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Abstract 
This thesis present the result of four experimental projects, that revolve around the 

practical aspects of using NV centers for quantum applications. The core of the this work 

deals with the coherence time of NV centers and how it is affected by Damage introduced 

into the diamond lattice by ion implantation where we have discovered that while the 

emission of the NV center is sensitive to the dmagage  the coherence time is not. The other 

topics of this work cover a novel method to deposit isolated nano diamond using aerosols 

and a method to secure the nano diamonds into silicon substrates using self assembled mono 

layers. Finally the work colnclude with a proposal to use the magnetic field produced by spin 

vortecies to increase the coherence time of NV centers where some preliminary result of the 

spin vorticies fabrication are presented.  
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1.  Introduction 

  

For many decades single atoms have been the subject of many scientific investigations, 

enabling scientists to demonstrate a rich variety  of physical phenomena especially those 

related to the quantum theory of nature. The strong natural coupling of single atoms to 

specific modes of the of electromagnetic radiation combined with the maturity reached 

during the last century in the ability to control electromagnetic radiation enabled the precise 

control over the internal and external degrees of freedom of single atoms. The ability to 

manipulate single atoms into a specific quantum state using techniques such as optical 

pumping or probing their state using optical or microwave radiation was the first step into 

an exciting field which is now considered to be next “quantum leap” in the physical science.  

The ability of single atoms to retain their quantum state for rather long times, due to their 

isolation from the environment simplified the time evolution of their quantum state to a 

point where theoretical predictions could be put to the test and experimentally verified using 

this platform.For example,  long-range quantum state transfer between two physical 

quantum systems was demonstrated using single atoms coupled to one another via 

electromagnetic radiation1.   

The fascinating scientific work on single atoms paved the way to the experimental 

realization of quantum information theory.  Recently, these measurements have led to the 

most well-known application of quantum technology, viz.,  the quantum computer. 
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Despite all the appealing properties of single atoms described above, achieving the 

required level of control over them requires complicated architectures of the experimental 

setup, mostly designed to keep the  position of the atom fixed in space.  

Another system with some similarities to single atoms, such as quantized energy levels 

and wavefunctions which are localized in space, that have been extensively studied during 

the last two decades, are defects in wide bandgap materials. These atom-like systems are not 

trapped by electromagnetic radiation but rather by other atoms in the solid material in 

which they are embedded. This makes the expensive and complicated hardware used in 

optical atomic traps and laser cooling of the atoms unnecessary. The tradeoff, however, is 

that defects in solids are strongly coupled to their environment. In many cases, this coupling 

limits the practical usefulness of such system to very low temperatures only. Despite this, 

some specific defects were found to be sufficiently decoupled from their environment, and 

have become a leading platform in the quest to harness the power of quantum theory to 

advance current day technology. 

The fact that large band gap materials can contain deep defects with energy levels far 

from the valence and conduction band result in stable quantum states even at room 

temperatures. Diamond, in that regard, possess a band gap of 5.5 eV, and for this reason 

contains many stable defects, amongst which is the famous nitrogen-vacancy (NV) center.  

A crucial part in development of this field was the technological advance in the growth 

of synthetic diamonds over the last decades which made high quality pure diamond readily 

accessible.  In these high purity diamonds, any defects present in the material are sufficiently 

separated from one another so that their effect on each another is minimized. Furthermore, 



3 
 

when the defects are separated by more than the optical diffraction limit they can be 

addressed using optical means, similar to the way single atoms are probed. Even so, it turns 

out that the relatively small  separation between the NV center and other  defects in the 

diamond still remains the dominant cause for decoherence of the NV state. These properties 

have made NV centers a very appealing system and paved the way for various applications 

that take advantage of these properties, ranging from quantum key distribution3 and 

communication to magnetic sensors4, temperature sensors5 and more.  

1.1. Description of the thesis 

This thesis describes four experimental projects, that revolve around the practical 

aspects of using NV centers for quantum applications. On the one hand, the work presented 

here deals with the coherence time of NV center, how it is  affected by the way in which they 

are  fabriced,  and how it may be extended in a scalable way. We also consider aspects of the  

practical use of nanodiamonds, with special focus on their spatial placement. Chapter 2 will 

serve as an introduction to field of NV centers and will cover the topics that are required to 

understand the following chapters. This chapter will begin with short review of the diamond 

material and proceed with a more details regarding the NV center and some of its basic 

properties.  

The work presented in chapter 3 is focused on a study of the properties of NV center in 

a diamond that was damaged by ion implantation. The methodologies and instrumentation 

involved in that experiment will be presented and described in detail, among the topics that 

will be presented are ion implantation and characterization methods used including confocal 
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microscopy Raman spectroscopy and photoluminescence measurements. The chapter will 

conclude with the results obtained and the conclusion based upon these findings. 

Chapter 4 describes two different projects that evolved together to solve a technical 

problem often  encountered while exploring the integration of  of NV centers into plasmonic 

antenna.   The first part of this chapter is focused on a method we explored for the controlled 

placement of nanodiamonds, specifically describing the use of the aerosol assisted 

deposition of nanodiamonds.  

The second part of chapter 4 deals with the patterning of silicon surfaces and describes 

the process we developed for anchoring nanodiamonds to silicon substrates using a coupling 

agent known as APTES.   

Finally, in Appendix A describe a novel method to increase the coherence time of the NV 

center using magnetic fields with high gradient will be proposed. This appendix consists of 

some background to spin vortices  followed by a detailed explanation on the way in which 

they can be used to decouple the NV center from other defects in close proximity to the NV 

center.  It will proceed with a description of the fabrication process used to prepare the 

vortices and their characterization, and  will conclude with preliminary results.    
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2.  Background 

 

The unique properties of the NV center in diamond, along with the fact that it can retain it 

spin state for sufficiently long times at room temperature, long enough so that its spin state 

can be coherently manipulated, makes it one the most studied defects.  In the following 

chapter, we will review some of the key properties of the NV center and its diamond host 

and provide a basis for understanding the formation of NV in the diamond lattice. We begin 

with a short review of the diamond crystal structure, its properties and the growth process 

of synthetic diamonds and  then move on to review the NV center structure, charge state and 

optical transitions. The chapter will conclude with a detailed presentation of the properties 

of the NV ground state and its interaction with its surroundings.  

2.1. Diamond 

 Diamond, famous mostly for its use as a gemstone, is a metastable allotrope of carbon 

where the carbon atoms are arranged in a variation of the face-centered cubic crystal 

structure often referred to as "diamond lattice”. The crystal unit cell consists of two, face-

centered, cubic Bravais lattices, displaced by a 1/4 of the unit cell in each direction. The 

dimensions of conventional cubic unit cell of diamond (Figure 1) has a length of about 3.57Å  

at room temperature 6. The C-C bond length is equal to a quarter of the diagonal and is equal 

1.54 Å. The unit cell contains eight carbon atoms with an atomic density of  1.76 ×

1023 cm−3a . Multiplying the atomic density by the average atomic mass of carbon results in 

a theoretical mass density of  3516 kg/m3. The actual mass density of diamond is slightly 



6 
 

lower due to the presence of vacancies in the diamond lattice, which will be discussed in 

more detail later.  It’s worth noting here that diamond’s high packing factor results in the 

fact that the atomic number density of  diamond is the highest of all materials. 

 

Figure 1: Ball-and-stick diagram of the conventional unit cell of diamond, where a0 is 

the cubic lattice parameter. 

For centuries diamond was known for its extreme physical properties, most of which 

originate from the strong covalent bonding between its carbon atoms and the high packing 

factor.  The most common example is the fact that diamond is the hardest naturally occurring 

material known to man. Diamond is also known to have high thermal conductivity, which is 

unusual amongst semiconductor materials since at room temperature there are, in general, 

very few electrons in the conduction band which are free to transfer energy through the 

crystal. Despite that, the diamond rigid covalent bonds can transfer atomic vibration very 

efficiently and are responsible for its high thermal conductivity. In fact, diamond thermal 

conductivity of ~2200 [W/mK] is about 5 times larger than that of copper (~400 [W/mK]). 

The strong covalent bonds also make diamond chemically inert, which makes it 

biocompatible. 
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The carbon atoms in diamond are bonded with a complete sp3 configuration in a 

tetrahedral symmetry.  While this configuration is less stable than graphite under normal 

conditions, conversion from diamond to graphite is negligible under ambient conditions. The 

carbon atom, being the sixth element in the periodic table, adopts in its neutral charge state, 

a ground state of electronic configuration of 1s22s22p2. This configuration means that the 

isolated carbon atom has two core electrons occupying an S orbital and four valence 

electrons, two of them occupying an S orbital and 2 occupying a P orbital. In diamond, where 

the carbon atoms are coordinated in tetrahedral configuration, each electron occupies 

hybridized SP3 orbitals. Each of these orbitals forms a strong σ bond with the neighboring 

carbon atom orbitals. The incompressibility of the carbon-carbon bond and three-

dimensional stability of the tetrahedral arrangement are responsible for diamonds extreme 

hardness. 

The small size of the carbon atom allows the atoms in the lattice to get very close to one 

another, leading to a large overlap of their orbitals. The large overlap between the orbitals 

results in a large energy separation between the occupied bonding orbitals and the 

unoccupied antibonding orbitals. The resulting forbidden energy gap between the valence 

and conduction bands reaches ~5.5 eV in most types of diamond7. The large gap corresponds 

to an electromagnetic radiation with wavelength of ~ 225 nm, which is why pure (defect-

free) diamond is transparent from the near UV to the far IR.  

Despite these unique properties, diamond was rarely used in any technological 

application, mainly due to its high market price but also because until the middle of the 20th 

century diamond was extracted only from rare natural sources, resulting in large and 
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inconsistent variations in the properties of the material. In nature, diamond is formed in the 

lithospheric mantle, about 140-190 kilometers below the earth surface. At these depths, the 

pressure and temperature are sufficient to force materials rich with carbon to crystallize in 

the diamond form. The source of the carbon is both organic and inorganic materials, and both 

might contain other elements besides carbon. Some of these elements end up incorporated 

into the diamond lattice during its formation and are largely responsible for the variety of 

colors often observed in natural  diamonds.  

In 1954 a new era began for a diamond when Francis P. Bundy et al. demonstrated the 

first reproducible high-pressure high temperature (HPHT) manmade diamond 8. Not long 

after, in 1962 William G. Eversole reported for the first time the synthesis of diamond in a 

low-pressure process known as chemical vapor deposition (CVD)9  it should be noted that 

diamond can also be produced by detonation of carbon material. While this method does not 

require high vacuum, it is essentially based on the same principle as the HPHT method and 

is only capable of producing tiny fragments of diamond known as detonation nano-

diamonds.  

 



9 
 

 

Figure 2: Phase diagram for diamond and graphite 10 

In contrast to the HPHT process, CVD offered more flexibility and control over the 

incorporation of impurities into the diamond crystals. CVD as opposed to HPHT is based on 

a kinetic rather than a thermodynamic process. In CVD, methane, which is the source of 

carbon, is fed along with hydrogen into a high temperature region where the gasses are 

ionized. Alternatively, the gases can be ionized by applying microwave radiation, a process 

known as microwave plasma CVD (MPCVD). By careful control over the gas mixture and 

radiation intensity, it is possible to generate sp3 bonded carbon on the substrate eventually 

forming a diamond layer. CVD can be divided into two types depending on the substrate 

material. For growth of single crystal diamond, a diamond substrate is often required 

(homoepitaxy_. On other substrates, the process will result in polycrystalline diamond 

(heteroepitaxy) 

The large degree of control over the composition  of the gas mixture used in CVD can 

yield ultrapure diamond substances, never to be found in nature before. The low density of 

impurities, manifested by large separation between them, offered for the first time the 

possibility to study them as individual systems.
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 Diamond hosts more than 500 optical centers with luminescence signals ranging 

from the deep ultra-violet (UV) to the infrared, these luminescence signals originate from 

various defects, impurities, and their combinations. The advances in growth technology, 

which made ultrapure diamond readily available, have triggered extensive research focused 

on these centers. These isolated systems, and in particularly the negatively charged nitrogen-

vacancy center (NV-) have drawn a tremendous attention from the scientific community 

during the last decades and provided a close view to the fascinating world of quantum 

mechanics. 

2.2. The NV- Center 

The detection of a single negatively charged NV color center in 1997 by Gruber et al. 2 

and the demonstration of the optical preparation and readout of the center’s electronic spin, 

marked the NV-  as a promising solid-state spin-qubit for quantum information processing. 

In the years that followed the NV- center became the most studied optical center in diamond 

and was used to demonstrate a room temperature single photon source in practical quantum 

cryptography systems11 as well as a quantum register12, spin-photon entanglement13 and 

more. The localized electrons of the NV center and the susceptibility of its energy levels to 

magnetic fields made it also important in the field of magnetic sensing14–16. 
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Figure 3: Schematic illustration of the NV complex. NV electronic spin axis is the defined by the nitrogen and vacancy 
sites directed in one of four possible crystallographic axis configurations. 

 

 

2.3. The Structure of the NV center 

The NV- center is a defect in the diamond lattice and it is comprised from a substitutional 

nitrogen situated next to an adjacent vacancy and forming a nearest neighbor pair. Such a 

constellation may occur naturally during the synthesis process of the diamond material or 

as a result of ion implantation in both bulk and nanocrystalline diamond material, followed 

by thermal annealing In nature, the NV centre  is known to exist in one of two charge states, 

denoted as NV0 and NV- identified by their fluorescence spectra at 2.156 eV (575nm) and 

1.945 eV (637nm) respectively17. 

The nitrogen atom, which has five valence electrons, is covalently bonded with its three 

neighboring carbon atoms. The two remaining electrons, which are not bonded, form a so-

called lone pair. The vacancy on the other hand, has three unpaired electrons, from its 

nearest neighbors. Two of these electrons make a quasi-covalent bond with the nitrogen 
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electrons while one of them remain unpaired. Considering the symmetry of the system, one 

can visualize this by imagining the three unpaired vacancy electrons exchanging their roles 

continuously. In the configuration described above where the NV center has a total of one 

unpaired electron the NV center is considered neutrally charged this charge state is denoted 

as NV0. An additional electron, that might be trapped at the vacancy site, will turn the NV0 

into an NV-, pairing with the remaining unpaired nitrogen electron.  

2.4. The Charge State of the NV Center 

The charge state of defects in bulk semiconductors depends on the position of the Fermi 

level with respect to the defect’s charge transition level. This energy is defined as the energy 

at which the defect takes up or loses an electron. For the NV center, the transition from the 

neutral to the negatively charged state denoted as NV0/- is predicted to be 2.8 eV above the 

valence band maximum18(VBM). Shifting the Fermi level will result in ionization from NV- 

into NV0. This can be done by introducing impurities into the diamond lattice, or by changing 

the surface termination of a diamond  via a process refered to as transfer doping. 19.   

 In nature both NV0 and NV- charge states appear to coexist simultaneously and the 

actual ratio of their density is determined by the density of other inclusions such a nitrogen 

donors14 and boron acceptors. The density ratio of the two charge states can be evaluated 

from their distinct photoluminescence signals20. It should be noted that photoionization of 

an NV- into an NV0 can occur and so attention must be paid to the measurement conditions 

when evaluating this ratio.  

2.5. Energy Levels and Resonant Transitions 



13 
 

The fluorescence spectra of diamond containing NV centers indicates that the optical 

transitions occur between discrete levels that are deep within the diamond bandgap, such 

that the continuous conduction and valence band are not involved.  

 Though the full derivation of the molecular orbitals from linear combination of the 

dangling sp3 orbitals using group theory arguments is out of the scope of the present thesis.  

it is possible to obtain from such arguments the selection rules for the optical transitions of 

the NV center21–23 . Figure 5 summarize most of the transitions, both radiative and non-

radiative,  according to a recent  model24. 

 

Figure 4 : Energy levek diagram of the NV center. 

Figure 5: Energy level diagram of the NV center. The degeneracy of the ground state can 

be lifted by Zeeman splitting under external magnetic field denoted as Bz where g is the g -

factor of the NV and µB is the Bohr magneton 
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The primary optical transition at 637nm (1.945 eV), between the two triplets 3A2 and 3E, 

is predominantly a spin conserving one while spin-orbit coupling may induce an intersystem 

crossing from the excited state triplet (3E) to the singlet (1A1). The occurrence probability of 

the intersystem crossing which depends on the spin state leads to preferential switching of 

the spin state from ms= ±1 to ms=0.  It is well established that spins with ms=±1 are more 

likely to decay via this path to another longer-lived singlet level after which they decay back 

to the ms=0 sublevel of the 3A2 ground state. The selective intersystem crossing is one of the 

more important features of the NV center since it enables polarizing the NV into a specific 

ground spin state using optical means.  

In addition to polarizing the ground spin state, the difference in the probability to 

undergo relaxation through the singlet depending on the specific state of the spin result in a 

spin-dependent luminescence  intensity. The contrast in the fluorescence intensity emitted 

from these two different excited spin states can be as high as 30% and serves as the basis for 

the optical readout of the NV ground spin state.  

It should be noted that the optical readout of the NV spin inherently involves the 

polarization of the spin. The polarization of the NV spin occurs over time scales of less than 

a microsecond and is determined mostly by the lifetime in the intermediate singlet and the 

intensity of the field used for the optical excitation. In practice, the readout of the NV ground 

state  is done by  repetitively comparing the integrated photoluminescence over a specific 

timescale immediately after the readout process begins with the integrated luminescence 
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over the same time long after the readout process began and while the NV is  in  pure ms=0 

spin state25 

2.6. Absorption and Fluorescence Spectra 

Even though NV centers are sufficiently isolated from their environment to exhibit single 

atom properties, they are still coupled to phonons which play an important role in shaping 

their absorption and fluorescence spectrum. While the transition between the ground (3A2) 

and excited states (3E) can be excited resonantly with red (637 nm) light, at room 

temperature it is excited more efficiently using green light while the emission is more likely 

to occur at longer wavelengths.  

 

Figure 6: Absorption and emission spectrum of the NV- center at room temperature 

The asymmetric broadening observed in the absorption and fluorescence spectra of NV 

center can be explained using the Franck-Condon approximation, which is commonly used 

in the interpretation of absorption and emission spectrum of molecules. The Franck-Condon 

states that optical transitions occur much faster than the motion of the nuclei. For this 
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reason, if a molecule undergoes an optical transition, the final state must have the same 

coordinates and momenta as the original electronic state.   

In addition to the Franck-Condon assumption, three other approximations are also 

assumed. The first is that each lattice vibration mode is well described by a quantum 

harmonic oscillator, as implied by the quasi-parabolic shape of the potential wells, (Figure 

7) and almost constant energy spacing between phonon energy levels. The second 

approximation, called the low-temperature approximation, is that only the lowest (zero-

point) lattice vibration are excited. While this assumption is not valid at room temperature, 

as evident from the absorption spectrum, it implies that the electronic transitions do not 

originate from much higher phonon levels and can be used to understand the red and blue 

shift of the fluorescence and absorption (respectively). The third, called the linear-coupling 

approximation, is that the interaction between the defect and the lattice is the same in both 

the ground and the excited states and implies two equally shaped parabolic potentials and 

equally spaced phonon energy levels in both the ground and excited states.  

Based on these assumptions, let us follow the emission of a photon from an NV center 

after a successful excitation. Once excited to the 3E excited state, the NV immediately decays 

back to the ground vibrational level (low temperature approximation) of the 3E excited state, 

non-radiatively.  Following this, the NV center has a low probability to decay to the lowest 

vibrational level of the 3A2 ground state due to a difference in the nuclear coordinates which 

require momentum transfer that cannot occur in the short time scale of electronic transition 

(Franck-Condon). Since the NV center is far more likely to decay into an excited vibrational 

level of the 3A2 the emission is red shifted. The same principle holds for the excitation, where 
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the most probable transition is not to the bottom vibrational level of the 3E excited state 

shifting the absorption peak towards shorter wavelengths. The principle discussed here is 

illustrated in Figure 7. The resonant transition is often referred to as the zero-phonon line 

(ZPL) while the absorption and emission bands referred to as the phonon sidebands (PBS). 

 

 

Figure 7: Optical transitions between the ground and excited states in the Frank-Condon picture. The orange curves 
represent the wavefunction of the vibrational level of each electronic state. Note that non-radiative transitions within the 

vibrionic manifold of the electronic states (not depicted) are allowed.

 

The effect that phonon coupling has on the emission of the NV center can be observed by 

recording the emission while cooling the diamond sample to low temperatures. As the 
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temperature is decreased the PBS become smaller and the emission bandwidth becomes 

sharper and centered around the ZPL26.  

 

 

2.7. The NV- Ground state 

While the fine structure of the 3E excited state is highly dependent on the temperature27 

and crystal strain 28, the fine structure of the 3A2 ground state is observed to be a weakly 

dependent on  temperature29. The NV- ground state is also identified by a zero-field magnetic 

resonance at about 2.87GHz as illustrated in Figure 5. This resonance occurs between the 

ms=±1 and ms=0 spin sublevels of the triplet ground state and can be detected by 

conventional electron spin resonance (ESR) or by optically detected magnetic resonance 

technique (ODMR) which will be discussed in more detail later.  

The ground state of a single isolated NV- in an ideal, defect-free and isotopically pure 

diamond crystal can be described by the general Hamiltonian ℋ = ℋ𝑆 + ℋ𝑆𝐼 + ℋ𝐼   , 

Where ℋ𝑆 refers to the part that describe the interactions at zero magnetic field30, ℋ𝑆𝐼  refers 

to the coupling of the electronic spin to the nitrogen nuclear spin (S=1 for 14N) which is 

responsible for the hyperfine structure of the ground state  and ℋ𝐼   describe the nuclear part. 

If we take into consideration only the fine structure ℋ𝑆 takes the following form 

ℋ𝑆 = 𝐷[𝑆𝑧
2 − S(S + 1)/3] + 𝐸[𝑆𝑥

2 + 𝑆𝑦
2] + 𝑔𝑠𝜇𝐵�⃗� ∙ 𝑆  
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Where  𝐷  and 𝐸  are the axial and transverse zero field splitting (ZFS) parameters, 

respectively.  𝑆 and 𝑆𝑥,𝑦,𝑧 are the total spin and its projections,  𝜇𝐵 is the Bohr magneton,  𝑔𝑠 

is the NV electronic spin 𝑔 factor, equal to ~2.0028 31 and  �⃗�  is an external magnetic field. 

This part takes a simpler formwhen the C3v symmetry is conserved (i.e.in the absence of 

strain), in which  case we may ignore 𝐸 . In the presence of an external magnetic field a 

Zeeman splitting is observed with the ms=±1 energy levels each shifted by  𝑔𝑠𝜇𝐵�⃗� ∙ 𝑆 .   

The hyperfine structure of the ground state is, as mentioned before, is determined by the 

electronic and nuclear spins interactions, this can be described by the following Hamiltonian  

ℋ𝑆𝐼 = 𝐴∥𝑆𝑧𝐼𝑧 + 𝐴⊥[𝑆𝑦𝐼𝑦 + 𝑆𝑦𝐼𝑦] 

And  

ℋ𝑆𝐼 = 𝑃[𝐼𝑧
2 − 𝐼(𝐼 + 1)/3] − 𝑔𝐼𝜇𝐵�⃗� ∙ 𝐼  

where 𝐴∥ and 𝐴⊥  are axial and transverse hyperfine parameters respectively,  𝑃 is the 

nuclear electric quadrupole parameter and 𝑔𝐼 is the nuclear spin 𝑔 factor and 𝐼 is the nuclear 

spin . These splitting paramateres are responsible for a separation of the order few MHz. 

For practical reasons, we will often ignore the hyperfine splitting and treat only the fine 

structure of the NV-.  This will be better understood later when the measurement protocols 

used throughout this work are described in more detail. Since most of the measurements 

conducted in this work involve the application of a short microwave pulses to manipulate 

the ground state population, the fast on/off modulation broadens, in many cases, the 

microwave used to probe these transitions by more than the hyperfine separation. 
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Consequentially, applying these pulses drives the entire population regardless of their mI 

value.  

 

Figure 8: The ground state of the NV center. From left to right: The ground state with spin-spin interaction only, 
under external magnetic field and finally including also the interaction with the nitrogen nuclei 

 

2.8. Interaction with the environment 

The ability to store a quantum states is probably one of the most critical and challenging 

requirement that is the cornerstone of any realization of a quantum information processing 

scheme. For a quantum system to be of any practical use it must be able to retain the state 

longer than the time that is required for completion of the quantum algorithm that is to be 
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used. This time scale is typically set by the slowest part of the measurement setup which is 

often composed of classical, conventional electronics.  

Unlike the ideal picture described in the previous section, the NV-  center is not entirely 

decoupled from its environment. The presence of paramagnetic impurities and nuclear spins 

of carbon isotopes in the diamond material often referred to as the “spin bath”, can be 

strongly coupled to the NV- center, and can lead to irreversible loss of information regarding 

the NV- spin state.  

Since in the context of quantum information processing the NV- center ground state is 

often treated as a two-level quantum mechanical system, it is convenient to use the Bloch 

sphere to represent its state. The Bloch sphere is a convenient way to describe the state of a 

two-level system where the north and south poles are often chosen to represent the basis 

vectors (pure states), in the NV- case the ms=0 and ms=1 states.  In the Bloch sphere 

representation, the rate at which the information decays is described by two characteristic 

time constants, often referred to as the “longitudinal” and “transverse” relaxation times, or 

T1 and T2 respectively. The terms “longitudinal” and “transverse” refer to the directions in 

which the vector that describe the state of system changes with time. The longitudinal 

relaxation time, therefore, describe the “lifetime” of the transition, or in other words the 

typical time it takes for the spin to decay from one state to the other, while the transverse 

relaxation, on the other hand, refers to the loss of phase in a superposition state. For that 

reason, the transverse relaxation time is often simply referred to as the coherence time of 

the system.  
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Longitudinal relaxation involves the exchange of energy with the environment. Such 

exchange is, in most cases, accompanied by a change in the phase between the two pure 

states. Transverse relaxation, on the other hand, can occur due to other mechanisms that do 

not involve the exchange of energy. For example, in a superposition states such as 

[|0⟩ + 𝑒𝑖𝜃|1⟩]/√2 where the phase evolution over time depends on the energy difference 

between the eigenstates, fluctuations in this energy difference (due to fluctuations  in an 

external magnetic field, for example) can induce transverse relaxation. Although the 

theoretical limit T2<2T1 and under certain conditions this case can be realized32, in most 

cases  T1 is longer than T2 . 

If an ensemble of systems is considered, additional loss of phase between the individual 

systems can occur due to inhomogeneity of the environment, for example, inhomogeneity of 

the local magnetic field due to varying concentration of paramagnetic defects. Such 

inhomogeneity in the ensemble leads to even faster relaxation, which is denoted as T2
∗ is so 

that T2
∗ < T2 < T1. 

In the case of the NV- center T1 is mostly dominated by interaction with lattice phonons33, 

it is therefore referred to by some authors as the spin-lattice relaxation time and at room 

temperature, it can be modeled using an interaction Hamiltonian of the spin with random 

perturbation34.   

T2, on the other hand, is dominated by dipolar interaction with the spin bath. These spins, 

in general, are randomly polarized35. The inhomogeneous and time-varying magnetic field 

induced by these spins leads to both longitudinal and transverse relaxations. For a single 

center, the precession (around an external or a local, defect-induced, magnetic field at 
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various frequencies and random phases36 ) result in a magnetic noise that reduce both T1 

and T2. In an ensemble of NV- centers such precessions are responsible to inhomogeneous 

broadening of the ground state transition, reducing T2
∗ .  

  In samples with a low density of nitrogen, a typical coherence time  (T2) of 300 s was 

measured37. In such samples, where the nitrogen density is low enough, the coherence time 

is mostly dominated by the hyperfine interaction with the 13C nuclear spins (natural 

abundance of 1.1%). Using isotopically pure diamond with 0.3% 13C abundance have shown 

that reducing the density of these nuclear spins can further increase the coherence time up 

to  1.8 ms 38.   

 

Figure 9: The environment of the NV center. 

Reducing the density of impurities is one method by which the interaction with the 

surrounding spin bath can be reduced. Another method, borrowed from the field of nuclear 

magnetic resonance (NMR) is based on active manipulation of the NV spin state in a way that 

cancels the phase it accumulates due to the interaction with the environment.  Coherence 

time of ~2.4ms39,40 was demonstrated using Carr-Purcell-Meiboom-Gill (CPMG) pulse 

sequence which is widely used in the NMR community. In the last chapter of this work, we 
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will propose a third, novel method by which the NV- center may be further decoupled from 

the environment using high gradient, static magnetic fields. A method to generate such fields 

based on very recent advances in the fabrication of spin vortices will also be proposed. 

It is also well established that NV- centers in close proximity to the surface of the diamond 

possess shorter coherence time then those located deeper in the crystal. This fact is often 

attributed to the higher magnetic and electric field noises in the vicinity of the surface. The 

presence of electric and magnetic field noise on surfaces and interfaces of materials is a well-

known phenomenon, studied mostly in the context of silicon. The 1/f noise generated close 

to the silicon surface is known to originate from dangling bonds which act as a trap for 

conduction electrons, and also to the fact that these dangling bonds are paramagnetic41.  

A number of recent studies have tried to trace the origin of these surface noises in 

diamond 42–45 and concluded that dangling bonds from un-terminated carbon atoms are 

responsible for the magnetic noise in the vicinity of the diamond surface.  Such magnetic 

noise might lead to the reduced coherence time observed for shallow NV-s46,47. Contrary to 

this, other reports suggest that the reduced coherence could have a different origin. For 

example, Rosskopf et al. 45 have studied shallow NV- centers and discovered that while the 

spin-lattice relaxation time (T1) of NV-s at various distances from the surface had changed 

by more than two order of magnitude the spin dephasing time (T2) which was measured 

using Hahn-echo sequence remained constant and uncorrelated to T1. This led them to 

conclude that T2 was governed by low frequency noise that is not necessarily related to the 

surface. Furthermore, changing the surface termination did not change the measured 

relaxation times, leading them to conclude that surface noise is  not associated with the 
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termination of the surface atoms.  In another interesting work by Kim et al. 48 a 4.6 fold 

increase in T2  was observed when a liquid with high dielectric constant was applied onto the 

surface of the sample. By doing so they reduced the amplitude of the fluctuating electric field 

from the surface without changing the spin density from dangling bonds. Their results 

suggest that electric field fluctuations are a major contributor to reducing the NV- spin 

coherence.  
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3. NV Center in Diamond Damaged by 
High Energy Ions 

 

3.1. Introduction  

As mentioned in the previous chapter, long coherence times are a “must have” for most 

practical application of NV- centers. While NV centers that are formed during the diamond 

growth process exhibit long coherence times they often lack a very important additional 

feature that is also required by many applications; spatial control over their location. The 

conventional technique used to gain such control, which is very common in the 

semiconductor industry, is ion implantation. During the ion implantation nitrogen ions are 

introduced into the crystal, typically through a hard mask which defines their lateral spatial 

location.The energy of the implanted ions   determines the depth under the surface to which 

the ions will penetrate. 

A by-product of ion implantation is structural damage created through their collisions 

with the carbon atoms that make the diamond material. The damage traces they leave consist 

mostly of point defects such as vacancies and interstitials in the diamond lattice. These 

defects are absorbing and if present at high concentrations will turn any crystal-clear 

diamond to be opaque. However, both vacancies and intersitials  can diffuse through the 

crystal when subjected to elevated temperatures in a process called annealing which in many 

cases can restore the diamond almost to its original structure.  
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During the annealing process, the point defects may bond with the implanted 

nitrogen, other impurities, and even other point defects. For example, in the case where a 

vacancy bond with a nitrogen atom, they form an NV center which can be very useful method 

to increase the NV concentration. Howeverd, when compared with native NV centers, those 

that were produced by ion implantation and subsequent annealing possesse much shorter 

coherence time, an effect that was attributed to the generation of nearby complex defects 

created during the annealing after the ion implantation 49.  

Divacancies, a defect composed of two adjacent vacancies,  are known to possess 

paramagnetic properties50,51. These extended defects can be annealed out after prolonged 

exposure to temperatures of more than 800°C. An increase in the coherence time of NV 

centers exposed to such temperature led to the conclusion that divacancies created during 

the annealing are responsible for the shorter coherence time found in ion implanted samples.   

 While it is well established that the divacancies have paramagnetic properties, which 

could reduce the NV coherence, it is also known that diamond crystals that were implanted 

with high energy ions exhibit paramagnetic behavior even without annealing. For example, 

at 1981 Teicher and Besserman52 reported that type Ia diamond implanted with antimony 

ions exhibit an electron spin resonance signal with a g-factor of 2.003 that was attributed to 

the presence of an electron in a dangling/broken bond. The signal intensity of that resonant 

line was increased with the implantation dose. Other authors have reported similar results 

with different types of diamonds and with various ion species and energies 53–55 . Despite 

some obvious dependency of the line intensity on the exact ion species56, all of the reports 

clearly show that ion implantation introduces paramagnetic defects to the diamond material, 
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with density higher than that of the implanted ions themselves. In fact, the signal intensity 

was shown to scale as the defect density rather the implanted species.  

 While the exact origin of the g=2.003 line observed after ion implantation remains 

unclear, the fact that the damage created by ion implantation consist mostly of neutral, 

isolated vacancies, which are known to be diamagnetic from both theoretical calculations 

and empirical results57 led the authors of these reports to attribute this dangling bond to an 

a mixture of various defects. Such mixture could contain complexes of both vacancies and 

interstitals. Another explanations for the presence of g=2.003  line suggest that part of the 

damage caused by ion implantation is the creation of structures with non-tetrahedral, short 

range,  symmetry58 and that for the case of high energy ions these structure are stretched 

along the ions path59.  

Since the coherence time of the NV- the center ground state is known to be strongly 

dependent on the density of paramagnetic defects we tried to use it to examine the effect of 

the damage induced by ion implantation. To do that, a single crystal diamond was implanted 

with high energy ions in a cross-sectional geometry, after which the coherence time of 

naturally occurring NV- centers in the sample was measured along the path of the ion. The 

following sections will address the experimental measurement protocols and will conclude 

with the results. 

 

3.2. Overview of the experiment 
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To examine the effect of damage induced by ion implantation on the NV center coherence 

time, high energy alpha particles were implanted into a single crystal diamond through a 

hard mask in a cross-sectional geometry (Figure 10). In this configuration, the ions penetrate 

the sample from a side facet leaving a trail of damage with a well-defined profile. The native 

NVs in sample were then studied, without annealing, from the top, in a direction 

perpendicular to the direction of the implantation. To measure the study the NV center 

fluorescence a home-built confocal microscope and a Raman microscope were used.  

 

Figure 10: Illustration of the experiment geometry. The high energy ions are implanted from the side while the 
damaged diamond is interrogated in a direction perpendicular to the direction of implantation. The End of Range 

represent the distance at which the ions come to a rest. 

 

 

3.3.  Sample preparation 

Two types of single crystal diamond samples containing low density of impurities were 

used in this part of the work. Both types contain low density of impurities so that the 

coherence time of the native NVs is as long as possible. The samples, a 4 x 4 x 0.5 mm 

electronic grade and 2.6 x 2.6 x 0.3 mm optical grade were obtained from Element-6. The 
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diamonds were fabricated using chemical vapor deposition (CVD) and had a nitrogen 

concentration of less than 5 ppb  for the electronic grade sample and 5 ppm for the optical 

grade sample.

 Since the region of interest in this experiment lies close to the sample edge, the side 

facet of the sample was polished using a diamond polishing wheel until a sharp edge was 

obtained. The sample was mounted on a special stainless-steel holder (called “dop” in the 

diamond polishing industry) and held using a spring against the polishing wheel.  

 

Figure 11: Scanning electron microscope image of the polished PPB sample.  The bottom facet is the was the 
implanted surface, the upper facet was optically probed. The red arrow indicate that the chipping at the edge of the 

sample are sufficiently small compared to the depth of the ions.  

After polishing, the samples were cleaned from any residual materials with a mixture of 

boiling acids consisting of sulfuric acid and sodium nitrate heated to about 350°C. This 

mixture is in common use for cleaning diamond and it removes both organic and inorganic 

materials as well as any non-diamond carbon that may be attached to the surface. The 



31 
 

samples were then mounted on a holder made of aluminum and secured to their place with 

silver paste. The silver past was used to provide good thermal and electrical conductivity to 

prevent the sample from overheating and getting charged during the ion implantation.  To 

implant, various doses of ions on each of the samples, a mask made of two tantalum sheets, 

one of which contained equally spaced rectangular holes and another sheet with only one 

hole, slightly bigger, was used. The second sheet was placed on the top of the first, leaving 

only one area exposed to the ion beam (the results can be seen in Figure 15).  

3.4. Ion implantation 

Ion implantation is a well-established technique for introducing dopants and impurities 

into semiconductors and has been used for decades as a means of changing the electrical and 

chemical properties of the implanted material60.  Ion implantation is achieved by aiming an 

energetic beam of ions into a solid material, the accelerated ions penetrate the sample and 

eventually come to rest below the surface. The depth at which the ions stop is determined 

by the ion mass, energy, and the target material. The implanted ions go through a collision 

cascade and lose their energy in a succession of Coulomb interactions between the projectile 

ions and the material which they traverse. In many cases the energy lost in each collision is 

sufficient to displace the atoms of the target material from their place, leaving a trail of 

damage along the ion path.  

The energy loss mechanisms that are responsible for the slowdown of the ions have been 

traditionally separated into two distinct types of interactions between the ions and the target 

material. Each of these types of interaction dominates the slowdown of the ions at different 

energy regimes, a fact that is reflected in the damage trail the ions leave in the target material. 
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The first type of interaction is between the implanted ions and the electrons in the target 

material, and it is generally inelastic. This interaction between the ions and the bound 

electrons occurs via Coulomb interaction. The other type of interaction is with the nuclei of 

the target material, this interaction is generally an elastic one. The energy loss due to 

interaction with the electrons is more probable at high energies than interaction with the 

nuclei. Nuclear interactions, create considerable damage to the target material and include 

displacement of atoms and creation of vacancies.  

In the beginning of the slowdown process, the incident ion still possesses high energy 

and the electronic energy loss mechanism dominates. As the ions are slowed down the 

collisions with the nuclei of the target material become more and more probable until they 

dominate the stopping process. When atoms of the target material receive significant energy 

from a collision they will be removed from their lattice site and produce a cascade of further 

collisions in the target material. Other processes are also known to take place in the slowing 

process, these processes, however, are characterized by a low cross section compared to the 

electronic and nuclear interaction and will not be considered here. 
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Figure 12: The stopping power, or otherwise the loss of energy after propagation in the material at a given energy.  

 

The disruption of the preexisting atomic arrangement of the lattice as a result of the ion 

implantation is generally referred to as radiation damage. The displacement of atoms in the 

target material that result in the creation of vacancies is one form of radiation damage that 

may occur if the energy that is transferred to the target nuclei by the incident ion is greater 

than a value known as the displacement energy Ed.  Theoretically, Ed is the energy required 

to form a stable Frenkel pair where the separation is greater than the recombination radius, 

so spontaneous recombination is inhibited. Actual values of the displacement energy are 

typically higher than this since defect formation is a multi-body collision process which 

involves energy transfer to more than just the target nuclei. Furthermore, in crystals, the 

actual displacement energy can also depend on the direction of the collision with respect to 

the lattice structure.  In the case of diamond, the displacement energy is equal to 37.5±1.2 



34 
 

eV for incidence in the [100] direction, 45.0±1.3 eV in the [111] direction, and 47.6±1.3 eV 

in the [110]

When a collision like the one described above occurs the target nuclei is dislodged from 

its lattice position leaving a vacancy site 62. If the energy transferred to the recoiled atom is 

much larger than Ed it will continue to create further displacements in the target material in 

a collision cascade. At some point the energy transferred by the ion to the target nuclei, it 

will be smaller than Ed and it will no longer cause further displacement. From this point, the 

ion loses its kinetic energy through hard collisions that will generate heat, until finally, after 

losing all its kinetic energy, it will stop. The penetration depth of the ion often referred to as 

the stopping range, can reach up to tens of micrometers below the surface for a high energy,  

light atom.

In crystalline materials, the ion penetration depth also depends on the crystal orientation 

with respect to the incidence ions. At some specific angles, the ions can penetrate much 

deeper into the target material. This effect, known as channeling, can be described from a 

classical point of view as if the ions are scattered only by small angles from the lattice planes, 

so they are “guided” through the layers of the atoms in the crystal.  

To estimate the damage concentration a Monte-Carlo simulation program known as 

SRIM was used. SRIM is a simulation package that provides information regarding the ion 

and damage distributions by following the collisions that individual ions undergo in their 

passage through the material. Typical results of vacancy concentration and the distribution 

of ion in diamond implanted with 2MeV He ions are presented in Figure 13. To avoid 
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channeling effects, which are not taken into account in SRIM, all samples were tilted by 3 

degrees during the implantation. 

 

 

Figure 13: Results of SRIM simulation for 2 MeV Helium in diamond (a) Trajectory of the ions inside the material (b) 
Probability density for vacancy production (c) Distribution of the implanted species as a function of the depth. 

 

The ion implantations in this experiment were done in two different pelletron 

accelerators located at the BINA center at Bar-Ilan University (BIU) and at the University of 

Melbourne (UoM). The ion source in these accelerators is a radio frequency (RF) ion source 

which is used to ionize hydrogen and helium gas. The mixture of ionized particles passes 

through a device that separates the ions based on their mass using magnetic field (a 

“separator”) after which they can be accelerated to energies ranging from 1- 5 MeV. The 

entire acceleration process is done in high vacuum and the beam is kept collimated using 

magnetic quadrupole lenses.   

During the ion implantation process a considerable charge is deposited into the sample 

and in addition, electrons are also scattered from the sample due to the high energy 

transferred by the ions. Sample charging during the implantation can distort the beam and 
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damage the implantation homogeneity and dose measurement.  In our implantation, besides 

grounding the sample, a shield made of copper was placed around the sampl. The shield was 

maintained at  a potential of about 1kV volt so that scattered electrons will be repelled back 

to the sample holder. In this configuration, the discharging of the sample occurs only through 

the current digitizer (ORTEC, 439) that was used, together with a counter (ORTEC 771), and 

thus enables a measurement of the dose of ions implanted into the sample. Applying 1kV was 

well above what is required to achieve this effect and in fact, it was seen that the current 

reading was already stable at 300V.  

 

Figure 14: The Copper shield surrounding the sample inside the accelerator located at the University of Melbourne. 
The ion beam enters through a hole in the middle of the shield. The electrons scattered from the sample are repelled back 

to the sample by the potential on the shield. 

To achieve better homogeneity in the implanted region, the ion beam was constantly 

scanning the sample. By scanning the region with the beam any inhomogeneity in the beam 

fluence is averaged out, making sure that the entire area gets the same dose. Steering the 

beam was achieved by applying an AC magnetic field which was produced by four solenoids 

driven with a modulated current source.  
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Table 1 and 2 summarize the doses, energies, and type of particle used for the 

implantation.  Also listed for convenience are the maximum density of vacancies as obtained 

from SRIM. At first, we implanted the PPB sample hoping to perform the following 

measurements on single NVs, however, as will be discussed later we have found out that the 

high background signal in the implanted region was extremely strong and prevented such 

measurements. We did, however, find some interesting features which will be reported later 

and thus we include these samples in this report as well.   

 

 

Region Particle  Energy Dose 

(/cm2) 

Max Vacancy 

Concentration 

1 Alpha 2 MeV 1E17 323 V/cm3 

2 Alpha 2 MeV 1E15 321 V/cm3 

3 Proton 1 MeV 5E16 122 V/cm3 

4 Proton 1 MeV 1E14 220 V/cm3 

 

Table 1 : Implantation details for the PPB sample  For the 2 MeV alpha particles the longitudinal range was 3.5 and 
the straggle 66.8nm. For the  1MeV Protons the longitudinal range was 8.04 and the straggle 117.7nm 
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Region Particle  Energy Dose Max Vacancy Concentration 

1 Alpha 2 MeV 1E15 3E21 V/cm^3 

2 Alpha 2 MeV 1E14 3E20 V/cm^3 

3 Alpha 2 MeV 1E13 3E19 V/cm^3 

4 Alpha 2 MeV 1E12 3E18 V/cm^3 

5 Alpha 2 MeV 1E11 3E17 V/cm^3 

 

Table 2: Implantation details for the PPM sample 

  

 



39 
 

3.5. Optical Characterization  

A visual inspection of the implanted samples with a transmission microscope 

immediately reveal the effect of the implantation, as can be seen in Figure 15 where the 

surface from which the ions are introduced is presented. As mentioned before, the damage 

created by the implantation cause the clear diamond to appear opaque, where in some cases 

it may turn completely black. In order to find the exact nature of the damage and to obtain a 

quantitative assessment of it, optical spectroscopy is often employed. 

 

Figure 15: Side view (from the direction of the implantation) of the PPB sample. The red rectangles indicate the 
regions that were implanted and the corresponding implantation dose. Picture was taken in transmission mode where the 
sample was illuminated from the back to obtain better contrast between the implanted regions and the rest of the sample. 
Darkening of the sample is a result of the damage induced by the ions. The bottom edge is where the sample will later be 

probed. 

 

Optical spectroscopy and Raman spectroscopy, are widely used to study all forms of 

carbon allotropes and the structural transformation induced by ion implantation in 

diamonds. The sensitivity of Raman spectroscopy to any variation of the diamond from the 

ideal crystal structure makes it a particularly useful tool for that purpose. The presence of 

sharp Raman line at 1332  cm-1 allows cubic diamond to be easily distinguished from 

background emission from graphitic carbon and can even be used to characterize the 

graphitic carbon itself 63.  Furthermore, since the periodicity of the lattice extends over a 
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distance large compared to the wavelength of the excitation laser, the diamond line can be 

observed even in a non-infinite, imperfect crystals, making Raman spectroscopy useful even 

in heavily damaged diamond. 

Room temperature Raman and photoluminescence spectra presented in this work were 

obtained using a home-built Raman microscope equipped with a Horiba spectrometer. The 

low-temperature spectra were obtained using a Renishaw Raman microscope equipped with 

a temperature-controlled stage (Linkham). The excitation laser in both systems was a 532 

nm DPSS laser focused on the sample through either x50 or x100 microscope objective. The 

fluorescence and scattered light were collected through the same objective. Both systems 

were equipped with a computer-controlled stage to enable mapping of the sample under 

investigation with a step resolution of 100nm. 

 

Since the vibrational frequencies in the diamond lattice depend on the distance between 

the carbon atoms, the peak position of the Raman line varies as the result of strain or plastic 

deformation. The factors controlling the linewidth of the diamond Raman transition are 

more complex but may be understood in terms of the presence of defects that contribute to 

lifetime broadening of the phonon64. In the absence of a well-defined crystal, the phonons 

are confined in space by microcrystallite boundaries formed by these defects. For these 

reasons, broadening of the Raman line can be used as a measure of the defect density in the 

highly disordered diamond material. 

The sensitivity of Raman spectroscopy to the specific types of carbon bonds give rise to 

other peaks often seen in implanted diamond materials at 1550 and 1580 cm-1. The band 
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around 1580 cm-1 is usually referred to as the G band  and is attributed to stretching of the 

C-C bond in graphitic materials. The G band is common to all sp2 carbon systems. The origin 

of the other peak at 1550cm-1 seems to be less clear with some authors suggesting it 

originates from carbyne  and some suggesting it originate from amorphous and diamond-

like carbon (DLC)   

 

Figure 16: Spectrum collected at the ion stopping range from the diamond implanted with 1014 ions/cm2 at 2MeV. 
The excitation wavelength was 532 nm. The sample was cooled to liquid nitrogen temperature to obtain sharper peaks. 

The spectrum shown in Figure 16 is a typical example of an implanted diamond in which 

the 1550 cm-1 and 1580 cm-1 can be seen clearly. To better define the separation between 

the Raman lines the spectrum was collected at liquid nitrogen temperature. As discussed in 

the previous chapter the photoluminescence lines become narrower at low temperature due 

to the reduced density phonon. 

In many cases, other lines can also be observed in implanted diamond. Beside the Raman 

line and the NV photoluminescence, isolated neutral vacancies also exhibit strong 
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photoluminescence. The isolated neutral vacancy ZPL is located at 741 nm in their neutral 

charge state .  This fact makes photoluminescence very useful for characterizing the 

implanted regions. 

Figure 17 presents a spectrum measured from region 2 of the PPM sample at two 

different positions. The blue line was taken from 3µm beyond the stopping range where no 

radiation damage should appear while the orange line was taken 3.5µm from the sample 

edge corresponding to the ion stopping range where the maximum damage density should 

occur according to SRIM simulations. The 741nm, which cannot be seen in the pristine 

diamond, clearly dominates the spectrum that was recorded from the damaged region, 

located at the ion stopping range.  

 

Figure 17: Spectrum obtained from pristine (blue) and at the peak of radiation damage (red) at room temperature 
from sample 2 (ppm) region 3 (1013 ion/cm2).  
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The first question that arises when observing this spectrum is why the NV centers 

emission lines appear to be weaker in the damaged part of the diamond. Though 

implantation can change the density of the NV centers in the sample even without annealing, 

for example by knocking out one of the surrounding carbon atoms around the NV, it is a 

process with a very low probability and in fact since the density of nitrogen atom is much 

higher than that of NV centers turning a substitutional  nitrogen into an NV, is far more 

probable71.  The lower intensity of NV emission in the implanted region, seen in Figure 17  is 

more likely the result of the reduced transparency of the sample after the implantation. The 

high density of absorbing defects induced by the ion implantation, for example, the isolated 

vacancies, which can be excited with visible light, clearly affect the sample transparency. 

Another mechanism which might affect the fluorescence intensity of the NV centers is 

quenching of their emission by additional, non-radiative, decay paths. Such additional decay 

path may result from coupling between the NVs and nearby structural defects created by the 

ion implantation72. As will be shown later the inherently weaker emission of the NV centers 

in the presence of structural damage is a major obstacle in measuring their properties in 

such environments. 

To distinguish between reduced transparency and the change in the NV density , we used 

both the photoluminescence and Raman signals. Considering the fact that the intensity of the 

Raman line is unaffected by quenching mechanisms that may affect the NV fluorescence, it 

will be safe to assume that in moderate damage densities (where the Raman is not shifted 

nor broadened) any change in the Raman intensity is the result of the reduced transparency 

of the sample. In addition, for moderate damage densities, well below the graphitization 

threshold, the observed change in the transparency of the diamond originates almost 
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entirely from absorption by isolated vacancies.  The absorption of the vacancies, to the best 

of our knowledgehas only a weak dependcy on the photon energy over the spectrum 

spanned by the Raman and NV emission, thus the attenuation of the both the Raman and NV 

emission intensities due to the presence of absorbing vacancies should be the same. Based 

on these arguments, we used the Raman line intensity as a scale to measure the relative 

absorption due to vacancies and to investigate the change in NV luminescence due to 

quenching. 

To better isolate each of the NV transitions from the strong sideband of the V0 emission 

we performed these measurements at liquid nitrogen temperatures. Low temperatures 

suppress the overlapping phonon sidebands of the NV and V0 and proportionally enhance 

the zero-phonon line. 

Figure 18 presents the spectrum collected from pristine and an implanted region at 

liquid nitrogen temperature after scaling it using the Raman transition.  A strikingly apparent 

result of that scaling is that both the NV0 and NV- lines are significantly weaker relative to 

the pristine diamond.  
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Figure 18: Comparison of the spectrum obtained from an implanted region in sampel 2 (ppm) region 3 with that of 
the pristine part of the same sample. 

A closer look at the Raman line reveals negligible  broadening of less than 12%. This 

broadening was measured by fitting the line to a simple Lorentzian. It should be noted that 

some of the diamond phases in the sampled region was clearly transformed into sp2 carbon, 

as evident from the small graphite related band at 1580 cm-1.. While it is not clear what is the 

sp3 to the amorphous carbon content of the 1550 cm-1 line, the absence of any visible peak at 

1245 cm-1 as seen in Figure 16  could suggest that the amorphous part is negligible here as 

well 73.  Based on these results we can say that implanting diamond with moderate doses as 

reported in this work, the sample remains mostly sp3 bonded in terms of content.  
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Figure 19: Comparison of the Raman line fitted to simple Lorentzian for pristine and for the region implanted with 
1015 ions/cm2. Only a minor broadening was observed. 

 

Two conclusions can be drawn from the spectrum presented in Figure 18. The first is 

that the photoluminescence intensity of both the NV-  and NV0 is reduced after the 

implantation and the second is that the NV- to NV0 ratio had been slightly altered.  

Considering that the reduced transparency has already been considered by scaling the 

spectrum with respect to the Raman line, we believe that the reduced fluorescence intensity 

from the NV center is indeed due to quenching. 

Another interesting observation is the change in NV-/NV0 ratio. In general, a change in 

the NV-/NV0 may result from several reasons, one of them and probably the one with the 

strongest effect is the variation of defect concentration which acts as donors or acceptors. 

Such a change may alter the NV charge state, as described in the previous chapter. 

Theoretical calculations71 have suggested that the NV-/NV0 is extremely sensitive to the 

presence of di-vacancies, which are deeper acceptors than the NV-, where an increase in the 

di-vacancy density will cause the NV-/NV0 to decrease. The fact that in our case the NV-/NV0 
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is increasing gives a good indication that very few di-vacancies were produced during the 

implantation. This finding is in good agreement with the prediction that production of di-

vacancies requires elevated temperatures where vacancies become mobile. The increase in 

the NV-/NV0 essentially tells us that the point defects produced by the ion implantation act 

as donors .  

Another demonstration for that use of the Raman line is presented in Figure 20 and 

Figure 21. Here the profile of the damage induced by the ions was studied by recording the 

V0 fluorescence and the Raman intensity from single isolated vacancies along the path of the 

ion. The recording starts from the pristine diamond while moving towards the sample edge, 

ie from beyond the end of range, through the peak of the damage profile and then with 

decreasing damage towards the edge. In theory, the intensity emitted from the neutral 

vacancy (V0) should follow the profile of the damage as obtained from the SRIM simulation 

presented in Figure 13.  In practice, however, the density profile of the V0 and the profile of 

the radiation emitted from them do not coincide.  At first, it might look as if the highest 

density of vacancies is not at the ions stopping range, examining the Raman intensity profile 

reveals that it has a local minimum at that position. As explained before that minimum is due 

to the higher absorption in that region. After scaling the density of vacancies with respect to 

the Raman intensity we were able to obtain a profile that closely resembles the theoretical 

expectation.  
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Figure 20: Raman line and V0 ZPL peak intensity as a function of the position on the sample 2 (ppm) region 3 as specified 
in Table 2. Here 0 represent the edge of the sample where the positive position is outside the sample and negative numbers 
are inside the sample. 

 

Figure 20 shows both the Raman signal and the peak intensity of the V0 emission as 

recorded at room temperature. The two vertical lines are used to indicate the ions stopping 

range (left) and the edge of the sample (right). The scaling was performed on a point by point 

basis where each of value from the vacancy profile was divided by the corresponding Raman 

intensity.  It should be noted that due to the limited spatial resolution of optical microscopy 

it is not possible to exactly reproduce the profile obtained with SRIM. For this reason the 

plots presented in this section are a “moving average” of the actuall damage density (the fact 

that we still pick a signal at 1 µm outside the sample suggest that the actual resolution is 

somewhere near 2 µm). Nevertheless, the maximum damage and the general trend are the 

same as those obtained from the simulation. 
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Figure 21: The V0 ZPL peak intensity as a function of position after division by the Raman line peak intensity. as a function 
of the position on the sample 2 (ppm) region 3 as specified in Table 2. Here 0 represent the edge of the sample where the 

positive position is outside the sample and negative numbers are inside the sample. 

 

One of the things we noticed while performing the measurements described above is that 

for the PPB sample, which was implanted with both protons and alpha particles, An example 

of these lines can be seen in  Figure 22 which presents the spectrum collected from the two 

regions of the PPB sample which were implanted with proton and alpha particles. As can be 

seen, the proton implanted region exhibits many more lines than the alpha implanted one. 

Among these lines, one is especially dominant, located at ~671 cm-1 at liquid nitrogen 

temperature.  

At room temperature, this line appears to be much broader and shifted to 700 cm-1 

(corresponding to ~553nm).  interestingly we were not able to identify any specific defect 

to which we could attribute this line in the literature. To examine whether these lines are 

related to stresses in the diamond we annealed the PPB sample at ~500 degrees Celsius 

under high vacuum for 1 hour. A comparison of the spectrum obtained from the sample 

before and after annealing are presented in Figure 24 
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Figure 22: Spectrum collected from the regions in the PPB sample implanted with He (black line) and H (red line) at 
liquid nitrogen temperature. The intensity was normalized with respect to the 1st order Raman line.  

 

while most of the lines are gone after the annealing, including the 700 line, a new line at 

~500cm-1 (~546nm) appeared instead of it (Figure 24),  while identifying the possible 

structure of this defect is out of the scope of this work,  the only defect we were able to 

identify that share the same ZPL is the ST174,75 . yet very little known on the ST1 center which 

was previously previously in high purity diamond after fabrication with reactive ion etching 

(RIE) and is known to have a C2v symmetry and to have a spin density distributed over 

several atomnic sites74. Since the ST1 center holds great potential for the quantum 

application it would be interesting to find whether the defect we see here is indeed the ST1.  
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Figure 23: Spectrum obtained from the hydrogen implanted region at room temperature collected along the path of 
the ion. The black line represents the pristine diamond with each consecutive line collected 1m away from the previous 

one towards the sample edge with a total of 13 lines. The top line is collected from the very edge of the sample. The 
stopping range of hydrogen implanted ions was about 12m. 

. 
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Figure 24: The spectrum obtained from the region that was implanted with protons in the high purity (PPB) sample 
before and after annealing at 500 degrees celsius for1 hour   

Concluding this part of the work, we have shown that the damage profile obtained after 

the implantation is similar to what was expected from the simulations. After taking into 

account the additional absorption introduced by the vacancies by scaling each spectrum with 

respect to the raman line we concluded that the presence of defects introduced by the ion 

implantation, close to the NV centers, quench their photoluminescence. The weaker signal 

close to the end of  range is crucial to understanding the result obtained during this 

experiment as will be further explained later. 
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3.6. Coherent manipulation of the NV spin state. 

In the following section, the methods used to characterize the NV- grounds state will be 

presented and discussed in more detail. While some experimental results will be used to 

better illustrate some of the concepts discussed here, the full experimental setup used to 

obtain them will be presented in detail only in the next section  

 The first step in trying to manipulate the NV- ground state is to experimentally 

determine the exact resonance frequency of the ground state transition. To do that a 

technique which is often referred to as Optically Detected Magnetic Resonance or in short 

ODMR is used. ODMR uses low-intensity laser excitation and low power microwave radiation 

simultaneously to probe the NV- center ground state, it takes advantage of the difference in 

photoluminescence intensity of the two spin states associated with each groud state level 

level  (ms=±1  and ms=0) in the transition from the 3E  excited, as  presented in the previous 

chapter.  

In a nutshell, an ODMR spectrum is obtained by recording the photoluminescence from 

the NV center under microwave radiation while sweeping the microwave frequency. When 

the microwave is off resonance, the microwave field has no effect on the ground state 

population. Due to the transition moments discussed above, the low-intensity laser simply 

pumps the NV- into the ms=0 spin state, and maintains that state’s population against 

thermal deexcitation.  Under such circumstances, the photoluminescence intensity from the 

NV-s is maximal and should be rather constant as long as the microwave is far from 

resonance. When the microwave field is resonant with any transition between the level 

corresponding to the ms=0 spin projection to another spin projection, the NV- spin will cycle 
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between the corresponding spin states.  As discussed in the previous chapter this will result 

in lower photoluminescence intensity. By sweeping the microwave frequency and 

simultaneously monitoring the NV- luminescence intensity it is possible to experimentally 

determine the ground state resonance frequencies.  ODMR is often performed under an 

external magnetic field in order to distinguish between the otherwise degenerate ms=+1 

and ms=-1 states, and in the case of ensembles, it may also be used to distinguish between 

different orientations.  

When a static magnetic field is applied along an arbitrary direction the single resonant 

transition around 2.87 GHz is split into two transitions which correspond to the  |0⟩ ↔ |+1⟩ 

and |0⟩ ↔ |−1⟩  spin states.  The splitting of this transition often referred to as Zeeman 

splitting, will depend on the amplitude of the external field and on its orientation relative to 

the NV- symmetry axis. An example to that splitting is presented in Figure 25, where a 

magnetic field was applied using a permanent magnet with an arbitrary orientation, and its 

magnitude was changed by changing the relative distance of the magnet from the diamond 

sample (while maintaining the orientation). As the magnet is positioned closer to the 

diamond sample the splitting increases. An interesting phenomenon which can be observed 

is that for stronger fields the contrast between the resonance dip and steady-state 

fluorescence gets smaller.  This effect happens only when the magnetic field is not parallel to 

the NV- orientation under investigation. In such a case the transverse part of the magnetic 

field leads to mixing of the states, which result in the reduced contrast.  
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Figure 25: ODMR signal under magnetic field of 1.4,1.1 and 0.7 mT. Note the decreasing contrast.  

 

In the case of ensembles, where NVs may be at any one of the four different orientations, 

the ODMR spectrum can be composed of four shifted copies of the spectrum depicted in 

Figure 25. In fact, if the microwave intensity is weak enough to avoid power broadening, it is 

also possible to see the hyperfine structure due to interaction with the nitrogen nuclei, 

leading to as many as 24 resonant transitions in total. An example of this is shown in Figure 

26. For some specific orientations of the magnetic field, some of these transitions might be 

degenerate, for example, in the case where the magnetic field is parallel to one of the possible 

NV- orientations (i.e. along the [111] crystal orientation).  The projection of the external 

magnetic field along the other orientations is symmetric and will thus have the same Zeeman 

splitting. (We ignore for the moment the opposite sign of the field).  In that case, NV- centers 

with these three orientations contribute a dip at the same frequencies and have the same 

ODMR spectrum. The resulting ODMR spectrum will be composed of two pairs of resonant 
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transitions, symmetrically shifted around the 2.87GHz. In most of the orientations, however, 

the projection of the external field over each of the four NV- orientation will be different, this 

fact is extremely useful for magnetometry applications as it enables the measurement of not 

only the field amplitude but also its direction.  

 

Figure 26: ODMR spectrum of NV ensemble under external magnetic field with arbitrary orientation.  

As mentioned above the presence of transverse magnetic field cause mixing of the states, 

which affect the contrast of the resonances observed in the ODMR spectrum. In general, it 

might be expected that for a given magnitude of magnetic field, a larger angle between the 

NV- of that particular orientation and the external field will result in  a smaller observed 

Zeeman splitting. A  larger angle means a larger transverse component of the external field 

which should result in stronger mixing and lower contrast.  However,  closer look at Figure 

26 reveals a striking deviation from these predictions. In the spectrum presented in Figure 

26  the pair of resonant transitions closest to the ZFS frequency of 2.87GHz appear to have 
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contrast which is similar to that of the pair with the smallest transverse component (the 

transition with the largest splitting). To understand this one must also take into account the 

polarization of the driving microwave field.  

The coupling efficiency between the NV- and the microwave antenna whether it is a wire, 

or more sophisticated method like coplanar waveguides (will be discussed in more detail in 

the next chapter) has a major role in determining the contrast.  Clearly, if the driving field is 

polarized perpendicular to the NV- axis it will be decoupled from the NV- and will not induce 

any population transfer. To verify that the coupling efficiency is indeed what causes the 

strange contrast behavior we rotated the magnetic direction by 90 around the [100] axis 

while keeping the sample fixed. This should switch the places of two of the orientation in the 

ODMR spectrum. The effect of that rotation can be seen in Figure 27 

 

Figure 27: ODMR spectrum taken from the same location with the magnetic field rotated by 90 around the normal to 
the sample (here Z axis represent the normal to the sample surface).  

Minute changes in the Zeeman splitting between the spectrum in Figure 26 and Figure 

27 are the result of the imperfect positioning of the magnets with respect to the sample. It 
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can be seen however that the two inner transitions switched places, as expected, confirming 

that the change, in contrast, is indeed the result of the coupling efficiency to the microwave 

antenna as well as the orientation of the external DC magnetic field. These results emphasize 

the importance of choosing the right magnetic field orientation when performing 

measurements on specific orientation in order to obtain the maximum contrast. 

As mentioned before, at low enough microwave intensities, where power broadening 

due to the microwave field is small, it is also possible to resolve the hyper fine splitting rising 

from the interaction between the NV- electronic spin and the nuclear spin of the nitrogen in 

the NV- complex. For 14N which possess a spin I=1 the hyperfine splitting will be seen as 

three transitions with a spacing of about 2.2MHz as seen in Figure 28. The width of the peak 

depends mostly on the microwave intensity and on the coupling strength between the 

microwave antenna and the NV- center as we just showed.  

 

Figure 28: A zoom-in on the ODMR spectrum where the hyperfine splitting is resolved. Obtained with microwave 
intensity of 3dBm under ~32 Gauss static magnetic field produced by an electromagnet and directed along the [111] 

direction. The microwave was applied using a coplanar waveguide.  
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If the applied microwave field is resonant with one of the ground state transitions, it will 

induce coherent population oscillations, known also as “Rabi oscillation”, between the two 

spin sublevels. The standard method used to observe Rabi oscillation in NV- centers involve 

a pulse sequence similar to the one depicted in Figure 29. The sequence begins with a laser 

pulse, long enough to optically pump all the population into the ms=0 state. Pulses of a few 

microseconds with a laser power of a few hundred microwatts are typically sufficient when 

a confocal microscope is used. In principle, the time to attain nearly complete spin 

polarization at such intensities is much faster than a few microseconds, however, longer 

pulses are often used in order to avoid any cases in which the longer-lived singlet, 1E state, 

is still populated.  In the second part of the sequence, a resonant microwave pulse with 

variable pulse width and amplitude is applied. The microwave pulse drives the population 

into a superposition of the spin sublevels. In the last part, another laser pulse is applied, and 

the photoluminescence is recorded simultaneously.  The photoluminescence intensity at the 

beginning of the detection pulse is compared with the intensity at the end of the pulse 

(denoted as S for “signal” and R for “reference” in Figure 29 respectively). The change in the 

photoluminescence signal represents the degree of population transfer.  
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Figure 29: measurement scheme used to observe Rabi oscillations. A laser pulse (green) is used to excite the 
NV- centers for both initialization and readout while a microwave pulse with varying width and amplitude is used to 
coherently transfer the population in the ground state. The relative change in photoluminescence expressed as the 
difference between the integrated intensity at the beginning of the detection pulse (marked as S) and its end (marked as R) 
is used to evaluate the degree of polarization. 

If the microwave is perfectly tuned to the transition the degree of population transfer 

after the microwave pulse depends on both the amplitude and length of the microwave 

pulse76. For practical reasons, however, the amplitude of the pulse is usually kept constant 

and only the pulse length is varied. An example of typical Rabi oscillations in NV- is plotted 

in Figure 30.  The maximum photoluminescence intensity corresponds to the NV-spin 

occupying the ms=0 state whereas the minimum photoluminescence intensity corresponds 

to the NV- spin populating the ms=1 state.  

Based on these measurements it is possible to determine the length of the pulses 

required to coherently transfer the NV- spin into a specific state or to any superposition of 

these states. It is important to note that the Rabi oscillations do not continue indefinitely. As 

can be seen in Figure 30, the Rabi signal decays over a few hundred nanoseconds. It is 

sometimes also possible to see the beating of two different Rabi frequencies due to the 

detuned driving of one or more hyperfine transitions.  
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Figure 30: Decaying Rabi oscillation. A weak beating effect can be seen as the contrast is increased a little after 500 
ns 
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3.7. NV- Spin Dephasing and Coherence Measurements 

In addition to externally applied fields, the spin state of the NV center is also susceptible 

to perturbations originating from interaction with its local environment. The cumulative 

effect of these interactions is expressed as dephasing and decoherence of the NV spin state 

described by the three characteristic time constants  T2
∗, T2  and T1 . In this section the 

protocols that were used to measure  T2
∗, T2 and  will be explained in more details. 

In the field of magnetic resonance, the time scale over which dephasing occurs is 

characterized by the time constant T2
∗.  T2

∗ in NV centers refer to ensemble averages in most 

cases and is the result of the inhomogeneous environment at which the NVs are located. The 

inhomogeneity of the environment can be thought of as varying spin density within the 

ensemble, or as varying distribution around the spins that are probed. In an inhomogeneous 

environment, each individual spin is exposed to fields that vary in their amplitude, 

orientation, and their temporal fluctuation and that are not necessarily spatially coherent. 

For example, let’s consider a sample with a natural abundance of 13C. In such a sample the 

non-zero 13C nuclear spins, which precess in the presence of magnetic fields created by local 

magnetic impurities, produce random-phase and time-varying fields. The dipolar interaction 

of the NV- with these fluctuating spins by itself leads to decoherence of each of the NV in that 

ensemble. In addition, the fact that these fields also vary spatially leads to a different time 

evolution of each NV-, and thus to a dephasing of their cumulative state.  

The contribution of 13C to the NV spin dephasing rate was measured experimentally for 

ensembles and was found to be on the order of Γ=106 s-1,  which corresponds to T2
∗~1 µs 

77,78. The presence of nearby nitrogen impurities also contributes to the dephasing of the NV-
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, and its contribution to the total dephasing rate depends on the density of nitrogen atoms in 

the diamond. The dephasing rate due to nitrogen is given by Γ ≈ (𝑔𝑠𝜇𝐵)2𝑛𝑁  where 𝑔𝑠 is the 

g factor of the electron and the small difference in the g-factors of the NV and N electronic 

spin is ignored.  

T2
∗ of NV- center in diamond can be measured experimentally in one of two ways. The 

first method is to apply a pulse sequence, often referred to as Ramsey sequence. The Ramsey 

sequence, like the Rabi sequence, begins with an optical excitation pulse which initializes the 

NV spin state to ms=0. After the initialization, two microwave pulses are applied where each 

of them corresponds to a quarter of the Rabi cycle oscillation (denoted by 𝜋/2  in the Bloch 

sphere picture). The first microwave pulse transfers the NV spin into a superposition of the 

ms=0 and ms=1 states. After a free evolution time, denoted here by τ, during which the spin 

system is free to precess and dephase, a second microwave pulse projects the NV spin 

population back into the ms=0 and ms=1 basis. After this, the optical detection pulse is 

applied while measuring the state dependent photoluminescence intensity. By varying the 

time allowed for the free precession of the system, the decaying envelope which represents 

T2
∗ can be extracted. A typical Ramsey sequence, is depicted in Figure 31.  
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Figure 31 : Schematic illustration of the Ramsey sequence  

In ensembles of NVs, where inhomogeneity in the local environment broadens the 

hyperfine transitions, it can become difficult to extract the decaying envelope from the 

photoluminescence curve obtained with the Ramsey sequence. It is sometimes more 

convenient and precise, to measure the width of the hyperfine transition at progressively 

lower microwave intensities using the ODMR method described before. The values obtained 

can then be used to linearly extrapolate to the width of the transition at zero microwave 

power.  

By obtaining the full-width half maximum γ of the hyperfine transition at zero power one 

can calculate the dephasing time T2
∗  which is related to γ  by the following relation T2

∗ =
1

𝜋𝛾
.   
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Figure 32: ODMR spectra of pristine PPM sample at various microwave powers, starting from -40dbm up to -20dbm 
demonstrating power broadening of the transition by the microwave radiation. 

Figure 32 shows a series of ODMR spectra at different microwave powers that were fitted 

with three Lorentzians functions from which the width of the transition was obtained.   

Figure 33 shows the extrapolation of that data where the hyperfine FWHM at zero 

microwave power is 𝛾 = 1.23 𝑀𝐻𝑧, corresponding to a dephasing time of T2
∗~258ns.   

 

Figure 33 : extrapolation of the hyperfine transition width obtained from fitting the ODMR spectra for progressively 
lower microwave Intensity 
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T2
∗ is principally determined by the inhomogeneity in the spin environment, or in the case 

of a single spin, by fluctuations in local fields between consecutive measurements. For 

example, T2
∗ may be reduced by instabilities in the external field which is applied during the 

measurement.   T2 on the other hand is an intrinsic value and it is affected partially from loss 

of energy (which result in the loss of the net magnetization and is always accompanied by 

the decoherence of a given state) but mainly due to the interaction between the spin and the 

environment (even without energy loss). The most dominant source of decoherence is, as 

mentioned before, the dipolar interaction.  

The spin coherence time (T2) is typically measured with a spin echo pulse sequence 

(sometimes referred to as Hahn echo after Erwin Hahn79 ), a schematic illustration of the 

sequence is presented in Figure 34. In principle, the spin echo is an extension of the Ramsey 

sequence where an additional microwave pulse is applied between the two 𝜋/2 pulses. The 

purpose of this pulse is to invert the phase accumulated by the spins during the free 

evolution time so that in the following part of the free precession the exact opposite phase 

will be accumulated. In this way the vectors that represent the state of each of the defects in 

the ensemble under investigation on the Bloch sphere are “refocused”. The inversion pulse 

essentially reverses the sign on the net phase accumulated in the second part of the 

sequence. 
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Figure 34: Schematic illustration of the Hahn echo sequence used to measure the coherence time of the NV center. 

 

The refocusing works well only if the fluctuation of the magnetic field from the 

environment is slow when compared to the free precession time. In other words, it works 

only if the phases accumulated in the two free precession intervals between the microwave 

pulses are the same. The photoluminescence signal recorded for progressively increasing 

free precession times will decay only by short-lived interactions such as dipolar spin-spin 

interactions which change the phase differently on each part of the pulse sequence, and thus 

their contribution to the phase cannot be refocused.  
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Figure 35 : Echo signal from an ensemble of NV centers in the pristine diamond sample 

 Figure 35 shows a typical echo signal from one orientation out of an ensemble of NV 

centers under an external magnetic field. The collapses and revivals seen in the signal result 

from the change in the local magnetic field induced by the 13C nuclear spins. The frequency 

of these oscillations is equal to the Larmor frequency of their precession around the external 

magnetic field.  The coherence time T2 of these NV- centers in the presence of this particular 

external field can be extracted from the envelope of these decaying oscillations.   

3.8. Measurement setup 

To measure the coherence time along the implanted ions path with sufficient spatial 

resolution, the measurement protocols described above were implemented using a  

homebuilt scanning confocal microscope. A Schematic illustration of the measurement setup 

is depicted in Figure 36.  
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At the top-right corner of the figure is the laser used to excite the NV centers., The laser 

that was used is a 532 nm, frequency doubled, diode-pumped, solid-state laser (Monopower 

532-100-SM, Alphalas). The laser passes through a variable ND filter which is used to control 

the laser intensity so as to avoid saturation and overheating of the sample. After the ND filter, 

the laser passes through a polarizing beam splitter (PBS) which is used, along with a quarter 

wave plate, to separate the incoming and outgoing beams from an acousto-optic modulator 

(AOM).  The AOM (AOMO-3350-199, Gooch & Housego) was used to modulate the laser 

intensity in order to perform the optical pulse sequences described before.  The laser beam 

was focused onto the AOM and then recollimated using two lenses (do not appear in the 

schematic). The two lenses were used to match the beam to the AOM aperture. The quarter 

wave plate right after the AOM was used to rotate the polarization so that after it is reflected 

from the mirror the beam will be orthogonally polarized with respect to the original beam, 

so it will be reflected to the second port of the PBS.  

After leaving the PBS the laser is coupled into a single-mode, polarization-maintaining, 

optical fiber (PM-460) using a 0.4NA objective (L3) to spatially filter the beam. The fiber is 

secured to the optical table to avoid fluctuations in the laser intensity that might occur by 

movement of the fiber. A 25mm aspheric lens (L4), mounted on a stage with 5 degrees of 

freedom is used as an output coupler. 

After leaving the fiber, the collimated beam is passed through another beam splitter 

located between the output coupler and the microscope objective. This beam splitter is used. 

together with a light source (not depicted in the schematic ) and a CCD to image the sample.  
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After passing the last beam splitter the laser is focused onto the sample with a 50X 

objective (Leica, HC-PL). The focal length of L4 was chosen so that the collimated beam of 

the laser fills the objective aperture.  

 

Figure 36: Schematic illustration of the measurement setup. In this schematic AOM stands for acousto optic 
modulator, APD for avalanche photo diode, CCD for charged coupled device, Amp for amplifier, DM for dichroic mirrorPBS 

for polarizing beam splitter, ND filter, for natural density filter, and Com. For computer. 

Phonon mediated fluorescence, emitted from the NV centers in the sample, was collected 

through the same objective and was separated from the excitation beam using a dichroic 

mirror (Semrock, LPD01-532RU). The collected light was further filtered to reduce residual 

excitation light, Raman scattered light and emission from the neutral vacancy V0 using 

additional filters. The additional filtration helped in increasing the functionality of the setup 
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for the implanted regions where emission from high-density V0 vacancies dominates the 

spectrum. 

After the filtration, the light was collected into a multimode optical fiber (62.5/125) 

using a 10X objective (0.2 NA). The fiber, which also serves as a pinhole, limited the depth of 

focus, which increased the contrast between the point under investigation and the rest of the 

sample, giving better signal-to-noise-ratio, and in fact turned the setup into a confocal 

microscope.  

A 50%-50% in-fiber splitter was used to split the NV emission into a pair of single photon 

counting modules (EG&G SPCM-AQR-13-FC). One of the output of the detector (TTL pulses 

of 30ns) was fed into the digital counter input of a data acquisition card (National 

Instruments, PCI 6779) while the other was fed into a time digitizer (FastComTech, MCS6A). 

To comply with the minimum requirements of the data acquisition card, the 30ns output 

from the single photon detector was stretched to 160ns using a multivibrator 

(SN74LS123N). The additional "dead time" due to this stretching beyond the original “dead 

time” of the detector (60ns) did not interfere with the measurement as long as the count rate 

was kept bellow 5 MHz.  in practice the count rate was kept below 2 MHz. to reduce the dark 

noise as low as possible.  

Photoluminescence images were obtained over a region of up to 100 um x 100um in the 

plane normal to the excitation beam by translating the sample surface with respect to the 

focal point. To move the sample, a piezo-driven stage (PI, P-611.3S) was used. The stage was 

controlled by a computer via the analog outputs (0-10V) of the data acquisition card.  
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To coherently manipulate the population of the NV- center ground state, the microwave 

radiation was applied using either a 20µm diameter copper wire placed on the surface of the 

sample in close proximity to the region of interest or with a coplanar waveguide fabricated 

onto a microscope cover slip and mounted on top of the diamond sample. The advantage of 

working with coplanar waveguide lies in the much stronger coupling of the microwave signal 

to the NVs, which enable manipulation of the ground state population with very low MW 

powers. Working with low power reduces the heating of the sample and the sample holder 

thus minimizing temperature related drifts. For the same reason, the sample holder was 

made entirely from polyether ether ketone (PEEK) which has a very small thermal expansion 

coefficient (45 PPM/K). The main disadvantage of working with the coplanar waveguide is 

the relatively small clear aperture (20um in our case) which makes it more complicated to 

mount the sample while a wire is very simple to install. We noticed that in some cases when 

a wire was used (20um tungsten wire coated with gold) the necessary high MW powers 

resulted in heating of the sample and the board on which the sample was mounted. The 

heating also changed the tension in the wire an effect that apparently caused a small 

variation in the wire position. The small change in wire position leads to a varying coupling 

strength between the microwave and the NV- center under investigation which decreased 

the signal-to-noise ratio dramatically.  
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Figure 37:  (1) power amplifier MW synthesizer (2) High Isolation MW switch and (3)The MW source  

To drive the microwaves, we used a synthesizer (Windfreak, SynthNV) amplified with a 

16W RF amplifier (ZHL-16W-43+, Minicircuits). The amplified signal was fed into a printed 

circuit board which was designed to minimize the reflection of the microwave due to 

impedance mismatch. Both the wire and coplanar waveguide were mounted on such a board. 

To match the impedances as much as possible the width of the stripline printed on the board 

was reduced adiabatically from the SMA connector to the wire as seen in Figure 38 (a). To 

modulate the microwave signal, a fast, high isolation switch (ZASWA-2-50dr+, MiniCiruits) 

was used.   
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Figure 38: PCBs on which the diamond sample was mounted (a) the PCB used with a thin 20um wire (b) the PCB 
used with the coplanar waveguide 

 To synchronize the modulation of the microwave and excitation laser, the microwave 

switch and AOM were controlled using a high-speed, programmable, multichannel pulse 

generator (Pulse Blaster ESR pro 500, Spin Core).  The pulse generator was also used to 

trigger the time digitizer so that the NV emission could be recorded with high temporal 

resolution.  

The external magnetic field was produced by a combination of a single electromagnet 

and permanent magnets as seen in Figure 39. The electromagnet was wrapped around the 

confocal microscope so that the field produced by it was oriented in the [1 1 1] direction with 

respect to the diamond sample. This gave an easy way to control the magnetic field 

magnitude while keeping it aligned to one of the orientations. The permanent magnets were 

used to break the symmetry when needed.   
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The entire setup was controlled using a single computer with a graphical user interface 

programmed in LabVIEW (National Instruments). The LabVIEW interface contained a 

subroutine for every type of measurement described here.  

 

Figure 39 : (a) an electromagnet (b) stack of permanent magnets. The diamond sample is located in center of the 
image right below the objective lens. 

3.9. Results 

A typical photoluminescence image obtained with the confocal microscope described 

above is shown in Figure 40.  The stopping range of the ions, which as discussed in chapter 

2 is characterized by the high damage density is seen as a bright line. Though most of the V0 

emission was filtered out some residual emission is still detected. The position of the high-

intensity line matches the result obtained from SRIM. 
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Figure 40: Top-down photoluminescence image the region implanted with  1013  He ions/cm2. The dark vertical line 
in the center is a 20µm copper wire used to deliver the microwave signal.  The direction of the implantion is from the 

buttom side of the image  and the bright line located at the ions stopping range is the result of the increased 
photoluminescence from neutral vacancies. 

 Figure 41 shows the Rabi oscillations measured for different locations along the path of 

the ion for the region implanted with 1013 ions.  The Rabi contrast is significantly reduced for 

a position with higher radiation damage. While for pristine diamond, measured 

approximately 4µm from the sample edge, the contrast reached more than 4%, close to the 

ion stopping range it decreases to about 1%. For data recorded from regions that are closer 

to the edge of the sample, the contrast increased back almost to the value that was observed 

for pristine diamond.  
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Figure 41: The Rabi oscillations obtained from NV center at different positions, measured with respect to the edge of 
the sample, along the ions path in sample 2 region 3 that was implanted with 1013  He ions/cm2 at 2MeV. The data was 

collected with the confocal microscope using the pulse sequence deecribed in Figure 29 

 

To measure the coherence time it is mandatory to have sufficient contrast in the total 

signal collected for different spin states. The reduced contrast in highly damaged regions 

thus prevents the measurement of the coherence time. In doses higher than 1013 ions/ cm2 

it was completely impossible to get sufficient contrast to measure  T2 . For the highest dose 

where it was still possible to obtain sufficient contrast, we could not observe any noticeable 

change in the coherence time. While this may be considered a moderate dose, it should be 

noted that for sample 2 (ppm) the average distance between the vacancies at that dose is 

about 2.8 nm while the spacing of nitrogen is more than 3 times that value. Furthermore, 

despite the shorter average distance between the NV and the 13C (~0.8nm) the difference in 

the gyromagnetic ratio of the nitrogen electron and the carbon nuclear spin leads to a much 
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stronger dipolar interaction with the nitrogen, and with any electronic spin if it was present 

in the densities which are comparable to that of the vacany.   

Figure 42 shows both the Rabi contrast and the coherence time for the different location 

along the path of the ion.  

 

Figure 42: The contrast of the Rabi oscillations (black) and the coherence time (red) as a function of the distance 
overlayed on the SRIM simulation for the damage density profile of 1013 He ions/ cm2 at 2 MeV. Here the distance is from 

the edge of the sample  

 

3.10. Discussion 

While the reduced contrast limits the measurement to only moderate doses, SRIM 

simulations show that even at such doses the damage density is high enough so that for every 

N atom in the diamond sample there are about a 100 V0 defects. If the spin density in the 

implanted diamond sample is indeed linked to the V0 density as reported by Show et al 54, it 

should have had a clear effect on the coherence time. The fact that no change in the coherence 

time was observed is puzzling.  One of the possible arguments that could be considered when 
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trying to explain this fact is related to the sampling apparatus. If the volume which is sampled 

contains undamaged diamond, for example, close to the end of range, It could be argued that 

the coherence time that is measured is over the ensemble of NVs in that within the confocal 

volume reflects the coherence time of NVs that reside in the undamaged part of the region 

while the coherence time of the NVs in the damaged part is so short that practically it cannot 

be seen. This, however, cannot be the case for the region between the end of the range and 

the edge of the sample. In this region,  which is several times larger than the confocal volume, 

the damage density is rather homogenous, as suggested by the SRIM simulation and evident 

from the Raman measurements. In addition, the damage density in that region is on the same 

order of magnitude as in the end of the range so the defect density is also several times that 

of the nitrogen atoms that limit the coherence time.  

Another explanation that may be considered is that the defects introduced by ion 

implantation lead to quenching of the NV centers emission. This is in good agreement with 

the data we obtained from the Raman spectroscopy where a reduction in the total NV center 

was observed in the implanted region. It is not clear, however, whether these NVs have 

changed their charge state or whether the newly introduced defects from the implantation 

act as an additional nonradiative decay path through which the electronic excitation can 

decay. 

This path leads to several intriguing questions regarding the state of the diamond after 

the implantation. While  it is common knowledge that when implanted diamonds are 

annealed, even at low temperatures, the carbon atoms knocked out of their lattice position 

by the implanted ions, diffuse away to the surface and form more energetically stable 
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complex defects. In un-annealed samples, however, the picture appears to be vaguer. In a 

paper published in 2000  Orwa et al. Raman spectroscopy that was used at several stages of 

isochronal annealing of an implanted diamond to determine the annealing kinetics of the two 

most common defect found in diamond after annealing. By tracing the intensity of two 

specific peaks that are associated with the presence of vacancies and the <100> split 

interstitial they have observed a 3 fold rise in the intensity of the <100> split interstitial 

when the sampled was annealed at ~500°C. At the same time, the vacancy density remained 

unchanged.  

For the split interstitials to form, carbon atoms have to change their position inside the 

diamond. The fact that the formation rate of the split interstitials they observed was higher 

closer to the ion stopping range suggested that these simpler defect from which the split 

interstitials are formed are a direct result of the ion implantation. Based on these 

observations they concluded that a less stable form of self-interstitials is produced by the ion 

implantation and that when the sample is annealed, these atoms form the split interstitial 

complex.  

Another consensus is that these dislodged carbon atoms are mobile at room 

temperature80. Since all the implantation described in this work were conducted without any 

means to control the sample temperature other than passive thermal coupling to the sample 

holder, these isolated self-interstitial defects produced by the implanted ions are likely to 

form complex defects by associating with other impurities in the diamond. If the dislodged 

carbon atoms get trapped in the vicinity of the nitrogen in the NV center, they may alter it 
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into a different complex where only NV centers which are sufficiently far from an isolated 

carbon interstitial retain their luminescence properties.   

This hypothesis may also explain another intriguing question regarding the presence of 

dangling bonds, observed in many forms of carbon63,81,82 using electron spin resonance and 

especially in ion-implanted diamonds. The presence of this line, as mentioned in this work 

several times, was observed in diamonds implanted by a variety of ions and therefore can be 

assumed to be an intrinsic property of the damaged diamond.  

 

Figure 43: A bulk electron spin resonance measurement of the ppm sample impanted with a range of doses of He 
ions at 2MeV of the ppm sample. 

  

If we follow this hypothesis, that the dislodged carbon atoms are not uniformly spaced 

inside the diamond but rather located around certain “traps” while some of the NV remain 

intact, we can suggest that the separation between the additional spins introduced into 
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sample and the remaining NVs is sufficient so that they will are not sufficiently coupled to 

one another to affect the coherence time.  

While this hypothesizes may help explain our observation the question that remains is 

what is the cause of the degradation in the coherence of NV center in implanted diamonds 

that were annealed. While it is clear from our observations that it is caused by a defect that 

forms during the annealing we believe that a very suitable defect may actually be the split 

interstitial. As described by Orwa et al. this defect anneals out only at temperatures of 800°C, 

which matches exactly the point where the NV  coherence regain its original unperturbed 

value. Furthermore, it is a paramagnetic defect easily observed using ESR and it is sufficiently 

abundant to compete with the effect of naturally occurring impurities like the nitrogen. 

In summary we observe only a reduction in contrast, but no reduction in T2. The increase 

in the defect concentration near to the NV does not seems to introduce a signifantly higher 

source of electronic spins as compared to the background. And yet, there is a very significant 

reduction in contrast, suggesting that the defects do interact with the NV to alter the excited 

state structure. Naturally one would like to correlate this with V0, but V0 does not have a 

source of extra spins. So we suggest that perhaps interstitials, which, although not optically 

active themselves, ineract with the NV to quench them .  

 

3.11. Conclusions  

We have used ion implantation to induce spatially varying damage in diamond and 

measured the coherence time of native NVs along the ion path under the external magnetic 
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field. Our measurements show no change in the coherence time of the NV centers in type IIa 

(<5ppm nitrogen and natural abundance of 13C) up to a vacancy density of 1019 V0/cm3, 

which is a concentration about 100 times greater than that of the native nitrogen. While 

further investigation is required to completely understand exact state of the diamond after 

the implantation, the results presented here suggest that while ion implantation alters the 

optical properties of the diamond and the luminescence properties of some of the NV centers 

in it it does not affect the coherence time of the remaining fluorescent NV centers. See above.  

 

In any case, it appears that a very large concentration of point defects can be introduced 

into the lattice without affecting T2 times. Some of the implications of this finding may be 

found for NV based magnetomtry or NV based quantum applications that operate in 

envioronments that are exposed to high energy particales such as in space, where apha 

cosmic rays consist of 9% alpha particles. Our finding suggest that while a degradation in 

photoluminecense of the NV center will take place, the coherence time of NV center will 

remain stable even at high doses of these high energy particles. Further investigation need 

to be performed for proton to obtain a complete picture of NV performance under such harsh 

condition.  
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4. Methods for Deposition and 
Attachment of Nano Diamonds to silica 
on Silicon Substrates 

 

4.1. Introduction 

This chapter summarizes two methods developed during the time of this work for 

handling and working with nanodiamonds. Originally one of the topics we wished to explore 

was the possible enhancement of the emission properties of NV centers in nanodiamond 

such as reducing the spread of the emission so as to increase collection efficiency  and the 

reduction of the excited state lifetime so as to increase the count rate. by coupling the 

nanodiamonds to  to a plasmonic antennae.Initial simulations were performed using finite 

element software (HFSS, ANSYS), (shown in Figure 44.) After several successful trials in 

fabricating antennae (presented in Figure 45). We realized that  two basic tools required to 

work with the nanodiamonds were missing from our toolbox.   

The first problem addressed  was a scalable deposition of isolated nanodiamonds, which 

will be described in the first part of this chapter. The second part will be dedicated to the 

problem we discovered while we tried to deposit nanodiamond to selected places and how 

to keep them attached.  
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Figure 44: Finite element simulation fo plasmonic NV center emission pattern with and without a plasmonic  bow-tie 
antenna used to improve the directivity of the emission, therefore, increasing the collection efficiency  The simulation 
consider a 40nm nano diamond oriented at along the Z direction and positioned exactly at the center of the antena 
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Figure 45: Plasmonic antenna fabricated on silica on a silicon substrate using an electron beam and thermal 
evaporation of Au 

 

     Deposition of Isolated Nano Diamonds 

 

Nano-particles and have attracted much attention due to their potential application for 

various future high-performance devices especially for electronic and optical devices 15,83,84. 

One of the fundamental issues in utilizing nano-particles is how to distribute nano-particles 

uniformly onto a substrate with precise control of their density. This is especially important 

for particles like nanodiamonds which are often used to seed a substrate for a subsequent 

CVD growth or as biosensors. 
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 So far, many procedures have been developed in order to achieve uniform 

submonolayer of nano particles85–87. For instance, Hong et al .88 have used the spin coating 

technique to get a submonolayer of Co and Ag nanoparticles. However, like other standard 

coating methods, their approach suffered from particle aggregation which occurred during 

the drying process. Recently Schmidlin et al. 89 proposed using electrophoretic deposition 

which overcomes the clustering problem but requires the substrate to be conductive 90.  

In this chapter, we explore an experimental setup used to overcome these limitations 

and deposit all types of nanoparticles on virtually any substrate provided that the 

nanoparticles can be suspended in a fluid. The method we propose is based on delivering the 

suspended nanoparticles to the substrate in small drops containing a small number of 

particles while evaporating the suspending fluid prior to their contact with the substrate. 

The idea of using the droplets as a carrier is illustrated in Figure 46. 

 Overview 

 

 The idea of using ultrasonic waves to produce small drops of fluids is a well-established 

technique employed in spray coating which is also being used to produce thin films. 

Ultrasonic assisted spray systems are also in use for the preparation of the nanoparticles 

themselves in processes such as spray pyrolysis. The benefit of using droplets as carriers is 

especially useful for particles like nanodiamonds which can be fabricated only under very 

limited conditions. However, this method is not limited to nanodiamonds and can be used on 

any type of particles, regardless of the process required to produce the particle itself.  
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The deposition system we used consists of a standard ultrasonic humidifier (SC-609, 

Procare) a plastic container and a hot-plate. The ultrasonic humidifier uses a piezoelectric 

transducer (PZT) to create high-frequency mechanical oscillations in a metal diaphragm that 

is embedded in the suspension of the nanoparticles. These oscillations create a standing 

wave on the surface of the suspension. When the amplitude of these waves is high enough 

small droplets are separated from the suspension bath and form a fine mist of droplets on 

the micrometer scale. The droplets carry with them the suspended nanoparticles as they are 

ejected from the humidifier into the plastic container. The container is used to confine the 

droplets and prevents air turbulence from the surrounding environment.  

To increase the temperature of the substrate a hot plate is used. The purpose of heating 

up the substrate is to rapidly evaporate the suspending liquid once the droplets approach 

the substrate. By evaporating the suspending liquid, only the particles come in contact with 

the substrate, the absence of the fluid prevents reaggregation of the particles which were 

already deposited. 
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Figure 46: illustration of the deposition process. From right to left the particle carrying droplets are falling on the 
heated substrate while the suspending fluid is evaporated. The isolated particle falls on the substrate with no suspending 

fluid.  

To demonstrate the technique, we used a nano-diamond (ND) slurry (MSY-0.05GAF, 

Microdiamant) suspended in DI water and further diluted at a ratio of 1:20. Although the 

original slurry contained mostly isolated ND, an ultracentrifuge (10,000 g, 3h) was used to 

remove any clusters from the suspension. The supernatant was then diluted again and a 

series of depositions with various concentrations of nanodiamonds were performed to 

determine the concentration for which no agglomeration could be seen. The NDs were 

deposited on Si wafers of 15×15 mm size for various durations and temperatures to 

investigate the deposition process. 

  Theory and calculation 

The diameter of the droplets ejected from the apparatus depends on the oscillation 

frequency of the PZT and the properties of the fluid. Donnelly et al91,92 have shown that the 

relation between these parameters to the drop diameter can be divided into two regimes, 

dominated by either the surface tension (for low frequencies) or the viscosity (for high 

frequencies) of the fluid. The transition between these regimes in the case of water occurs at 

a driving frequency of ~150MHz. As we drive the PZT at 1.7MHz, well below this frequency, 

the droplet diameter, d, is dominated by the liquid surface tension and is given by 

𝑑 = 𝑐(8𝜎𝜋/𝜌𝑓2)1/3 

where 𝑓 is the driving frequency 𝜎 is the surface tension, 𝜌 is the liquid density and 𝑐 is a 

constant measured to be 0.3493. Taking 𝜎 = 0.072𝑁/𝑚  and 𝜌 = 997𝑘𝑔/𝑚3   for water at room 

temperature, the mean drop diameter is 𝑑 ≈ 3𝜇𝑚. This estimation was confirmed by direct 
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observation of the traces left on the substrate as will be explained in the results.  The size 

distribution of the droplet has a typical width of 70% of the peak diameter. The width of the 

distribution depends on the amplitude of the PZT oscillations.  To maintain the droplet size 

distribution as narrow as possible we drove the PZT with amplitude close to the threshold 

for the formation of drops. 

One of the problems that can arise using liquid drops as a carrier is that when the drop 

reaches the surface it may drag particles already deposited on the surface. This is a major 

limitation when a high coverage of the sample is required. To overcome this problem the 

substrate temperature is increased using a hot plate resulting in the very rapid evaporation 

of the suspending liquid before it mechanically drags already deposited particles. 
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Figure 47: 5 minute  deposition of high density, nanodiamonds suspension for the different temperature of the 
substrate (a) 25C (b) 50C (c) 200C (d) Density of the aggregate vs their diameter. Larger aggregates indicate 

evaporation of the suspending fluid prior to contact with the substrate. 

      Results  

Figure 47 shows scanning electron images of nanodiamond deposited on a silicon 

substrate from a suspension with a high concentration  (un-diluted ssupernatant after the 

ultracentrifuge) of nano-diamonds for various temperatures of the hot plate. The particles 

were deposited for 5 min to see how they are scattered across the substrate. Figure 47 (a) 

shows particles deposited on the substrate at room temperature;  a distinctive ring-like the 

pattern, can be seen. This pattern is the result of the slow evaporation rate of the liquid. As 

seen, the average diameter of the rings is about 5m which correspond to a drop of 2.9m 

(for a contact angle of 4394). As the temperature is increased to 500C the average particle 
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diameter is increased and their density is reduced as can be seen from Fig 2d. This is the 

result of the liquid evaporating prior to reaching the surface. The particle density inside the 

drop is increased and clusters are formed. Further increasing the temperature of the hot 

plate prevent any liquid from reaching the surface thus leaving a homogenous distribution 

of clusters whose size depends only on the concentration of nanoparticles in the individual 

drops. It is interesting to note that the total volume of diamond-clusters as measured here is 

about 3 times the total volume of the isolated nano-diamond, this may be related to the 

packing factor of the particles. 

Reducing the nanoparticle concentration in the suspension so that each drop contains no 

more than a single nano-particle gives an almost homogenous layer of single isolated nano-

particles rather than clusters. The size of the drop sets the limit of the maximum 

concentration of nanoparticles in the original suspension. 

 

Figure 48: Deposition of nanodiamonds for various durations. (a) 30 min (b) 60 min (c) 120 min (d) 180 min (e) the 
particle density Vs. deposition time showing a linear dependence. 
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Figure 48 shows a typical SEM micrograph of the deposited NDs for various durations. 

Figure 48 (e) shows the density of the nanodiamonds on the surface of the substrate as a 

function of deposition time. The particles were counted using ImageJ95. The deposition rate 

was calculated to be 1 particles/m2 per 10 minutes of deposition. It is worth noting that 

even for long deposition times the coverage remains uniform. 

 Figure 49 shows an atomic force microscope (AFM) micrograph of the deposited 

sample. The AFM results were analyzed to confirm the low probability of aggregates as can 

be seen from the size distribution of the particles in Figure 49 (b). 

 

Figure 49 : (a)Typical atomic force microscope image of the deposited nanodiamonds (b)distribution of the particles 
size, showing mostly isolated particles were deposited. 

 

The results of our study suggest that ultrasonically assisted spray coating can be applied 

to nanoparticle deposition and provides a simple and low-cost method to deposit isolated 

nanoparticles without the need for chemical modification. The technique was demonstrated 
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using ND and may be used for applications such as the growth of thin diamond layers through 

CVD or the development of biocompatible sensors. 
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4.2. Attachment of Nanodiamonds to Silicon substrates 

Although deposition of nanodiamond using the method described in the previous 

chapter can be used to seed substrates for subsequent growth it is not ideal for an application 

which requires high precision spatial placement  where submicrometer resolution is 

required. This is traditionally achieved by using top-down approaches like reactive ion 

etching or laser ablation which leaves the diamond only at predefined locations. An 

alternative method for this approach can be to grow the diamond films from a substrate 

seeded with nanodiamonds in the pattern which is required. Creating such patterns may be 

a challenging task without proper preparation of the nanodiamonds themselves, the 

substrate or combination of the two.  

In the bottom-up approach, the substrate is covered with some sort of resist layer which 

is patterned using either electron beam or UV lithography, depending on the size of the 

features that are required, and the patterned sample is then seeded with nanodiamonds. The 

adhesion of nanodiamonds to substrates like silicon, for example, is not necessarily strong   

Poor adhesion leads to removal or a change in the positions of the nanodiamond once the 

resist is removed  

A very good way to overcome this obstacle was presented by Shimoni et al. 96 who used 

annealing in hydrogen and oxygen to change the zeta potential of the nanodiamonds so that 

they were attracted to the substrate and remained fixed to it even after the resist was 

removed. In this section, we present an alternative method that does not include high 

temperatures and that utilizes a material which is common in the industry to covalently bond 

the nanodiamond to a silicon substrate. 
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     Overview  

To attach the nanodiamonds to the surface we used (3-Aminopropyl) triethoxysilane 

known as APTES for short. APTES is as a widely used coupling agent with over 40 years of 

history especially in the field of thermoplastics. In the process summarized in Figure 50, 

APTES was attached to the silicon substrate by the silanols on one of its ends and later to 

carboxylic groups found naturally on the surface of the nanodiamond with its amine group.  

 

Figure 50: Summary of the process used to form patterns of nanodiamonds on silicon 
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The first step of the process was to clean the silicon substrate using acetone and 

chloroform. The substrate was then placed in standard piranha cleaning solution made from 

30% hydrogen peroxide and 70% Sulphuric acid (3:7 ratio) for 20 minutes at 80C. After the 

pirhana cleaning the substrate was rinsed 3 times with distilled water. 

After cleaning, the silicon substrate was spin-coated with photoresist and exposed to UV 

light through a hard mask. The imprinted patterns were developed in isopropanol for 1 

minute and then the sample was then exposed to oxygen plasma for a short period to oxidize 

the exposed silicon surface. 

The patterned sample was immersed in a solution of 10 ml anhydrous toluene and 20 µl 

APTES (Sigma-Aldrich) under nitrogen flow for 30 minutes to apply a layer of APTES on the 

exposed silicon. After a layer of APTES was formed the substrate was immersed in a 

nanodiamonds suspension composed of 9ml distilled water 1ml of Dulbecco’s phosphate 

buffered saline with 10mg of 1-Ethyl-3-(3- dimethylaminopropyl) carbodiimide 

hydrochloride (EDC) and was left in a shaker for 48h.  
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Figure 51: FTIR absorption spectrum after the APTES application and after immersion in ND suspension.  

     Results 

To characterize the APTES layer on the silicon substrate we used Fourier transform 

infrared (FTIR) spectrometer. A layer of APTES was formed on a silicon wafer with 

dimensions of 10 x 1 cm with both 1 cm facets polished at 45. These silicon wafers 

functioned as waveguides for the infrared light. When the surface of these waveguides is 

changed, in this case by the formation of a monolayer of APTES, the absorption properties 

of the waveguide are changed due to the interaction of the evanescent field with the 

adsorbed molecule on the surface of the waveguide. A change in the absorption spectrum 

is used to as indication for a successful process.  

Figure 51 shows the absorption spectrum measured after the application of APTES and 

after immersion of the sample in nanodiamond suspension. The two weak vibrational 

modes around  1510 cm-1 and 1610 cm-1 which are observed only at films with a thickness 
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of less than 6 nm 97 are assigned to the symmetric and asymmetric deformation modes of 

the NH2 group in adsorbed APTES located near the silicon surface 98. The presence of these 

modes indicates that the application of APTES on the silicon was indeed successful. After 

immersing the sample in ND suspension, a clear change in the absorption can be seen. 

While the origin of strongest of these new absorption lines, at 1450 cm-1 is speculative, the 

other two peaks, at 1640 cm-1 and 1800 cm-1, probably originate from -OH and C=0 bonds. 

All three bands were previously seen in these type of nano diamonds99 

After establishing a working protocol for attaching the nanodiamonds, patterns of 

photoresist were formed on the silicon substrate and the process was repeated on two 

groups of samples, while the two groups were subjected to the entire process described 

above only one group was immersed in a suspension of nanodiamonds while the other was 

immersed in distilled water. After the process, the samples were cleaned in an ultrasonic 

bath for about 1 hour in acetone and then another hour in distilled water. SEM images from 

the group that was immersed in water showed no sign of nanodiamonds and were 

completely clean while the other group was covered with particles like the patterns that 

were imprinted.  
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Figure 52: SEM images of the sample immersed in the nanodiamond suspension after the full process. 

4.3. Summary 

The fact that the particles remained on the sample after the thorough cleaning indicates 

that the bonds created with the diamonds are sufficiently strong to withstand the 

lithography process. While further work is required, especially to obtain  nanometer-scale 

patterns, this process clearly holds great potential for patterned seeding of nano diamond 

on silicon. The ability to position particles on the nm scale may also be useful in scaling the 

fabrication of nano diamonds-based devices. Such precise positioning is currently only 

possible with pick and place methods100 which are not easily scalable. 
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A1. Coherence Time of NV Centers 
Under High Gradient Magnetic Field 

As was mentioned many times throughout this work the coherence time of NV centers is 

limited by the presence of other paramagnetic impurities that are incorporated into diamond 

during its growth or through the processing of the diamond with ion implantation and 

annealing.  A major part of the scientific work concerning the center has focused on 

increasing its coherence time for  quantum- based applications. The methodologies used to 

improve the coherence time of the NV center included improving the diamond material 

through carefully tuned growth processes that produced isotopically-pure and 

paramagnetic-free synthetic diamonds as well as actively decoupling the NV spin from the 

environment using sophisticated dynamical decoupling pulse sequences. These 

methodologies were in fact very successful in achieving this goal, demonstrating an order of 

magnitude improvement in the NV center coherence time.  In this last chapter, we propose a 

new approach to decouple the NV center from  the surrounding bath of paramagnetic 

impurities using static magnetic fields with a high gradient produced by magnetic vortices.  

A1.1 Spin diffusion 

The concept of spin diffusion was introduced by Bloembergen in the 1949101,102 in 

order to describe the transport of spin polarization between spatially remote spins inside a 

rigid crystalline lattice. Spin diffusion provides a basis for understanding numerous 

phenomena in solid-state magnetic resonance dynamics 103. In addition, spin diffusion also 
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provides information about the spatial proximity of atoms in solids through the relaxation 

of the spins magnetization by paramagnetic impurities, 

To better understand the how spin diffusion works, it is useful to begin with the general 

form of the dipolar interaction Hamiltonian  

𝐻𝐷 =
𝜇0ℏ

2𝛾1𝛾2

4𝜋|𝑟|3
(3 ∗ (�̂�𝑖�̂�) ∗ (�̂�𝑗�̂�) − �̂�𝑖 ∗ �̂�𝑗) 

Here  �̂�𝑗  is the particle spin 𝛾𝑗is the particle gyromagnetic ratio and 𝑟  is the relative position 

vector between the two particles.  Looking at the prefactor of the dipolar interaction 

Hamiltonian it can be treated as a small perturbation with respect to the Zeeman 

Hamiltonian that describe the interaction with the external magnetic field. It is therefore 

convenient to express the dipolar interaction Hamiltonian as a sum of six terms in the 

following form. 

𝐻𝐷 =
𝜇0ℏ

2𝛾1𝛾2

4𝜋|𝑟|3
(𝐴 + 𝐵 + 𝐶 + 𝐷 + 𝐸 + 𝐹) 

Where the explicit form of these terms, sometimes referred to as the dipolar alphabet, are 

defined on a spherical coordinate system as follows 

𝐴 = −(3 cos(𝜃)2 − 1)�̂�1𝑧�̂�2𝑧 

𝐵 =
1

4
(3 cos(𝜃)2 − 1)(�̂�1

+�̂�2
− + �̂�1

−�̂�2
+) 

𝐶 =
3

2
sin(𝜃) cos(𝜃) 𝑒−𝑖𝜙(�̂�1

+�̂�2𝑧 + �̂�2
+�̂�1𝑧) 

𝐷 =
3

2
sin(𝜃) cos(𝜃) 𝑒𝑖𝜙(�̂�1

−�̂�2𝑧 + �̂�2
−�̂�1𝑧) 
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𝐸 =
3

4
sin(𝜃)2 𝑒−𝑖2𝜙�̂�1

+�̂�2
+ 

𝐹 =
3

4
sin(𝜃)2 𝑒𝑖2𝜙�̂�1

−�̂�2
− 

 

The operators  �̂�𝑗
+ and �̂�𝑗

− are the raising and lowering operators of the 𝑗th particle. And �̂�  is 

defined as follows 

�̂� = (sin(𝜃) cos(𝜙) , sin(𝜃) sin(𝜙) , cos(𝜃)) 

  

And 𝜃 is the angle between the �̂� and the external magnetic field as illustrated in Figure 53  

 

Figure 5352:n illustration of two interacting spins in a homogeneous magnetic field 

Obviously, to fully understand the effect of the dipolar interaction on the evolution of the 

spins one should consider all the terms above. Despite that, the exchange of spin polarization 

between remote spins involves only a single process represented by the B coefficient in the 

dipolar interaction Hamiltonian and which is better known as the flip-flop transition. The 
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spin flip-flop is a transition where the total quantum number ms is conserved (a zero-

quantum transition) but the spins exchange their orientation. 

The basic form of this type of exchange of spin polarization occurs between equivalent 

spins, with identically spaced energy levels. In that case, the total energy of the two spins is 

conserved during the flip-flop process. This kind of spin diffusion is named “spatial” spin 

diffusion and it can occur in an isolated system of spins that are coupled through the dipolar 

Hamiltonian. The spatial spin diffusion represents a pure quantum phenomenon, which is 

temperature independent and proceeds also at absolute zero temperature. 

In contrast to spatial spin diffusion, the exchange of polarization between spatially 

remote spins that possess different resonance frequencies is called “spectral” diffusion. Here, 

again, the exchange of polarization occurs through the same spin flip-flop process, but there 

is a mismatch between the spacings of energy levels of the spins involved so that in such a 

flip-flop transition the spin energy is not conserved  

Since it is a fundamental property of nature that when an interaction occurs the energy 

should be conserved, for such a process to occur the energy difference must be compensated 

somehow. One of the possible ways to satisfy the energy conservation in some solid-state 

systems is by taking into consideration the well-defined crystalline lattice where phonons 

interact with the spin system. 

The interaction between the phonons and the spin system can be explained in a nutshell 

through the dipolar interaction Hamiltonian itself if we consider that the coupling strength 

between the two interacting spins depends on the distance between them. Acoustic phonons 

can modulate this distance in a harmonic way which couples them to the spin-spin system. 
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Such a phonon-assisted process yields a spin diffusion rate that depends on temperature, as 

a consequence of the coupling of spins to the lattice.  

In general, the decoherence and loss of magnetization of the NV center are “spectral” in 

nature.  Since the major part of the NV, interaction is with paramagnetic defects of different 

species it should, therefore, depend on temperature. However, at room temperature the loss 

of the NV magnetization it is mostly limited by direct interaction with the lattice phonons.  

This fact was previously demonstrated experimentally by measuring the longitudinal 

relaxation time at a low temperature. As can be seen in  Figure 54 below a certain 

temperature, T1 is largely governed by intrinsic processes such as interaction with phonons. 

Below that temperature, T1 becomes dependent on the specific sample.  This fact can be 

easily explained by remembering that once the thermal energy is smaller than the energy 

difference between the NV ground state, phonons are less likely to cause relaxation. At that 

range, the relaxation will depend mostly on the density of the paramagnetic impurities.  

However, since this type of relaxation still involve phonons, to compensate for the energy 

difference between the NV center and the proximal spins, whether they are nuclear spins 

from 13C or from nitrogen atoms, we should expect another critical temperature where the 

relaxation time will become dependent on the temperature once again.  
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Figure 54: T1 as a function of temperature for several diamond samples with different densities of paramagnetic 
impurities104  

In most situations, the energy difference between the NV and the proximal paramagnetic 

impurities is rather small so the that this critical point cannot be reached experimentally. 

One way to still observe it existence is by placing the diamond sample in extremely high 

magnetic field. In this case, the energy difference between the NV transition and the proximal 

spins will increase and the relaxation time should be increased as well. This path exploits the 

difference between the gyromagnetic ratio of the NV centers and the spin bath, and due to 

that, it requires extremely high fields, making it less appealing for any real-world 

applications. Besides the high magnetic fields required, this approach does not affect spin 

flip-flops between the same spins which will keep generating magnetic noise105 that will limit 

the coherence time.  

Another method to increase the energy difference between spins within the diamond 

sample is by exposing it to external magnetic field with a sufficiently high gradient. Since the 

energy difference between the “up” and “down” state of each spin depends on the magnitude 
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of the external magnetic fieldit experience.  This effect was simulated by Berman et al.106 and 

recently it was experimentally demonstrated by Budakin et al.107. In their work Budakin et 

al. studied the relaxation time of an NV center near a magnetic particle and observed a 3-fold 

reduction in the relaxation time when the NV was placed in a magnetic field with a gradient 

of about 10 mT/µm. The practical challenge of that approach is that such fields, that change 

rapidly on a micrometer scale are very hard to produce in a controlled manner until recently. 

A1.2 Spin Vortices  

The progress in the growth of high-quality thin films of ferromagnetic materials 

combined with progress in modern nano-lithography techniques enabled several fascinating 

demonstrations of magnetic phenomena and in the study of magnetization dynamics. One of 

these demonstrations is of nanostructures with a complex spatially nonuniform ground state 

in small discs of permalloy. These structures form a spin vortex at their center with the 

vortex core being on the order of less than several nanometers. Such vortices exhibit strong 

magnetic field close to the surface of the disks which also decays very rapidly as a function 

of the distance from the core. In a very recent paper, Wolf et al. 108 placed a nano diamond 

containing two NV centers, with the same orientation, on such a vortex and recorded its 

ODMR spectrum while changing the external magnetic field. The external magnetic field 

enabled them to spatially shift the vortex core until it crossed the nano diamond. Once the 

NV centers were near the vortex core a huge Zeeman splitting equivalent to a field of 14mT 

was observed  What’s even more exciting in their results is that from the ODMR spectrum 

they recorded a gradient of at least 0.14 mT/nm. Comparing that to the gradient used by 

Budakin et al.  spin vortices should be able to induce a 14 times stronger gradient than a 
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nanoparticle. Furthermore, the distance of the NV center to the vortex in the Budakin work 

was ~20nm, limited by the size of the particles used and the way they were attached to the 

vortex. In principle, this distance can be further reduced by careful engineering the diamonds 

substrate. Since the magnetic field is increased as the third order of that distance, using spin 

n vortices can improve the gradient obtainable by more than two orders of magnitude  

A1.3 Fabrication Process 

To fabricate the spin vortices, we use common photolithography and liftoff process as 

illustrated in Figure 55. The silicon wafers are cleaned in a piranha solution similar to the 

one that was described in the previous chapter. The clean wafers are then spin-coated with 

a photoresist (AZ1505, MicroChemicals), exposed to light through using laser writer and 

then developed in (AZ51B, MicroChemicals). The patterned sample is then coated with a thin 

layer (20nm) of permalloy (80Fe20Ni) and immersed in acetone to dissolve the residual 

photoresist.  
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Figure 55: Schematic illustration of the fabrication process (a) starting with a clean silicon wafer followed by spin 
coating of the photoresist (b), UV lithography and development of the exposed regions(c).  a thermal sputtering of 
permalloy (e) and removal of the residual resist resulting in microdisks of permalloy on the silicon wafer (f). 

 

The layout of the mask that is used in the process is illustrated in Figure 56, as can be 

seen, microdisks described above, are fabricated between the conductors of a coplanar 

waveguide. The coplanar waveguide is fabricated in the same process together with the 

micro discs. 

Once the microdisks are evaporated on the silicon wafer they will be characterized by a 

magnetic force microscope (MFM) to verify the presence of magnetic vortices. An MFM is 

similar to an atomic force microscope where the tip was magnetized to be able to measure 

magnetic forces as well.  
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Figure 56: the layout of the patterns that are fabricated. In the left part of the image, the entire layout can be seen. 
The layout contains several variations of coplanar waveguides. A high magnification  of the coplanar waveguide (bottom 
left corner) and a and an even higher magnification (top left corner)  of the gap between the conducting striplines where 

the actual micro discs are positioned.  

 

While it cannot be seen in the Figure 56, each sample contains a variety of micro discs 

with a range of diameters are fabricated. Specific markers, in the forms of small lines, that 

mark each group are also fabricated to assist in navigating the sample. Preliminary results 

from the fabrication process are presented in Figure 57 and Figure 58.  
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Figure 57: preliminary results of the micro discs fabricated within the gap of the coplanar waveguides 

 

 

 

Figure 58: Magnetic force microscope image of one of the microdisks. (a) amplitude showing the topography of the 
microdisk and (b) showing the phase that correspond to the  magnetic force showing the vortex core at the center of the 
disk. In the center of the disk a sharp increase in the phase indicate the position of the vortice core.  

 

 

A1.4 The Diamond Sample 
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Once the microdisks are evaporated on the silicon wafer they will be characterized by a 

magnetic force microscope (MFM) to verify the presence of magnetic vortices. An MFM is 

similar to an atomic force microscope where the tip was magnetized to be able to measure 

magnetic forces as well.  

 To be able to measure the effect of the gradient on the coherence time of NV center 

the NVs must be accurately placed on the top of the vortices. To achieve that we have 

examined several options, the issues that need to be addressed are: first, the position of the 

NV center, and second, is the NV center orientation. In the ideal case the NV centers will be 

located close to the surface at predefined places, forming and array similar to that of the 

vortices and while their orientation should be parallel to the magnetic field produced by the 

vortices i.e. perpendicular to the surface of the diamond 

As was described before the magnetic field produced by the spin vortex is 

perpendicular to the microdisk surface and is in close proximity to the vortex core. For that 

reason, the positions of the NV centers should be as close as possible to the center of the 

vortex. While it is possible to deposit nanodiamonds on the top of the sample with the 

magnetic vortices, there is a very low probability that they will be oriented as desired. In this 

case, the magnetic field induced on the NV center by the vortex will have a transverse 

component that will mix the NV’s ground state and will reduce the fidelity of the 

measurements, as described before.  A single crystal diamond, where the NV has only four 

possible orientations, is much preferred in that sense. 

Furthermore, single crystal diamond can be used to fabricate an array of precisely 

positioned single NV centers, with sufficient separation between them so they could be 
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optically addressed, using well-established techniques. For example, Spinicelli et al. have 

demonstrated the fabrication of an array of NV centers by implanting a diamond with 

cyanide molecule at 20 KeV through a PMMA mask followed by annealing 109. In a similar 

way Feng, Wang, and Zhang  have fabricated an array of single NV centers by implanting 

nitrogen molecules at 60 KeV, again, through a PMMA mask and followed by annealing110.  

These techniques employ the common electron beam lithography and can achieve very high 

accuracy in both the lateral position as well as the depth of the NV centers. Another approach 

that might be used creates an array of NV centers was demonstrated by  Elke et al. in 2014111 

where selective etching of the diamond material using reactive ion etching is applied to 

create nanopillars that contain the NV centers. Both methods have their advantages wherein 

the latter, some improvement of the collection efficiency is achieved by the pillar structure, 

which acts as a waveguide, and the implantation can be done on the entire sample without a 

mask, but the position of the NVs in the pillars which are often larger than a few hundreds of 

nanometers is limited. In contrast to that, the first method does not offer any improvement 

on the collection efficiency of the light emitted from the NV centers but is intrinsically more 

accurate with regard to the position of the NV center.  

Another advantage of using a single crystal diamond is that it can be cut in such a way 

that one of the possible orientations of the NV will be exactly normal to its surface. This was 

demonstrated in a paper by Elke et al. where a (111) diamond, where the NV center was 

oriented perpendicular to the surface so that when they will be positioned above the vortex 

core they will be parallel to the magnetic field created by the vortex.  
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Since in our case the accuracy in the NV position is of greater importance we follow 

the first method. A (100) ultra-pure diamond similar to the one used in chapter 3 (the PPB 

sample) was purchased from element six. The sample will then be cut into small pieces to 

form a  (111)  and polished to form a small plate by a commercial company that offers these 

services(Applied Diamond   Inc.). 

 

Figure 59: An illustration of the final sample - the thin (111) diamond membrane with NV center (red spheres) in it 
is carefully placed on the top of the silicon substrate on which the spin vortices were fabricated ( the coplanar waveguide 

are excluded from the illustration)  

 To create the near-surface array of NVs, the highly pure diamond membrane will be 

coated with a 200 nm thick layer of PMMA which will be deposited on the diamond surface 

by spin-coating. To perform the spin coating the diamond will be embedded in a resin-based 

composite and then pressed between two flat pieces of silicon. The upper plate of the silicon 

will then be carefully removed and the resin will be cured with a UV lamp. This procedure 

will increase the surface area on which the resist is coated and will reduce the boundary 

effect that causes variation in the resist thickness. Once the sample is coated with the resist 
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arrays of ~60 nm diameter apertures will be patterned on the PMMA layer using a 100 kV 

electron beam lithography equipment (Crestec). The apertures will be spaced with a pitch 

that matches the vortices one of the vortices. After the electron beam lithography, the mask 

will be developed in MIBK and IPA. The result of this process will be an array of apertures 

with well-defined diameter and spacing. 

The patterned sample will be sent to CuttingEdge Ions LLC to be implanted with 15N 

at 10 keV at their facilities,  With a range of doses around the value of 1012 ions/cm2 and a 

current of 600 nA. With these implantation parameters should result in an average of 1 NV 

center per site. After the implantation of the nitrogen ions, the PMMA layer will be removed 

with boiling acids as was described similar to the cleaning process described in chapter 3. 

After the acid cleaning the sample will be removed from the substrate naturally and placed 

into a graphite container which will be heated up to 850◦C for 2 hours in vacuum to induce 

vacancy diffusion. During this step, some of the implanted nitrogen atoms will be converted 

into luminescent NV color centers. The implanted diamond membrane will then be cleaned 

again using acids to remove any residual graphite from the surface of the membrane and 

then mounted onto a quartz plate.  

A map of the implanted sample will be obtained with the confocal fluorescence 

microscope that was presented in chapter 3 and the diamond membrane will be then 

mounted onto the silicon substrate that supports the magnetic vortices as illustrated in 

Figure 59. Alignment of the two samples will be performed using with the help of an inverted 

microscope and the two sample will be glued one to the other with Polyvinyl alcohol.   
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A1.5 Summary 

In summary, the application of high gradient magnetic fields holds great potential to 

substantially increase the coherence time of NV centers in diamonds. Increasing the 

coherence time of NV center by permanently decoupling them from neighboring 

paramagnetic defects can be used to improve their sensitivity as magnetometers as well as 

improving their applicability to a range of quantum application and is very interesting 

fundamental physical phenomena by itself. In this chapter we proposed an experimental 

realization with which the effect of high gradient magnetic fields can be tested, we reviewed 

the concept and brought some indications that support this proposal. While this experiment 

is far from being concluded, we presented some preliminary results and a detailed roadmap 

for the rest of the work.   
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