].  
In this work, we demonstrate a simple way of coating 

AFM tips and cantilevers with fluorescent nanodiamonds 
(NDs), which enables their localization using 
fluorescence microscopy techniques. Standard silicon 

AFM probes were dip-coated in a suspension of  NDs in  
isopropyl alcohol and the NDs used contained two types 
of color centers: nitrogen-vacancy (NV) and nitrogen-

vacancy-nitrogen (NVN, also designated as H3). They 
can be easily imaged under blue (for NVN centers) or 

green (for NV centers) light excitation with their 
fluorescence detected in the green and red wavelength 
bands, respectively. In the case of NV diamonds, 

additional measurement modalities are possible, e.g., 
magnetic field sensing [6]. While there have been  many 
examples of scanning probe microscopy with  d ia mond 

probes, including the use of single NV centers for 
nanoscale magnetometry [7‒15], we f ocus here on the 

customization of more standard, silicon-based probes. 
NV color centers are atom-like systems finding m any  

practical applications in science and nanotechnology 

owing to their bright and stable fluorescence and spin 
properties, particularly when they are in their negative 
electronic charge state, NV- [16‒18]. The NV- defect 

possesses a spin-triplet ground state which enables 
magnetic and electric field sensing using so-called, 

optically detected magnetic resonance (ODMR) [19], 
[20]. Green laser light is used for the spin polarization and 

readout while a microwave (MW) field around 2.87 GHz 
is used for the spin manipulation. Small (~1 – 10 %) 

fluorescence dips are observed when the MW f ield  is in  
resonance with the NV spin transition. External fields 

shift the resonance frequency which is monitored by the 
fluorescence change. The ODMR spectrum can be used to 
determine the magnitude and, in some arrangements, even 

the vector orientation of the perturbing field.  
The spatial resolution of a magnetometer based on ND 

with an ensemble of NV centers, is a  function of the size 

of the crystal used and its distance from a  f ield  source. 
Thus, to achieve good spatial resolution, placing NDs 

close to the tip apex is desired.  
Our experiments were performed with commercially  

available silicon AFM probes (type PPP-CONTR, 

Nanosensors). The overall chip size is 3.4 × 1.4 × 0.3 mm 
with the cantilever thickness, length, and width being 2 .0  
± 0.1 μm, 450 ± 10 μm, and 50 ± 7.5 μm, respectively. 

The tip height is within 10 – 15 μm range. For dip-
coating, the chip tip was carefully immersed for a few 

seconds into a suspension of nano-diamonds 
(MDNVN1µm powder with a 750 nm mean particle size, 
Adamas Nanotechnologies Inc.) in isopropyl alcohol a nd 

then allowed to dry in air. This type of ND powder 
contains on average ~2 ppm of NVN centers and 
estimated ~0.1 ppm of NV centers. Importantly, 

observations under the microscope indicated fluorescence 
of individual crystals being dominated by either the NV 

or NVN centers. Therefore, to achieve a satisfactory 
coating with less abundant NV diamonds, the dipping 
process was repeated, and two repetitions were f ound to  

be typically sufficient.  
Fluorescence imaging of coated cantilevers and ODMR 

measurements have been performed with a wide-field 

microscope setup schematically presented in Fig. 1.  
Excitation of the NV color centers is ensured by  a  green 

(532 nm), PM-fiber-coupled laser (532-L-OE-115-1W, 
Integrated Optics) with an output power of 60 mW. The 
laser beam after the fiber was expanded to ~9 mm 

diameter and collimated, and then f ocused  at  the back 
focal plane of the microscope objective (LUCPLFLN 
40x, NA = 0.6, Olympus) with a help of a dichroic mirror 

(DMLP567, Thorlabs). Fluorescence light collected by 
the objective was filtered by a 600-nm long-pass filter 

(FEL0600, Thorlabs) and projected onto a CMOS camera 
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sensor (IDS, UI-3240CP Rev. 2) using a  100-mm f ocal 
distance lens, which resulted in a field of view of  305  × 

244 μm. For the ODMR measurements, the MW field was 
generated using a signal generator (SG396, Stanford 

Research Systems), amplified by a high-power amplif ier 
(ZHL-16W-43+, Mini-Circuits) and delivered to a loop-
gap type microstrip patch antenna [2 1] which  has a 2 -

mm-diameter central hole size and ensures spatially 
uniform magnetic field over the whole cantilever area 
(see the inset in Fig. 1). An additional coil (not shown in  

Fig. 1) was used for applying a static magnetic field of up 
to 1 mT induction.  

The fluorescence image of the ND-coated AFM 
cantilever is shown in Fig. 2. Under green light 
illumination, NDs containing NV centers are well visib le 

as bright spots located randomly on the surface of the 
cantilever, which enables a convenient way of localizing 
the structure with a  florescence microscope. Additionally, 

there is a number of NDs visible around the tip area 
marked with the orange square in Fig. 2. The tip ex tend s 
there from the cantilever plane towards the microscope 

objective and, due to the limited field depth of the optical 
setup, some NDs do not form a sharp im age. However, 
this doesn’t preclude ODMR measurements as long as  

fluorescence is integrated over the area containing a 
blurred image of all NDs. If the integration area is set too  
small, any drifts occurring during the MW frequency 

scans may cause fluorescence signal variations which can 
easily hinder the visibility of the ODMR signal.  

Figure 3 shows the ODMR signals acquired for several 
magnetic field values with the fluorescence signal 
integrated over the region marked in Fig. 2. While in a 

zero magnetic field the measured nanodiamond ODMR 
spectrum resembles closely the single-crystalline one 
[16], the spectra recorded in non-zero fields are 

significantly different. Rather than exhibiting discrete 
pairs of resonances corresponding to four possible NV 

orientations along the [111] crystallographic direction in a 
bulk diamond, they are inhomogeneously broadened 
because of the random orientation of fluorescing NDs 

with respect to the direction of the magnetic field.  
Because of adding fluorescence from multiple ra ndomly  
oriented NDs, the orientation of the magnetic field vector 

cannot be retrieved. However, the information on the field 
magnitude still can be extracted from the overall width of  

the spectrum [22], [23]. For the accurate readout  o f the 
field strength, this requires multiple, truly randomly 
oriented NDs contributing to the signal, but a less 

rigorous or qualitative magnetic field mapping is feasible 
with any number of NDs.   

In this work, we have demonstrated a simple and 

efficient method of making the AFM chips visible under a 
fluorescence microscope by dip-coating them with 

fluorescent NDs. The method can be useful for the 
localization of the AFM tip position with respect to  
optically transparent but fluorescing samples. Moreover, 

we have successfully recorded ODMR spectra from a 
group of NDs located around the pyramidal tip of the 

Fig. 1. Experimental apparatus for wide-field fluorescence 
microscopy and ODMR measurements. Inset shows the position 

of the AFM chip on the MW antenna. 

 

Fig. 2. Fluorescence image of the AFM cantilever coated with 
750-nm-size nanodiamonds. The orange square marks the area 

from where the ODMR signal was collected. 
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cantilever. This enables performing local magnetic f ield  

and temperature measurements with the same ch ip  used  
for AFM measurements. The spatial resolution in the case 
of ND magnetometry is strongly dependent on the size o f  

NDs and their positioning around the tip and may be 
improved by applying smaller diamond particles and 

limiting the fluorescence collection area to the t ip  a pex. 
Since the NDs are addressed optically, the ultimate lim it  
on spatial resolution is coming from the optical 

diffraction limit and is on the order of hundreds of 
nanometers. Despite offering significantly worse spatial 
resolution than the AFM, this modality may find practical 

applications for discerning nanostructures characterized 
by similar topography but different magnetic properties.   
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ABSTRACT

We implanted Fe+ ions in nanodiamond (ND) powder containing negatively charged nitrogen-vacancy (NV−) centers and studied their
Raman spectra and optically detected magnetic resonance (ODMR) in various applied magnetic fields with green light (532 nm) excitation.
In Raman spectra, we observed a blue shift of the NV− peak associated with the conversion of the electronic sp3 configuration to the disor-
dered sp2 one typical for the carbon/graphite structure. In the ODMR spectra, we observed a red shift of the resonance position caused by
local heating by an absorptive environment that recovers after annealing. To reveal the red shift mechanism in ODMR, we created a con-
trolled absorptive environment around ND by adding iron-based Fe2O3 and graphitic sp2 powders to the ND suspension. This admixture
caused a substantial increase in the observed shift proportional to the applied laser power, corresponding to an increase in the local temper-
ature by 150–180 K. This surprisingly large shift is absent in non-irradiated NV-ND powders, is associated only with the modification of
the local temperature by the absorptive environment of NV-NDs, and can be studied using ODMR signals of NV−.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0203870

I. INTRODUCTION

Taking advantage of their unique quantum properties,
nitrogen-vacancy (NV) color centers in nanodiamonds (NDs)
have been research strategy for highly sensitive and spatially resolved
room temperature nanothermometry and nanomagnetometry
applications1–4 with numerous applications, including those studied
for electronic devices and biological sample objects that can operate
under ambient and extreme conditions.2,5–7 NV color centers in the
ND occur in two optically distinguishable electronic states: negatively
charged (NV−) and neutral (NV0). When excited with green light
(532 nm), the photoluminescence (PL) contains signatures of both
centers, NV− and NV0. Specifically, the sharp lines at 637 and
575 nm represent the zero-phonon lines (ZPLs) of NV− and NV0,
respectively. In the PL spectrum, the relative ratio of NV− to NV0

for each charge state depends on the excitation wavelengths, as dis-
cussed in numerous articles, e.g., in Ref. 8. For green light (532 nm)
excitation, the ZPL of NV− is significantly stronger than that of
NV08. NV− has a nonzero electronic spin (S = 1) and a triplet
ground level.9 The superior photostability of NV− enables precise
optical detection of the electron spin resonance and, thus, conduct-
ing fundamental studies, such as on interactions with the nearby
electronic and nuclear spins. Most of the existing applications of
NDs with NV centers explore the exceptional optical and spin prop-
erties of NV−, in particular their dependence on electric10 and mag-
netic fields,6 strain,11 and temperature.12 After illumination with
green light, the NV− centers emit a spin-state-dependent fluores-
cence. The optically detected magnetic resonance (ODMR) tech-
nique relies on recording the fluorescence intensity while driving the
spin transitions with appropriate microwave (MW) fields. This
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allows us to read out the populations of the ground-state magnetic
sublevels, ms = 0 and ±1 split by the zero-field splitting (ZFS) param-
eter D (equal to about 2870MHz at zero magnetic field) at room
temperature. The dependence of the energies of the states ms= ±1
on the external magnetic field enables many sensing applications,13

also on the nanoscale. For nanoscale temperature sensing/monitor-
ing, one uses the fact that the ZFS parameter D decreases in response
to a temperature increase due to lattice thermal expansion,12 whereas
for nanoscale magnetic field sensing with arbitrary oriented NDs,
such as in powders or suspensions, one can benefit from the broad-
ening of the overall ODMR spectrum that enables the determination
of the external magnetic field strength.14

NV− centers have been widely used to investigate magnetic
nanostructures,15 paramagnetic ions in solution,16 spin-labeled mole-
cules, detection of temperature changes,17 functionalized surfaces,
measurements within living cells,18 increase in the sensitivity of bio-
sensors, etc.19 Most applications that use NV-ND rely on interactions
between the NV− centers and the environment close to the ND
surface.20 NV− centers provide significant information on various
environmental influences.7,17,21,22 For example, the highly sensitive
surface of ND enables complex surface immobilizations, grafting
chemical moieties or biomolecules that strongly affect the surface
reactivity of NDs, and can even induce chemical contaminations or
surface graphitization.2,23–25 The presence of non-diamond carbon
impurities reduces the fluorescence efficiency of ND.26 In addition,
the fluorescence intensity of NV-NDs depends on their ambient
magnetic and fluctuating environment. Defects on the surface of the
ND, such as hydrogen, vacancies, and trapping states, reduce the
stability of NV− centers.25,27,28 Because for many NV-ND-based
applications, a very specific, uniform, and homogeneous surface is
vitally important, we apply ODMR signals of NV− to study the envi-
ronment around the NV-ND powder surface.

In this work, we implanted NDs with Fe ions. Metal ions that
transform to the sp2-graphitic phase are used in field emission
sources29 and as magnetic biomaterials,30 and this was the motivation
to start initially with the implantation of metal-Fe ions. When per-
forming spectral diagnostic of the Fe irradiated samples, we observed
a characteristic blue shift of the 1570 cm−1 Raman line typical for a
graphitic/non-carbon phase and a large additional red shift of the
ODMR. To obtain a closer view of the observed shifts, we admixed
controlled amounts of iron-based Fe2O3 and graphitic (sp2) powders
into the ND suspension used for sample preparation. This admixture
caused a substantial increase in the observed red shift in the magnetic
resonance proportional to the applied laser power, corresponding to
an increase in the local temperature by 150–180 K. This resonance
shift is absent in non-irradiated NV-ND powders and is associated
only with the modification of the local temperature by the absorptive
environment of NV-NDs. Although it is generally well known that
admixtures and contaminations cause enhanced absorption of exter-
nal radiation (optical and MW) in the pure crystal structure, the huge
size of the observed local heating studied using ODMR was quite
unexpected and motivated this specific detailed study.

Our results confirm that the shift is caused by thermal effects
arising from our modification of the ND environment and can be
detrimental to sensitive measurements. Dried NDs are poorly ther-
mally anchored and can heat up significantly before dissipating the
heat elsewhere. While our focus was on implantation of Fe ions, we

recognize that similar outcomes could be anticipated for various
types of ions. We hope that this work contributes to a specific under-
standing of the interaction between NV− spins in NDs and the sur-
rounding environment and should be useful for the implementations
of thermometry and magnetometry methods and the development
of NV relaxometry for material and bioscience research.

II. EXPERIMENTAL METHOD AND SETUP

We used a 140 nm carboxylated ND slurry with a mean
diamond particle size of 140 nm, having a concentration of
1.5 ppm of NV centers, dispersed in de-ionized water (DI) (1 mg/
ml) obtained from Adamas Nanotechnologies, USA. The spectro-
scopic properties of these NDs have been previously characterized
in Ref. 31. From the suspension, 40 μl was dropped onto precleaned
glass substrates and left to form a dry deposit.

Subsequently, the samples were implanted with Fe+ ions using
the ion implanter at the Institute of Nuclear Physics (Kraków
Poland) described in Ref. 32. The implantation was carried out
with ions having 30 keV energy and current density in the range of
0.8–1.0 μA/cm2, with substantial ion doses: 1014 and 1015 ions/cm2.
We labeled these samples ND14 and ND15, respectively. For the
comparison of samples before and after the implantation process,
samples were annealed in vacuum at 600 °C for 3 h.

To create an iron-based and graphitic environment around
NV-ND, we separately mixed and thoroughly sonicated ∼3 mg of
iron-containing Fe2O3 (Warchem, Poland) and graphite powders in
2 ml of DI. From this, 75 μl was mixed with 50 μl of ND slurry and
40 μl was drop-dried on precleaned glass substrates. We labeled
them NDF and NDG, respectively.

Here, we use five samples that are non-irradiated NV-NDs;
non-irradiated NV-NDs implanted with Fe+ ions at dose 1014

(ND14) and 1015 ions/cm2 (ND15); and NDs embedded with
Fe2O3 (NDF) and NDs embedded with graphitic (NDG). ND14
and ND15 were annealed for comparison.

Depth profile simulations for 56Fe ion implantation in NDs
were obtained by a popular simulation routine Stopping and Range
of Ions in Matter (SRIM).33 Raman scattering spectra were recorded
with a laser excitation of 532 nm in the range of 110–4000 cm−1

with a spectral resolution of 2 cm−1 using a confocal micro-Raman
spectrometer (Almega XR, Thermo Electron Corp.) and WITec
Alpha 300 confocal Raman microscope (Ulm, Germany).

ODMR signals were obtained in a home-built wide-field epi-
fluorescence microscopy setup.34 Samples on glass substrates were
mounted close to the printed-circuit board of MW and excited by a
532 nm green laser (Sprout G, Lighthouse Photonics) with
∼65 mW laser power focused onto the back-focal plane of the
40 × /0.6 objective (LUCPLFLN, Olympus). The continuous wave
MW field was generated by a signal generator (SG386, Stanford
Research Systems) plus the (ZHL-16W-43+ Mini-Circuits) ampli-
fier, and its frequency was swept around the resonance frequency
of the ms = 0↔ms = ±1 transition of the ground state of NV− of
about 2870MHz with 1MHz steps. An external uniform magnetic
field (B) of 1 and 3mT was applied to the sample using a perma-
nent magnet. To elucidate the heating effects due to MW and laser
on the samples, the ODMR signals were collected by changing the
MW power between −30 and +10 dBm at a constant laser power of
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∼65 mW and by varying the laser power between 5 and 80mW at
a constant MW power of −10/−20 dBm (before amplifier). The red
fluorescence (∼ 600–800 nm) emitted from the sample was col-
lected with the same microscope objective, filtered, and projected
onto a 704 × 594 pixel photosensitive sensor of the sCMOS camera
(Andor Zyla 5.5). The objective used produced an effective pixel
size of about (0.29 μm)2 with a field of view of 205 × 173 μm. The
ODMR data collection was carried out in LabView software, which
controlled the camera, the signal generator, and the digital pattern
generator (Pulse Streamer 8/2, Swabian Instruments). The laser
spot on the sample has an area of 1.02 × 105 μm2, and the laser
energy flux on the NV-NDs is ∼6.3 × 10−7 W/μm2. During contin-
uous light illumination, two images were captured with MWs
turned on and off for every frequency to subtract the background
and calculate the normalized fluorescence contrast, which helped to
reduce fluorescence intensity variations due to laser power drifts
and improved the overall signal-to-noise ratio.

III. RESULTS AND DISCUSSION

A. Implantation: Raman spectroscopy and ODMR

The depth profile (target depth) of the Fe ion implantation in
diamond was modeled with the SRIM package33 and is shown in
Fig. 1(a). Simulations performed for an ion energy of 30 keV, an
atomic density of 3.52 g/cm3, and a displacement threshold energy
of 45 eV for direction (111)35 predict that the mean distribution of
the depth of implantation is between 5 and 30 nm with the
maximum peak at 15.8 nm. The inset in Fig. 1(a) depicts the pre-
dicted number of vacancies produced by the Fe ion beam inside
the diamond for the ion depth range up to 140 nm, corresponding
to the size of the NDs used. For the ND layer (in the form of an
air-dried ND suspension) on a flat substrate, the implantation
depth corresponds to a local distance from the ND surface. As
seen, the entire implantation profile fits within ∼50 nm depth,
much less than the size of the ND. However, at high-ion fluences
used, some damage of the diamond lattice is expected.

To monitor the characteristic structural changes caused by Fe
ion irradiation, we recorded fluorescence spectra of the investigated
ND samples [Fig. 1(b)]. Generally, two competing mechanisms
contribute to net light emission, Raman scattering, and photolumi-
nescence. However, for high NV densities and green-light excita-
tion, the specific Raman characteristics are overwhelmed by strong
NV fluorescence.31 To reveal weak Raman contributions on a
strong fluorescence background, we performed a baseline correc-
tion of the spectra of Fig. 1(b) (fifteen-point spline in Origin soft-
ware). Figure 1(c) depicts the resulting corrected spectra with
pronounced peaks at wavenumbers of 1426 (576 nm) and
3129 cm−1 (638 nm) that are signatures of zero-phonon lines (ZPL)
of NV0, NV− for nonimplanted and implanted NDs, respectively.36

Here, the characteristic diamond Raman band corresponding to the
active phonon mode F2g at ∼1332 cm−1 is barely visible in nonim-
planted ND and in ND14 due to the overwhelming contribution of
highly fluorescent NV centers.31 The unidentified peak at
2975 cm−1 could be due to structural defects, surface chemistry,
and/or undefined sample impurities. For the ND15 sample, a
broad asymmetric peak is observed between 1200 and 1700 cm−1.
This broad structure comes from partially merging peaks due to a

FIG. 1. (a) Simulated Fe ion concentration depth profile and damage (inset) at
30 keV. (b) Fluorescence spectra of the Fe-implanted 140 nm-sized NDs with no
implantation (brown line), implantation doses of 1014 ions/cm2 (ND14) (red line)
and 1015 ions/cm2 (ND15) (green line) at 532 nm laser excitation. The marked
arrow at ∼1320 cm−1 is attributed to the diamond Raman band in combination
with disordered/amorphous carbon and that at 1570 cm−1 to the graphitic mate-
rial. The dotted lines at 1426 (576 nm) and 3129 cm−1 (638 nm) are signatures
of zero-phonon lines (ZPLs) of NV0, NV−. The dotted arrows indicate blue
shifted NV− resonance, and (c) shows the Raman spectra of NV centers
(zoomed-in) after the subtraction of a strong fluorescence background.
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combination of disordered and amorphous carbon sp2

(1320 cm−1), the “G-band” of graphitic materials arising from
mixing of carbon structures sp2 and sp3 (1570 cm−1), and from the
contribution of NV0 (∼1426 cm−1).37 At higher irradiation doses,
other processes may also affect the surface structure, such as the
formation of multiple vacancy defects. Furthermore, with Fe ions
implanted in ND, distinct blue shifts of Raman peak positions of

FIG. 2. ODMR spectra of ND for various implanted doses and magnetic field
intensities: (a) B = 0, (b) B = 1 mT, and (c) B = 3 mT.

FIG. 3. (a) ODMR spectra of ND samples for various implanted doses collected
at B = 0 after annealing. The inset shows the images of the implanted samples
before and after annealing (the samples were drop-dried droplets of 140 nm ND
water suspension on a glass surface); (b) fluorescence spectra of NV centers
after implantation and annealing of NDs, with the subtracted strong fluorescence
background.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 135, 203101 (2024); doi: 10.1063/5.0203870 135, 203101-4

© Author(s) 2024

 07 June 2024 15:30:55

https://pubs.aip.org/aip/jap


NV− are visible: ∼33 cm−1 for ND14 and about 110 cm−1 shift for
ND15 [indicated by arrows in Figs. 1(b) and 1(c)].

To the best of our knowledge, the specific process behind such
a large upshift in the wavenumbers is not known. Based on the
spectra presented in Figs. 1(b) and 1(c), we attribute the observed
large blue shift of the Raman spectra caused by the implantation to
surface changes in the local lattice environment (e.g., disordered
carbon/graphite sp2) that affect the NV− centers.

In addition to the described changes in the Raman spectra,
such as the formation of disordered carbon/graphite sp2, we also
observed modifications of the ODMR by ion implantation. The
detection of ODMR is based on recording spontaneous fluorescence

of excited states of NV centers in a diamond, with a physical mecha-
nism different from that of a Raman scattering where a scattering
occurs often without a sizeable population of excited states.
Although Raman and fluorescence spectra generally differ,38–40 there
are cases, like in NV diamonds, where they overlap and become
indiscernible (particularly for high-NV-density samples, see, e.g.,
Ref. 31). Figure 2 shows the normalized ODMR spectra recorded in
the absence of the magnetic field (B = 0) and with applied magnetic
fields (B = 1 and 3mT). The spectra exhibit a characteristic decrease
in the fluorescence intensity around the central resonance frequency
D = 2870MHz. The decrease is due to the repopulation of the
mS = ±1 sublevels induced by the presence of the MW field. For

FIG. 4. ODMR spectra of ND14 and ND15 before annealing collected (a) and (b) at a laser power of 65 mW at various MW powers and (c) and (d) with a MW power of
−20 dBm at various laser powers. Insets in (c) and (d) show the zoomed-in image of the red shift observed in the ODMR central resonance frequency.
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NDs [Fig. 2(a), at B = 0], two resonances caused by strain splitting of
about 6MHz, predicted by the NV spin Hamiltonian,41 are clearly
resolved. A small resonance asymmetry is attributed to MW polari-
zation and the frequency dependence of the antenna efficiency.42,43

The vertical dotted line indicates the ZFS resonance frequency
(D = 2870MHz at B = 0). As can be seen in Fig. 2(a), the ODMR
signals with Fe-implanted samples are visibly red shifted. The shift
increases with increasing implantation dose reaching about 2MHz
for a dose of 1015 ions/cm2.

The ODMR spectra recorded with B≠ 0 are significantly
broadened compared to the zero-field spectra, due to random crys-
tallographic orientations of small NDs [Figs. 2(b) and 2(c)].
However, the overall width of the broadened spectrum scales with
the applied strength of B, allowing magnetometric applications.14

Additionally, there is a small upshift in the central frequency (verti-
cal dotted line) at 2875MHz [Fig. 2(c), ND14] and an asymmetry
in the left and right sides of the spectra that is due to the nonlinear
Zeeman effect.44

To understand the effects of Fe ion implantation on NV
centers in NDs, samples were not only analyzed using confocal
Raman31 and ODMR spectroscopy. The implanted samples were
also analyzed using luminescence spectroscopy and spin relaxome-
try. The corresponding spectra are shown as supporting informa-
tion. Figure S1 in the supplementary material shows acquired
luminescence spectra, and Figs. S2(a) and S2(b) in the
supplementary material present the results of measurements of the
spin–lattice and spin–spin relaxation times, T1 and T2. These addi-
tional studies demonstrate that Fe+ implantation does not impact
NV− luminescence or spin relaxation in a meaningful way.

Implantation introduces damage to the irradiated crystal
lattice that can be repaired by thermal annealing.45 As shown in
the inset in Fig. 3(a), the red shift of the central frequency of the
ODMR signal, caused by irradiation, disappears after annealing. In
addition, as shown by the photograph in white light in the inset,
there is a color change back to the transparent original ND sample.
In the Raman spectra [Fig. 3(b)], it is seen that the peaks are
restored to their original positions and that the peaks related to the
disordered surface bonds of sp2 disappeared. This clearly indicates
that, by annealing, the diamond structure is preserved to the origi-
nal without inclusions of unwanted graphitic structures.

To elucidate the red shift observed in the ODMR central reso-
nance frequency, we collected ODMR spectra for ND14 and ND15 as
a function of MW and laser powers. From Figs. 4(a) and 4(b), we
observe that the ODMR central resonance frequency remains
2870MHz (ND14) and red shifted to 2865MHz (ND15) for various
applied MW powers between −30 and +10 dBm, at a constant laser
power of 65mW. On the other hand, at a constant MW power of
−20 dBm, a gradual red shift in the ODMR central resonance fre-
quency is observed with changing laser power from 5 to 80mW as
seen in Figs. 4(c) and 4(d). The ODMR spectra and the central reso-
nance frequencies after annealing (Fig. S3 in the supplementary
material) are similar to those for NDs [see Figs. 5(a) and 6(a)]. We
attribute the red shift observed in the NDs implanted with ions
(before annealing) to the local thermal effects arising from the
heating of the NDs. To provide more insight into the mechanism of
that effect, we admixed absorbing powders to the investigated ND
samples. Specifically, we prepared the samples NDF and NDG where

FIG. 5. ODMR spectra of (a) ND with admixtures and ND with admixtures of
(b) iron (Fe2O3) and (c) graphite collected at a laser power of 65 mW at various
MW powers. Note: In (a), the curves corresponding to 5 dBm and 10 dBm
overlap.
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magnetic iron-containing Fe2O3 and graphite powders created a light-
absorbing environment of the investigated NV-NDs and studied their
ODMR spectra as functions of varying MW and laser power.

B. Iron-based and graphitic environment: ODMR

1. Microwave-dependent ODMR signals

Figure 5 shows the ODMR signals from NDs by varying the
MW power from −30 to +10 dBm, while keeping the laser power
constant at 65mW. Figure 5(a) displays the resulting ODMR spec-
trum for NDs as a function of increasing MW power. ODMR signals
lead to the observation of a power broadening of the central resonance
frequency (2870MHz) and increase their contrast to saturation by

approximately 8% and become power broadened.46,47 For absorber-
enriched NDF and NDG samples, both broadening and contrast
increase with increasing MW power [Figs. 5(b) and 5(c)], similar to
that observed in Fig. 5(a). Furthermore, for both samples, the
strain-split ODMR peaks merge into a single broad fluorescence dip.

Most importantly, the central resonance frequency, 2870MHz
for the sample without admixtures, is red shifted to 2862MHz for
NDF and 2857MHz for NDG samples due to the presence of iron
and graphite admixtures.48

2. Laser power-dependent ODMR signals

Figure 6 shows the dependence of the ODMR signal with
varying laser power from 5 to 80 mW at −10 dBm MW power. The

FIG. 6. ODMR spectra collected with a MW power of −10 dBm at various laser powers of ND samples (a) without admixtures, and ND with admixtures of (b) iron
(Fe2O3), and (c) graphite. (d) Temperature change due to the local environment around NV-ND calculated from the shift observed in the ODMR spectra (b) and (c).
Lorentz fitting was performed on each resonant position in (a), (b), and (c), and the values were averaged to calculate the central resonance frequency and errors. The
temperature shift was determined using the formula dD/dT =−75 kHz/K.21,49
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ODMR signals procured for NDs show no significant changes in
the ODMR contrast and/or broadening, and all resonances remain
centered at 2870MHZ with no shift within the applied laser power
range [see Fig. 6(a)]. As can be seen from the figure, the applied
laser power is sufficiently low to avoid heating of the ND samples
with no admixtures. However, for the same laser power that was
used to collect ODMR signals for NDs, we observe a significant
shift of the central frequency of the ODMR spectra taken with
samples with an iron-based and graphitic environment [Figs. 6(b)
and 6(c)]. In contrast, the spectral shape of the ODMR signals
remained unaffected. Here, we used the Lorentzian function to
determine the central position of the structured resonance. We
fitted the two central dips and calculated the average frequency to
determine the central resonance frequency “D.” For the NDF
sample, the ZFS parameter D is linearly red shifted with increasing
laser powder from 2870MHz at 5 mW to 2859MHz to 80 mW,
and for the NDG sample, the shift reached even 2856MHz. The
change from the center position D = 2870MHz is equivalent to a
shift of 11MHz (NDF) and 14MHz (NDG) [Fig. 6(d)]. The tem-
perature response in NV-ND reveals a thermal shift of ZFS (D) at
2870MHz (ms = 0 to ms = ±1) or the zero-phonon line (ZPL) at
637 nm21. From Fig. 6(d), this is a direct indication that the fre-
quency shift corresponds to an increase in the temperature due to
the presence of iron and graphite surroundings, as optically
detected using NV− spin resonance. The surrounding environment
absorbs laser light, becomes warmer, and further heats the NDs,
thus increasing the local temperature. For bulk diamonds, the zero-
field resonance frequency D changes approximately linearly with
temperature around room temperature, with a slope of dD/
dT =−75 kHz/K,21,49 while the resonance width remains temperature
independent.50 The measured ODMR frequency is temperature
dependent; hence, by measuring the ODMR frequency shift, the tem-
perature change can be inferred directly. Taking into account the
dD/dT reported values, the temperatures are calculated for the fre-
quency shift and plotted as the temperature axis on the right-hand
side scale of Fig. 6(d). The calculated temperature shifts appear to
be quite strong, exceeding 140 K (NDF) and 180 K (NDG), respec-
tively. The temperature shifts linearly as a function of laser power, as
shown in Fig. 6(d), the slope for Fe2O3 surrounding NDs is
≈−0.13MHz/mW, corresponds to the temperature shift ≈−1.73 K/
mW, different from the slope for graphite surrounding ND, which is
≈−0.17MHz/mW, and corresponds to ≈−2.26 K/mW.

IV. CONCLUSION

In this work, we describe the effects of implantation of Fe ions
in ND matrices containing NV− color centers. The implantation
becomes responsible for the formation of sp2-structures in NDs,
resulting in a blue shift of Raman spectra. Furthermore, the ODMR
signals of NV− are shifted to low frequencies due to local thermal
effects caused by a magnetic and non-carbon matter.

We have demonstrated that the ODMR shifts are significantly
enhanced by creating optically absorptive iron oxide (Fe2O3) and
graphitic (sp2) environments of the investigated NDs. In this way,
we have evidenced extreme temperature changes in NDs that
exceed 150 K. We have verified that these changes are not caused
by direct heating of non-irradiate NDs by a laser or by microwaves.

We attributed these shifts to the modification of the local tempera-
ture by the absorptive environment of NV-NDs.

The reported ODMR observations shed light on the dynamics
of interaction between surfaces of color-center containing nanopar-
ticles with various non-carbon moieties and their temperature
dependence. In particular, they reveal the importance of thermal
effects associated with various admixtures and/or graphitization in
various NV-based experiments, which may enable precision in situ
thermometry on a nanoscale.

SUPPLEMENTARY MATERIAL

See the supplementary material for acquired luminescence
spectra and the inset showing amplitudes of the NV0, NV− peaks
and their ratios NV−/NV0 obtained from the average of ten PL
spectra for Fe ions implanted in ND (ND14 and ND15) (Fig. S1);
the results of measurements of the spin–lattice and spin–spin
relaxation times, T1 and T2 for various Fe-ion-implanted doses
[Figs. S2(a) and S2(b)]; and the ODMR spectra and the central res-
onance frequencies after annealing ND14 and ND15 (Fig. S3). The
ODMR signals are collected (a) and (b) at a laser power of 65 mW
at various MW powers and (c) and (d) with a MW power of
−20 dBm at various laser powers.
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ABSTRACT: We demonstrate a photonic sensor of the magnetic
field and its gradients with remote readout. The sensor is based on
optically detected magnetic resonance (ODMR) in nanodiamonds
with nitrogen-vacancy color centers that are covalently attached as
a thin film on one facet of an optical fiber bundle. By measuring
ODMR signals from a group of individual fibers in an ∼0.5-mm-
wide imaging bundle, differences of local magnetic field strengths
and magnetic field gradients are determined across the plane of the
bundle facet. The measured gradients are created by direct electric
currents flowing in a wire placed near the nanodiamond film. The
measurement enabled the determination of the net magnetic field
corresponding to various current directions and their correspond-
ing magnetic field gradients. This demonstration opens up a
perspective for compact fiber-based endoscopy, with additional avenues for remote and sensitive magnetic field detection with
submicrometer spatial resolution under ambient conditions.
KEYWORDS: nanodiamond, photonic sensor, ODMR, nitrogen-vacancy, fluorescence, magnetic field gradients

1. INTRODUCTION
Integration of fluorescent nanodiamonds (FNDs) containing
negatively charged nitrogen-vacancy (NV) centers with optical
glass fibers is a crucial area of research for remote nanoscale
magnetometry1−4 and thermometry.5,6 Electronic spin states of
NVs can be manipulated using microwave (MW) fields, and
the change of their state can be read out using the optically
detected magnetic resonance technique. As NV centers are
sensitive to their environment, FNDs have been used to
measure parameters such as local magnetic field,7 temper-
ature,8 and concentration of: spin labels,9 ions in solution,10

and free radicals (iron-containing proteins).11 They have also
been useful for the development of relaxometry methods, e.g.,
ref 11. The use of optical fibers allows the development of a
compact endoscopy approach, where NV centers can be
excited and their emission can be collected along the same
fiber from remote distances.2,4,12 Integration of FND with
fibers has been demonstrated by coupling FNDs with single-
mode fibers,13 photonic crystal fibers,14 and fiber tapers.15 To
date, detection of local magnetic fields by side excitation and
longitudinal collection has been performed using the ODMR
technique with FND and microdiamonds doped in tellurite,2,16

and lead silicate glass fibers.17 In addition, an MW-free
detection mode was demonstrated in ref 12 where it was
shown with submicrometer diamond particles embedded in 60
cm long lead silicate glass fiber that the fluorescence level can

be related to the magnetic field value in a broad dynamic range
of 0−35 mT. Furthermore, a multichannel fiber sensor capable
of parallel-in-time mapping and instantaneous readout of
individual pixels was demonstrated and allowed magnetic
mapping with high spatial resolution using the FND-coated
fiber facet.4 Despite these efforts, FND-fiber sensors have not
yet reached the level of traditional optical platforms, and
further development is needed to achieve sensitive measure-
ments of magnetic field distributions with high spatial
resolution and real-time readout over remote distances.

Here, we present our attempt to solve this task with a
surface-chemical approach by covalently anchoring carboxy-
lated FNDs in a thin film on a facet of a glass imaging fiber
bundle (IFB) that is surface-functionalized with (3-
aminopropyl)triethoxysilane (APTES), following Patoary et
al. who prepared the nanodiamond thin films on plain-glass
substrate.18 With this approach, we managed to procure robust
FND thin films with high interface quality. NV fluorescence
from the appropriately coated IFB front facet and its
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propagation through the IFB were detected using wide-field
microscopy and confocal microscopy. Variations of the
magnetic field strength occurring at one facet of the FND-
anchored fiber are simultaneously read as the fluorescence
variation through the other end facet of the same fiber. In our
previous article,4 we reported observation of ODMR signals
from FNDs through single cores of IFB, albeit with a low
signal-to-noise ratio, which hindered practical magnetic field
measurements. In a related work,19 it was observed that the
ODMR signals became very noisy due to background
fluorescence when the region of interest decreased. To
mitigate such a problem, in this work, we applied an improved
camera system and imaging protocol, which have resulted in
great enhancement in the signal-to-noise ratio of the recorded
ODMR signals, thus enabling precise detection of magnetic
field gradients.

In the following, we describe an application of an IFB
appropriately coated with FND for monitoring magnetic field
variations. This proof-of-principle experiment demonstrates
sensitive mapping with a high spatial resolution of the
magnetic fields around a micrometer-thin current-conducting
wire near the FND film. We hope that it enables a significant
step toward the development of nanosensing technology by
remote and instantaneous mapping of the magnetic field
gradients under ambient conditions.

2. EXPERIMENTAL SECTION
2.1. Chemical Thin-Film Assembly of FNDs on the Facet of a

Fiber Bundle. Conventional approaches for the integration of FNDs
in optical fibers include embedding FNDs in molten glass during the
direct fiber fabrication process,2,12,20,21 attaching them by fusing,22

gluing,23 or depositing on the fiber facet.24,25 However, these standard
methods limit the selection of applicable fiber types, hinder optical
readout sensitivities, or are overly complex. An alternative approach,
which we applied in this study, is the use of a silanization method, to
covalently attach FNDs to the chosen glass fiber. We followed a
deposition protocol laid out in ref 18, where the authors describe in
detail the formation of a covalently bonded nanodiamond network, its
spectroscopic characterizations, and surface morphology on glass
substrates. We were able to form uniform and thin layers of FND
having the Volmer−Weber type of growth over large surface areas on
glass substrates and on fibers with very specific glass compositions.4

The silanization method used for covalently assembling FNDs on
glass is sensitive to parameters such as concentrations, solvent quality,
temperature, and reaction times. Variations in these parameters can
negatively impact the adhesion of the film. A high-density silanization
of the glass surface with APTES is crucial in the creation of the thin
film because it determines the efficiency of the covalent bonding of
the FNDs with the surface-terminating amino groups. APTES is
currently one of the most widely used organosilane agents for the
preparation of amino-functionalized organic thin films,26 for the
chemical incorporation of nanoparticles,27 proteins,28 and DNA26 in
substrates. Several studies suggested that heat treatments densify the
modified APTES layers by horizontal heat-enhanced polymer-
ization,29,30 reduce the thickness of an APTES film, and crosslink
silane molecules on the surface by eliminating H2O molecules,
forming a more robust silane layer.31 Curing functionalized APTES
substrates between 70 and 150 °C eliminates a substantial amount of
loosely bound APTES containing protonated amino groups from the
surface by evaporation or condensation.29 Moreover, most ethoxy
groups are removed, and the surface is covered with a new class of
well-ordered neutral amino groups that are more reactive than the
protonated buried and/or randomly oriented amino groups of the film
before heat treatment. Furthermore, the amino-functionalized layer is
more hydrolytically stable in an aqueous solution than the layers prior
to curing and exhibits a strong antigen-binding capacity.32

We modified our previous deposition protocol,4 which lacked heat
treatments, by incorporating intermediate heating steps in the
procedure to obtain an APTES monolayer coating at the glass
interface that is chemically, mechanically, and hydrolytically stable in
an aqueous solution with a high number of accessible reactive amino
groups well ordered at the interface. The developed procedure
resulted in a dense coverage with good homogeneity of the deposited
thin films of FND on the optical glass-fiber facet (shown in Figure 3b
in Section 3.1) relative to the simple drop-drying deposition of FNDs.
Furthermore, whereas previously, the FNDs uniformly assembled on
APTES-functionalized glass surfaces were very prone to detach; we
noticed that heat treatments did not remove the physisorbed
molecules, but enhanced the crosslinking reaction of the silane
layer, thus improving the bond stability at the glass interface.29,33

A suspension of carboxylated FNDs (FND-COOH) with a size of
140 nm and 1.5 ppm concentration of NV centers was obtained from
Adamas Nanotechnologies. The spectroscopic properties of these
FNDs have been previously characterized in ref 34. The imaging fiber
bundle (IFB) had cladding made of soda-lime-silicate glass (SK222)
with a refractive index of nd = 1.522 and the cores were made of
barium−zirconia−borosilicate glass (Zr3/XV) with nd = 1.611.35,36

Individual pixels in the bundle had a diameter of 2.8 μm, while the
entire bundle had core and clad diameters of 0.532 and 0.550 mm,
respectively.

In our approach, IFB was first hydroxylated with ozone for 30 min
(Ossila UV Ozone Cleaner) and then immediately immersed in a
0.01% (v/v) solution of APTES in toluene for 30 min. This resulted
in covalent interactions between the hydroxyl groups present on the
surface and the hydrolyzed silane molecules via hydrogen bonds. One
end of IFB facet was then sonicated in toluene for 5 min to remove
any physisorbed APTES molecules and heated at 150 °C for 10 min
on a heating plate to evaporate excess molecules that were not bound
to the surface. The procedure resulted in a well-anchored and stable
cross-linked layer of APTES.

Separately, an amine-reactive O-acylisourea solution of FND-
COOH was prepared by mixing 1 mg/mL FND-COOH in a 1:1 ratio
(v/v) with 0.3 mg/mL 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride in a buffer solution of 2 mM potassium
chloride (pH 6.5). The APTES-functionalized IFB facet was then
immersed in this solution for 30 min to complete the first cycle of
formation of a thin layer of FNDs on the glass surface. Four additional
cycles of regeneration were carried out using a cyclic procedure
involving ethylenediamine followed by amine-reactive O-acylisourea
steps to increase the density of the FND thin-film layers. The resulting
covalently thin-film assembled FND on the IFB facet was then rinsed
with deionized water, naturally dried, and post-heated at 150 °C for
15 min. Post-heating provided a great improvement in the anchoring
and bond strength of the FND film on glass surfaces, including its
robustness and quality. The FND thin film was stable in general
handling throughout our experiments and, in particular, remained less
scratched compared to the physically deposited FNDs in our previous
attempts.37 Finally, we washed the formed FND film with deionized
water and dried it in argon. In Figure 1, we illustrate schematically the
applied chemical technology. As not all diamonds had equal sizes and
shapes,38 FNDs were not uniformly attached to the silanized surface,
and therefore it was not easy to obtain quantitative information on the
attachment strength of FNDs. However, we could observe that the
thin film of FNDs attached on the IFB was stable and resistant to
scratches. In particular, it worked efficiently for more than 5 months
despite frequent contacts with the antenna board.

2.2. Fluorescence Microscopy and ODMR Setups. In our
work, two imaging methods have been used: wide-field microscopy
and confocal fluorescence microscopy. They are based on two
separate but complementary setups that work in the epifluorescence
mode. Although the confocal fluorescence setup has a high resolution
and a different technique for excitation than the wide-field technique,
the latter is very suitable for imaging large areas.

The wide-field fluorescence microscopy images were acquired using
a Motic BA210E microscope operating in the epifluorescence mode.
A green LED light source was used to excite the FNDs assembled on
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the fiber facet, and the images were taken with 40×/0.65
(LUCPLFLN, Olympus) objective captured with a digital camera
(Moticam3+).

The confocal images were acquired using a home-built microscopy
setup with an oil-immersion objective (100×/1.3, UPLFLN
Olympus) and a 532 nm laser (Sprout G, Lighthouse Photonics,
attenuated to ∼1 mW). After laser excitation of FNDs, their
backward-emitted fluorescence was separated by a dichroic mirror
and filtered spatially and spectrally (FELH600, Thorlabs) before
being detected by a single-photon counting module (SPCM-AQRH-
14-FC, Excelitas Technologies) and the images were collected by
scanning the sample above the objective using a piezo-nano-
positioning stage (Nano-LP200, Mad City Labs) controlled by a
PC with Qudi software.39

The arrangement to collect the ODMR signals through IFB
comprises a home-built, wide-field microscopy setup and is shown
schematically in Figure 2. Approximately 65 mW of the green laser

power was focused on the back-focal plane of the 40×/0.6 objective
(LUCPLFLN, Olympus) and transmitted through IFB from its
uncoated facet to the one coated with FND. The coated facet of IFB
was centered between two parallel copper striplines (34 μm-high, 170
μm-wide, and 2.4 mm-long) on a printed circuit board, for brevity
called the “antenna”,40 and was placed 0.2 mm above the antenna.
The NV fluorescence excited in FND was transmitted backward
through IFB and the objective and was detected by a camera.

One of the antenna striplines transmitted the MW signal to
manipulate the ground-level spin states of the NV centers. Another
stripline, separated by 320 μm, conducted a direct electric current
from a stable current source to create a given spatial magnetic field
distribution. An additional and stronger bias field of B0 = 3.8 mT was
applied using a permanent magnet to lift the degeneracy of the ms =
±1 states and had a normal direction to the antenna board. The
continuous-wave MW field was generated by a signal generator
(SG386, Stanford Research Systems), and its frequency was swept
around the resonance frequency of the ms = 0 − ms = ±1 transition at
2870 MHz with steps of 0.5 MHz. The red fluorescence (ca. 600−800
nm) transmitted through the fiber bundle was captured by the
microscope objective, filtered, and projected onto the sCMOS camera
(Andor Zyla 5.5). ODMR data collection was performed in LabView
software, which controlled the camera, signal generator, and digital
pattern generator (Pulse Streamer 8/2, Swabian Instruments). During
continuous light illumination, two images were captured with MWs
turned on and off for every frequency to subtract the background and
calculate the normalized fluorescence contrast, which helped to
reduce fluorescence intensity variations due to laser power drifts and
improved the overall signal-to-noise ratio.

Images given by the central 704 × 594 pixels were acquired,
corresponding to a full frame (FF) field of view of 205 μm × 173 μm
and an effective pixel size of ∼(0.55 μm)2. To achieve a high spatial
resolution while maintaining a sufficient signal-to-noise ratio,
fluorescence from smaller areas of interest (AOIs) was acquired.
Each AOI had dimensions of ∼15.6 μm × 15.6 μm, equivalent to 22
individual fibers in the IFB. The fluorescence collected within each
AOI was integrated and ascribed to a given position r between the
antenna wires. Figure S1 illustrates the selection of individual AOIs
and their application to map of the magnetic field distribution near
the current-conducting wire along the entire width of the IFB. The
dependence of integrated fluorescence intensity on the distance r
from the current wire enabled the determination of the spatial
distribution of the magnetic field.

Figure 1. Schematic diagram to show steps followed to covalently
anchoring carboxylated FNDs in a thin film on a facet of a glass
imaging fiber bundle (IFB) that is surface-functionalized with (3-
aminopropyl)triethoxysilane (APTES).

Figure 2. Schematics of the ODMR setup showing the fiber bundle (IFB) with its coated and uncoated facets, the microscope objective, the
permanent magnet creating the bias field, and the antenna with two striplines: the MW and current (I) wire. The laser light illuminates the
uncoated facet and excites NV centers in FNDs placed on the coated facet. The emitted NV fluorescence, which depends on the local MW and
magnetic field strengths, is collected through the fiber bundle and transmitted backward by IFB toward the objective to be detected and yields the
ODMR signal. Dashed double-ended arrows indicate the scan direction of: the moving objective, the laser beam focused on the uncoated IFB facet,
and the scanned laser beam over the specific spot on the coated IFB surface between the striplines.
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3. RESULTS AND DISCUSSION
3.1. Imaging Fluorescence of an FND Film. As

described in Section 2.1, to achieve sufficiently dense and
uniform films with covalent assemblies of FNDs on an end
facet of IFB, four coating cycles followed by thermal
treatments were performed. Figure 3a shows the wide-field

microscope image of the clean IFB facet before FND
deposition. Individual fibers of the IFB with 2.8 μm diameter
are easily visible as bright spots due to a relatively high-
refractive-index contrast between the fiber core and the fiber
cladding that eliminates optical crosstalk between individual
fibers. The IFB had a sufficiently high numerical aperture (NA
> 0.5) to allow efficient observation of the fluorescence
emitted from its coated facet and allow its transmission
throughout the bundle. Figure 3b,c presents fluorescence
images from an epifluorescence microscope that displays the
coated and the uncoated facets of the IFB, respectively. In
Figure 3b, the red fluorescence is emitted by the NV centers
deposited on the coated IFB surface and shows that the FND
film obtained is relatively homogeneous and exhibits a high
degree of coverage. When the IFB ends were interchanged to
observe the uncoated side, as shown in Figure 3c, each core
appeared much brighter than the cladding, due to efficient
fluorescence guidance in the individual IFB cores.

To confirm the excitation and distribution of FNDs on the
coated IFB facet and efficient propagation of NV fluorescence
through the IFB, we have used scanning confocal fluorescence
microscopy as schematized in Figure 4 (left). Typical images
with confocal fluorescence intensity maps of the 200 μm × 200
μm region are shown in the top image for the FND-coated IFB
facet and in the lower image for the uncoated side. The direct
NV emission from the coated facet appears with a higher
fluorescence photon count rate of about 250 kc/s, while
collecting photons through the other end resulted in lower
photon counts of about 65 kc/s. Confocal scanning maps
confirm that FNDs are uniformly distributed over the entire
fiber facet and show that the NV emission efficiently couples to
the guided optical modes of the IFB.

3.2. Detection of Magnetic Field Gradients through
the IFB. 3.2.1. ODMR Spectra. NV magnetometry is a very

successful method of studying bulk diamonds. As shown in our
earlier work,37 ODMR can also be very useful with ensembles
of arbitrary-oriented FNDs with NV. When there is no
magnetic field, the ODMR spectrum exhibits a standard
resonance centered at 2870 MHz, as illustrated in Figure 5a.
When a sufficiently strong magnetic field is applied, the
ODMR resonance in FNDs broadens and loses its contrast,
due to averaging over arbitrary orientations of the projections
of NV axes of individual particles. Importantly, this broadening
is approximately proportional to the magnetic field strength
and enables its determination. However, to observe and
quantify any sizeable broadening and exploit it for magneto-
metry, the external field must be sufficiently strong (≳1 mT),
as for very weak fields, interactions between ms = ±1 spin
states due to off-axis strain hinder the observation of any
changes in the ODMR spectrum.41

In the present work, we wanted to obtain the ODMR signals
from arbitrary-oriented FND to demonstrate the magnetic
sensing capabilities of very small changes δB of the magnetic
field, such as those created by electric currents. For this
purpose, we used one wire on the described antenna board that
carried currents up to ±1 A placed close to the FND-coated
IFB. The current-induced magnetic fields are strongly
inhomogeneous and change their intensity with distance r
from the wire according to the Biot−Savart law.

Figure 5b depicts the acquired FF field-of-view ODMR
spectra of the FND film recorded through the other end of the
IFB at three positions between the antenna wires along the
diameter of the IFB (double-ended dashed arrow shown in
Figure 2) and three applied intensities of the current flowing
through the antenna wire: 0, +1 A, and −1 A (negative
currents mean a reversal of the polarity of the current source).
The plots clearly show that the application of current-created
δB indeed shifts the edges of the broadened resonances and
enables quantification of this effect for magnetometric
purposes. ODMR spectra collected near the current-carrying
wire are visibly broader for one current direction (I = −1 A),
which corresponds to a higher value of the net magnetic field
B0 + δB than for the reverse direction (I = +1 A), where δB
opposed the bias field and decreased its net strength to B0 −
δB. The dependence of δB(r) on distance r from the current
wire is reflected in the curves depicted by various colors in
Figure 5b that correspond to different spatial locations. The
observed dependences become more pronounced when the
signal derivatives are plotted as in Figure 5c rather than the
fluorescence intensity.37 Consequently, the ODMR signals
presented in Figure 5 illustrate that the NV centers and the
IFB can be used successfully to remote sensing the magnetic
field distributions.

3.2.2. Demonstration of the Gradiometric Magnetic Field
Sensing on Micrometer Scales. To demonstrate in more
detail the feasibility of detecting spatial variations in the
magnetic field generated by a current-carrying wire with an
applied bias field of B0 = 3.8 mT, the microscope objective was
moved transversely to the IFB and antenna wires. In this way,
the distance r of the imaged AOI from the current wire was
scanned in small steps moving away from the current wire. For
each step, the microscope was refocused on the uncoated IFB
facet to correct for residual unevenness of the facet’s surface.
This allowed us to improve fluorescence collection and record
better ODMR signals from individual AOI, and associate them
with position r. Figure S1 shows a stitched camera image (as
seen from the objective) of the entire diameter of the uncoated

Figure 3. Wide-field microscope images of IFB: (a) fiber structure
with individual pixels of 2.8 μm diameter; (b) red fluorescence of the
IFB facet coated with FND excited by green light; (c) red
fluorescence of FNDs seen from the uncoated side of IFB, excited
by green light.
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side of the IFB facet positioned between the MW and the
current wires over the entire widths of IFB.

Three different current values were applied, I = 0, ±1 A, and
ODMR spectra were acquired from AOIs. Figure 6a−c shows
the resulting ODMR resonances recorded for each current

Figure 4. Schematics of confocal microscopy observation of both facets of IFB (left) and confocal maps showing fluorescence from the FND film
obtained with four regeneration cycles: the top image directly shows the coated facet, and the lower image shows fluorescence recorded through the
IFB, i.e., from the uncoated side.

Figure 5. ODMR signals collected through the IFB at different positions between antenna wires along the fiber diameter [direction indicated in
Figure 2 by the double-arrowed dashed line]. (a) Zero magnetic field, zero current. At B0 = 3.8 mT for different current intensities: (b) regular
ODMR signals and (c) derivatives of ODMR signals. The outer peaks in (b, c) correspond to the edges of the ODMR spectrum and clearly shift
with magnetic field changes. Only the top curves correspond to the left scales, the other curves are vertically offset to avoid their overlap.
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value and a range of distances r, associated with a gradual
change in magnetic field strength δB(r), averaged over selected
AOIs. For one direction of the applied current, I = +1 A, the
ODMR peak appeared to be broadened and its contrast was
reduced when the distance r from the current wire toward the
MW wire increased, while for the reverse current direction, I =
−1 A, the opposite behavior was observed, due to the vector
addition of bias B0 and wire-created δB, as marked schemati-
cally in Figure 6d. No substantial changes of spectra were
observed with zero applied current; only the fluorescence
contrast decreased with increasing r due to a weakening of the
MW strength (Figure 6c). The dependences shown in Figure
6a−c enabled systematic determination of the spatial
distribution of the magnetic field by analyzing the positions
of external edges in the ODMR spectra.37

Figure 6d presents the main result of this work, the spatial
dependences of the net magnetic field B0 + δB (colored points)
on the position between the wire for different currents, and
compares them with the modeling (dashed lines) based on the
Biot−Savart law. For the modeling, we took the wire
dimensions: 34 μm height, 170 μm width, but instead of a
real length of 2.4 mm, we extended it to infinity to simplify the
modeling. The static bias field value of 3.68 mT (at r = 0) with
an additional small gradient of 0.4 mT/mm was used. As
shown, we have a very good accuracy of the two dependencies
for most of the scanned distances. The accuracy of the fit is
slightly reduced near the edge of the current wire (r = 0), due
to our simplification of the infinite length of the wire. An

extension of the model to include the exact dimensions of the
antenna structure is fairly straightforward; however, more
interesting is to note that the good match with the
measurements was obtained for a specific, finite height of the
NV layer in the FND film: 20 μm above the antenna plane.
This finding demonstrates that the described method enables a
high-resolution precision mapping of inhomogeneous magnetic
fields and extending beyond a simple two-dimensional (2D)
information.

The magnetic sensitivity of such mapping with FND-coated
IFB is proportional to the slope (S) at the edge of the ODMR
spectrum and inversely proportional to the square root of the
photon number (N).42 The value of N can be obtained from a
single fluorescence image, while S can be derived from the
spectra in Figure 6. On the basis of available experimental data,
we estimate that the projected magnetic sensitivity for the fiber
probes discussed in this work is around 1.6 μT/√Hz.

4. CONCLUSIONS
In conclusion, we used the silanization method with
intermediate heat treatments to covalently form a robust and
uniform thin-film assembly of FNDs on a facet of IFB.
Fluorescence wide-field microscopy images and confocal
scanning maps confirm that NV fluorescence can be efficiently
guided through the individual fiber cores of 2.8 μm in diameter
in the IFB, allowing remote detection of optical signals.
Moreover, each core conveys fluorescence information
independently, i.e., from the specific FNDs that cover its

Figure 6. Spatial dependence of ODMR spectra caused by the magnetic field of a current-carrying wire: (a) +1 A current, (b) reversed current
direction, −1 A, (c) zero current. For a zero applied current, only a fluorescence contrast value changes spatially due to the distance from the MW
line, while the width of the spectrum remains constant and is set by the uniform bias field. Spectra with applied current show gradual narrowing (a)
and broadening (b) as a result of vector addition of bias and created fields; (d) calculated magnetic field versus distance from the current-carrying
wire. The dashed lines are the simulations for an infinite wire model. In the insets, the red arrows represent the bias magnetic field while the blue
arrows show the magnitude and relative orientation of the current-generated field. The length of the arrows indicates the opposing or adding of
field from current wire to bias field.
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surface, which allows for spatially resolved detection of NV
ODMR signals.

From changes of the resonance width in the observed
ODMR spectra, we retrieved information on the local
magnetic field. With the FND-coated IFB facets acting as a
remote sensor and IFB as an image relay, we have detected
magnetic field gradients near the current-carrying structure on
a scale of a few tens of micrometers. Importantly, the use of the
fiber piece allowed us to move the microscope objective away
from the location where the magnetic field was measured, thus
removing the influence of the objective on the measurement.
The improved camera system and imaging protocol allowed us
to greatly enhance the signal-to-noise ratio and enabled us to
reach the magnetometric sensitivity of 1.6 μT/√Hz. The very
good agreement of the measured and simulated values
demonstrated that the nanodiamond films with NV centers
and image-transmitting fiber links can be successfully used in
remote sensing of three-dimensional magnetic field distribu-
tions. This study enables future applications in remote
magnetic field sensing and imaging, which require a high
spatial resolution. We anticipate that such integrated photonic
sensors can be beneficial for high-sensitivity magnetic endos-
copy in bio-diagnostics and inspection of integrated electronic
circuits.
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