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Abstract

Solid-state spin systems are promising platforms for implementing novel quantum-
based technology, which has broad significance over numerous research disciplines.
In recent years, nitrogen-vacancy (NV) centers in diamond have emerged as a poten-
tial quantum sensor for various physical quantities with exceptional sensitivity and
high spatial resolution. The key selling point of NV centers is their ambient operat-
ing conditions, which enable the in vivo and in situ imaging of biological structures
that are inaccessible with other contemporary techniques. The thesis focuses on the
experimental advances towards the implementation of nanoscale magnetic sensors
with engineered NV centers in diamond.
Two state-of-the-art techniques like nitrogen ion implantation and in situ doping

of nitrogen are explored for engineering diamond samples with tailored NV proper-
ties. In particular, the high three-dimensional spatial accuracy of the mask-assisted
implantation technique is presented along with the experimental demonstration of
nanoscale magnetometry with the implanted NVs. Further, the noise spectra of the
NVs are probed using dynamical decoupling sequences, which give valuable insight
into the quantum probe’s local spin environment. This sample production technique
is a very promising route for the fabrication of on-demand NV arrays with good spin
coherence properties for true quantum-based applications.
High-sensitive DC magnetometry is demonstrated with depth-confined, prefer-

entially aligned NV ensembles with particular focus on mitigating the dominant
decoherence mechanisms in such high-dense, nitrogen-rich diamond samples. To
this end, the efficacy of spin bath control and multipulse dynamical decoupling
techniques are explored to enhance DC magnetic field sensitivity. The sample en-
gineering schemes and the characterization of the NV sensors presented in this work
are useful for optimizing the diamond sample preparation parameters and crucial
for the emerging quantum technologies with NV centers.
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Finally, the new Stuttgart-1 (ST1) color center’s properties are investigated in a
natural diamond sample. The defect’s magnetic and optical dipole orientations are
studied, which give valuable insight into the structure and symmetry of this defect.
Furthermore, an extended level scheme is proposed to account for the defect’s anom-
alous photoluminescence behavior at high excitation powers. The results presented
here mark a significant step towards the structural elucidation of this color center.
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1 Introduction

Quantum theory is essential for describing the physics of matter at atomic scales.
It has revolutionized our understanding of several microscopic phenomena. Many
bizarre aspects of quantum physics like wave-particle duality, quantization of cer-
tain physical quantities, and the principle of uncertainity have been experimentally
verified to the highest degree of precision. Numerous groundbreaking inventions like
lasers, transistors, semiconductors, LEDs, MRI scanners are inherently based on
quantum effects. During the last several decades, quantum physics has evolved from
being the conceptual framework for microscopic phenomena to inspiring technolo-
gical innovations. Extensive research is pursued on exploiting quantum phenomena
such as quantum entanglement and quantum superposition for novel quantum tech-
nologies, which promise unprecedented advantages over the classical counterpart.
These developments are partly driven by the rapidly evolving ability to experiment-
ally manipulate and control the dynamics of diverse quantum systems ranging from
single photons, atoms, ions, individual electrons, nuclear spins to mesoscopic su-
perconducting and nano-mechanical devices. Furthermore, quantum theory applic-
ations have opened new avenues in precision sensing, metrology, and fundamental
physics.

1.1 Quantum Sensing
Quantum sensing is an emerging application of quantum systems as sensors for

various physical quantities such as magnetic fields, electric fields, temperature, and
pressure. The heart of quantum sensing is the central weakness of quantum sys-
tems or their strong susceptibility to external perturbations. This property makes
quantum systems an incredibly powerful tool with numerous real-world applica-
tions. Several concepts of quantum sensing have long been known to the phys-
ics community with decades of research in nuclear magnetic resonance (NMR) for

1



1 Introduction

high-resolution spectroscopy. NMR and EPR (electron paramagnetic resonance)
spectroscopic techniques are undeniably one of the invaluable tools for the chemical
and structural analysis of complex substances, despite limited sensitivity. Besides,
these techniques are based on ensemble detection, thus lack the ability to investigate
individual entities.
The recent popularity of quantum sensors is driven by technological advancement

to manipulate and investigate individual quantum systems. Such true quantum
sensing schemes have unparalleled applications in the field of structural biology and
condensed matter physics. For example, probing the magnetic field of single spins
with sub-nanometer spatial accuracy would be immensely useful for the structural
determination of complex chemical molecules. Combined with a high temporal res-
olution, these quantum sensors can unravel complex physical and biological phenom-
ena such as superconducting phase transitions, Overhauser fields, protein dynamics,
and quantum coherence in photosynthetic complexes, etc.

1.2 Current state of the art
Sensors capable of detecting single spins with atomic resolution under ambient

working conditions are technically nonexistent. However, there are few prominent
magnetic sensors for detecting weak magnetic resonance signals with the ability to
achieve single spin detection.
SQUIDs- superconducting quantum interference devices are considered as one

of the sensitive methods for detecting magnetic fields with a sensitivity down to
10 aT/

√
Hz [1]. The applications of SQUID sensors range from characterization

of materials in solid-state physics to clinical magnetoencephalography for detecting
the stray magnetic fields of electric currents in the brain. In parallel, nano-SQUIDs
have been developed with prospects in nanoscale imaging of various physical quant-
ities [2]. SQUIDs are generally operated at cryogenic temperatures, limiting their
applicability for in vivo imaging of complex biological structures.
Atomic vapor cells are another sensitive method for detecting magnetic fields with

sensitivities in the range of < 10 aT/
√

Hz. In its simplest arrangement, optically
polarized alkali atoms such as K, Rb, or Cs are trapped in a transparent cell close to
the magnetic specimen. The magnetic detection is based on Zeeman interaction, and
the resulting precession frequency of the atoms is detected using an optical probe

2



1.2 Current state of the art

beam. Despite the remarkable sensitivity of the vapor cells, they are incapable of
detecting single spins due to their macroscopic size.

MRFM- magnetic resonance force microscopy is another promising method for
the nanoscale detection of magnetic resonance signals. MRFM combines the basic
concept of magnetic resonance imaging (MRI) and atomic force microscope (AFM)
[3]. In MRFM, ferromagnetic tipped cantilevers are used to directly measure the
modulated spin gradient force between the specimen and the tip. Unlike conven-
tional MRI, the sensitivity of the MRFM scales favorably with the small sample
and tip dimensions. MRFM experiments are typically performed at cryogenic tem-
peratures to minimize the thermal fluctuations of the cantilever. This condition is,
however, unfavorable for the in situ imaging of live biological samples.

Optical detection of electron spin resonance of nitrogen-vacancy defects in dia-
mond has recently emerged as a promising technique for detecting magnetic fields of
nanoscale samples. This solid-state quantum sensor offers an unprecedented com-
bination of spatial resolution and magnetic sensitivity. The primary attractions of
NV centers include their bio-compatibility and ambient operating conditions. Fur-
thermore, the sensor is operable in broad temperature ranges, opening new avenues
in biological and condensed matter research. Following the seminal demonstration
of NV magnetometry [4, 5], the sensor has since then been applied for detecting
a variety of other physical quantities such as electric field, temperature, and pres-
sure gradients [6]. Over the past few years, numerous researches have also focused
on translating the laboratory scale sensor to a commercial device with industrial
applications [7–9].

One of the critical advantages of NV based sensors is the controlled production
of diamond chips with defined impurity concentration. This thesis presents the
characterization of NVs engineered using two frequently used techniques: nitrogen
implantation in high purity CVD crystals, in situ doping of nitrogen during CVD
growth. Furthermore, the prospects of the engineered NVs in the context of magnetic
field sensing is explored. Recently, another unique color center has been identified in
diamonds. In addition to NV centers, the ST1 defect is the only other known color
center (to date) to exhibit room-temperature ODMR. The work presented here gives
the preliminary characterization of the ST1 center with the motivation to deduce
its structure, symmetry, and possible composition.

3



1 Introduction

1.3 Thesis Overview
Ch2: The Nitrogen-Vacancy Center in Diamond

In this chapter, a general description of the NV quantum system is explained.
Several unique attributes of the NV center results from the ideal material properties
of the diamond host. To this end, a few selected properties of diamond are also
discussed. Further, the chapter provides a brief outline of the NV center’s unique
photophysical and spin properties. The spin dynamics of the NV center assessed
using common pulse sequences are described with particular relevance to sensing
applications.

Ch3: Sensing with NV centers

The chapter gives a brief overview of various sensing aspects of the NV center.
Different sensing schemes, along with the corresponding detection bandwidth, are
explained with special attention to magnetic field detection. We also discuss the
current state-of-the-art and recent achievements in the broad field of NV magnetic
field sensing. The limiting factors for the NV magnetic field sensitivity are also
addressed with possible solutions.

Ch4: Lithographically engineered shallow nitrogen-vacancy centers

This chapter presents the optical and spin properties of lithographically engin-
eered NV centers. Furthermore, a detailed scheme for producing deterministically
placed NV centers with high spatial accuracy is provided. The creation yield, depth
distribution, and the noise environment of the implanted NVs are presented and
compared with the broad-beam implantation technique. The possible sources of the
noise and the limitations of the implantation technique are discussed.

Ch5: DC magnetometry with engineered nitrogen-vacancy spin en-
sembles in diamond

In this chapter, an ensemble-based sensing scheme is demonstrated for detect-
ing DC magnetic fields with a high-dense NV sample. The diamond sample with
aligned NV centers boosts the magnetometer sensitivity by improving the measure-
ment contrast and utilize the entire ensemble for a high signal-to-noise ratio. The
technique for engineering such preferential aligned, high-dense, shallow NV samples
is also presented. A detailed sample characterization, including the estimation of
NV and spin bath densities, is presented. The dominant dephasing sources and the
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1.3 Thesis Overview

methods for mitigating them are discussed with particular attention to sensing DC
magnetic fields.
Ch6: Observation of ST1 color center in natural diamond
The recently identified ST1 (Stuttgart-1) defect is studied in this chapter. Other

than NV centers, it is the only other defect in diamond with ODMR at room
temperature. The ST1 centers studied in the chapter are hosted in natural dia-
mond samples, thus ensuring its stability on geological timescales. The chapter also
presents a detailed study on the magnetic and optical dipole orientations of the ST1
defect. The anomalous photoluminescence saturation of the ST1 is also discussed
with a possible extended level scheme to describe the observed effect.

5





2 The Nitrogen-Vacancy Center
in Diamond

2.1 Diamond

Diamond has always been an intriguing material of research in numerous branches
of science. It is one of the most versatile materials known to humankind. This
rare naturally occurring mineral is composed exclusively of carbon atoms in a rigid
tetrahedral configuration. It is chemically inert and has the highest hardness and
thermal conductivity of all known substances. These unique physical properties are
frequently exploited in many industrial applications such as cutting, polishing tools,
heat sinks, and wear-resistant components. Diamond also possesses exceptional
optical properties like high dispersion and luster. Naturally, the most well-known
usage of diamonds is as gemstones in ornaments. Diamond is the most popular
and expensive gemstone of all time. A brilliant-cut diamond gemstone with many
sparkling facets is shown in Figure 2.1.

Crystallization of carbon to diamond occurs under extreme conditions (temper-
ature: 1400 - 1600◦ C, pressure: 7 - 8 GPa [10]) and is usually formed at the Earth’s
mantle. At surface temperature and pressure, graphite is the stable allotrope of
carbon, and diamond is only metastable. The decay of diamond to graphite is ther-
modynamically favorable; however, the sizable kinetic barrier (728 kJ mol−1 [11])
inhibits such transition. Hence, under standard conditions, diamond is considered
as a stable material. The exceptional properties of diamond are rooted in the nature
of its atomic configuration. In the following section, we briefly discuss its crystal
structure and a few selected properties.
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2 The Nitrogen-Vacancy Center in Diamond

Figure 2.1: Visualisation of a diamond cubic unit cell. Diamond unit cell consists
of tetrahedrally bonded carbon atoms with the nearest neighbor distance of 1.54 Å. Dia-
mond has a face-centered cubic (fcc) lattice structure with a lattice constant of 3.57 Å. In
the xyz-crystallographic notation, the C-C direction can be defined using the Miller indices
[111] ,

[
1̄11

]
,
[
11̄1

]
,
[
111̄

]
. Modified from https://pngimg.com/download/6701.~

2.1.1 Crystal structure and properties

Elemental carbon has six electrons, with a ground-state electronic configuration
of 1s2 2s2 2p2. The two core electrons occupy the 1s electronic state, and the four
valence electrons are equally distributed among the 2s and 2p electronic states. The
energy difference between the 2s and the 2p states are rather small, hence during
crystallization, one of the 2s electrons is excited to the 2p state. This results in the
formation of four hybrid orbitals formed out of one s and three p orbitals. The four
sp3 hybrid orbitals adopt a tetrahedral arrangement with a characteristic bonding
angle of 109.5◦. Typically diamond crystals are formed by assembling different sp3

carbon atoms in a compact structure. This three dimensional sp3 arrangement is
imprinted on the strong binding energy of the carbon atoms, which is equal for all
participating atoms in the lattice.
The schematic representation of the diamond unit cell is shown in Figure 2.1. It

is composed of two interpenetrating face-centered cubic lattices (fcc) displaced by
1/4 of the diagonal along the cubic cell. The tetrahedral arrangement of carbon
atoms is highlighted in pink, where each sphere represents individual carbon atoms.
As mentioned, each carbon atom is covalently bonded to four nearest neighbors in

8
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2.1 Diamond

the tetrahedral geometry with an interatomic distance of 1.54 Å. Each unit cell of a
diamond is composed of eight carbon atoms, the highest number of atoms per unit
volume, making it the least compressible material [12].

The strong covalent bonding and compact structure make diamond the hardest
of all known materials with the Young’s modulus of 1050 - 1210 GPa [13]. However,
the diamond’s hardness is highly anisotropic and depends on the crystal orienta-
tion, with the highest value along the [111] direction. Diamond is also an excellent
thermal conductor, where the tightly packed carbon atoms efficiently transfer heat
via lattice vibrations [14]. These extreme diamond properties find many industrial
applications such as cutting, polishing tools, and more recently for high-speed dry
machining of nonmetallic, abrasive materials for automotive and aerospace indus-
tries. Diamond is also frequently employed for thermal management in high-power
electronics, optoelectronics, and microwave devices [10, 15].

Properties Application

m
ec
ha

ni
ca
l Lattice constant: 3.567 Å Cutting tools, polishing

material, wear resistant
coatings

Lattice energy: 720 J/kmol
Moh’s hardness: 10

th
er
m
al Thermal conductivity: 20W/cm.K heat sinks for high power
electronic devices,
substrate for high

temperature lithography

Thermal expansion: 1.1×10−6 ◦ C−1

Melting point: 4×103 ◦ C

el
ec
tr
ic
al

Band gap: 5.47 eV high power, high frequency
electronic devicesElectron/hole mobility: 2400/2100 cm2/V.s

op
tic

al Transmittance: 98% optical windows, wave
guides, high power lasersRefractive index: 2.465 (λ = 400 nm)

ch
em

ic
al Inert against most acids

and alkalies
electrochemistry, electrodes
in corrosive environment,

biomedical detectors

Table 2.1: Properties and selected application of diamond. Mechanical, thermal, elec-
trical, optical, and chemical properties of diamond. The values are taken from Refs. [12, 13].
Few selected applications are summarized in the last column.
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2 The Nitrogen-Vacancy Center in Diamond

Unlike most thermal conductors, diamond is an electrical insulator with a bandgap
of 5.5 eV [16]. This wide-bandgap results from the short inter-atomic separation of
the carbon atoms, which leads to a large energy splitting between the bonding and
anti-bonding orbitals. The large bandgap also means that pure diamond is trans-
parent across a broad spectrum of electromagnetic radiation from mid-ultraviolet to
far-infrared wavelengths. Together with low birefringence and high thermal stabil-
ity, diamonds are also used as optical windows for high power lasers [17]. Another
exciting optical application is the use of diamonds as an active medium for Raman
lasers, which, compared to conventional gain crystals, offers two orders of magnitude
improvement in the figure of merit [18]. Diamond is also a promising candidate
in the semiconductor industry, where its high thermal conductivity benefits power
electronic applications. This is an area of ongoing research, where one of the main
challenges is the controlled doping of impurities in the diamond lattice. Few selected
properties of diamond and their potential applications are summarized in Table 2.1.

2.1.2 Classification

During crystal growth, different impurity atoms are incorporated into the diamond
lattice. The most common chemical impurities in natural and synthetic diamonds
are the nitrogen and boron atoms (due to similar atomic radii as the intrinsic car-
bon atoms). The concentration and the configuration of these extrinsic impurities
are manifested in the optical characteristic of the diamond. Hence, diamonds are
classified based on the impurity concentration as monitored by infrared (IR) and
ultraviolet (UV) spectroscopy.

The general classification of diamond is summarized in Figure 2.2. More than 98%
of all natural diamonds belong to Type I classification. These diamonds possess a
high concentration of nitrogen impurities, typically between 100 - 3000 ppm. The
most common form of natural diamond, Type Ia, exhibits two overlapping but
distinct IR absorption spectra in the one-phonon region (between 1000 - 1330 cm−1),
which has been correlated with the presence of two forms (IaA and IaB) of nitrogen
aggregates. Type IaA diamonds predominantly have pairs of substitutional nitrogen
atoms on neighboring sites and show a strong absorption peak at 1282 cm−1 [19].
Type IaB features an absorption peak at 1332 cm−1 [20] and possesses a group
of four substitutional nitrogen atoms surrounding a vacancy. About 0.1% of all
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2.1 Diamond

Type I
with nitrogen impurities

Type Ia
aggregated N atoms
[N] ≈ 500 - 3000 ppm

Type Ib
isolated N atoms

[N] ≈ 40 - 100 ppm

Type IaA
aggregated N pairs

Type IaB
aggregated 4N-V

Type II
without nitrogen impurities

Type IIa
no detectable impurities

[N] ∼ ppb

Type IIb
Boron impurities
[B] ≈ 1 ppm

Figure 2.2: Classification of diamond. Classification of diamond based on the concentration
and configuration of extrinsic impurities as observed by the IR and UV spectroscopy. The values
of the nitrogen impurities concentration are taken from Ref. [16].

diamonds belong to the Type Ib class, which possess isolated substitutional nitrogen
impurities. They have relatively high nitrogen concentration (up to 0.05%) and
hence impart an intense yellow color to the diamond. Most of the HPHT (high-
pressure high-temperature) lab-grown diamonds belong to this class.
Type II diamonds are the purest and rarest class of natural diamonds. They

have a very low concentration of nitrogen or boron impurities (few ppb); hence,
they do not show the characteristic IR absorption line of nitrogen defects. These
diamonds are excellent insulators and are optically transparent from UV to far IR
region [16]. Most of the chemical vapor deposition (CVD) lab-grown diamonds are
of Type IIa. Majority of the diamond substrates utilized in this work belong to this
class. Type IIb diamonds have a significant amount of boron impurities and appear
with a light blue tint. This type of diamond presents a p-type conductivity due to
the activation of boron acceptors.

2.1.3 Spectroscopy of defects

As discussed above, the coloration of the diamond is due to the presence of in-
trinsic (vacancies and vacancy clusters) and extrinsic (nitrogen, boron, silicon, and
phosphorous) impurities within the crystal lattice. When these defects are stable
under the experimental conditions, they introduce additional energy levels between
the valence and the conduction band. These additional energy levels introduce new
transitions, and if the transitions are within the visible frequency range, they impart
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2 The Nitrogen-Vacancy Center in Diamond

color to the diamond due to the absorption of photons. Diamonds with a sizable
concentration of color centers change their color according to the concentration and
composition of these defects. For example, a high concentration of substitutional
nitrogen impurities imparts a deep yellow color, and boron impurities impart a light
blue tint.
Optical spectroscopy has greatly aided the study of defects in diamond. The

study of different color centers is also facilitated by technical advancement in the
production of synthetic diamonds. Synthetic diamonds produced through high-
pressure high-temperature (HPHT) or chemical vapor deposition (CVD) techniques
offer great control over the crystal’s atomic composition. Further, various irradiation
techniques like ion, electron, or neutron bombardment have assisted in the controlled
fabrication of defects. Over 600 optically active defects have been characterized in
diamonds so far [16, 21].
Many impurity related defects in diamond possess unpaired electron spins due to

charge imbalance, hence show paramagnetism. Electron spin resonance (ESR) is one
of the most sensitive tools for investigating the nature of impurities in solids, par-
ticularly in diamond due to low background spins. Traditionally the impurities are
detected by the absorption or reflection of microwave fields at their signature trans-
ition frequencies. In diamonds, this technique was first applied to characterize the
paramagnetic impurities in neutron-irradiated samples [22]. Following this, in 1959,
the ESR technique has been successfully employed to identify single substitutional
nitrogen centers, called P1 defects in diamond [23]. One of the significant draw-
backs of the ESR technique stems from the detection of microwave photons. This
spectral region is notoriously difficult to detect due to the low energy of the micro-
wave photon and the f 2 dependence of blackbody and other low-energy background
radiation. Additionally, ESR relies on the thermal spin polarization and requires a
high magnetic field or cooling of the spin system. Despite these limitations, ESR
continues to be the primary spectroscopic tool for investigating bulk sample prop-
erties. Several paramagnetic defects in diamond have been characterized and listed
using ESR techniques [24].
Optically detected magnetic resonance (ODMR) is a special type of double reson-

ance technique that combines optical measurements with magnetic resonance spec-
troscopy. ODMR technique relies on signal enhancement due to spin selective optical
pumping of the magnetic states. Additionally, with the detection of optical photons,
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2.2 The Nitrogen-Vacancy Center

this method overcomes both the limitations of conventional ESR spectroscopy. In
1978, Loubser and van Wyck [24] studied several paramagnetic color centers un-
der continuous optical excitation that show signal enhancement beyond the thermal
polarization limit. They identified a particularly luminescent color center com-
posed of substitutional nitrogen impurity with a neighboring vacancy site (called
NV center). In the late 1980s, optically detected magnetic resonance was detected
in a nitrogen-rich electron-irradiated diamond sample, which confirmed the triplet
ground state of the NV centers [25, 26]. One of the essential properties of the NV
center was demonstrated by Gruber et al. in 1997 [27]. This report demonstrates the
first room-temperature observation of fluorescence and optical detection of magnetic
resonance from single NV centers. Since then, several significant accomplishments
like coherent control of electron, nuclear spin states, and neighboring spins [28, 29]
have made NV centers one of the promising candidates for solid-state qubit system.

2.2 The Nitrogen-Vacancy Center
The nitrogen-vacancy center is one of the numerous point defects in diamond with

stable optical and spin properties at ambient conditions. It consists of a substitu-
tional nitrogen atom adjacent to a carbon vacancy [24, 30]. It possess exceptional
photoluminescence properties like large absorption cross-section for optimal excit-
ation (σ532 ≈ 1017), short fluorescence lifetime (τ ≈ 11.6 ns) and high quantum
efficiency (ϕ ≈ 1). These optical properties enable the room-temperature detection
of fluorescence signals from individual NV centers [27]. The defect has been well
characterized using optical and spin resonance experiments where they are referred
to as 1.945 eV vibrionic band [30] and W15 centers [24], respectively.
Davies and Hamer proposed the electronic structure and symmetry of the NV

center based on their optical studies under uniaxial stress experiments [30]. The
results reveal the trigonal symmetry of the NVs with an optical transition between
the A1 (ground) and E (excited) electronic states. EPR characterization of the
defects shows its a spin-triplet with the zero-field splitting of ≈ 2.88 GHz due to
crystal field. The accepted model of NV center includes a triplet ground and excited
states with a singlet metastable state energetically in between [25].
Many applications of NV centers are centered around the spin-selective relaxation

of the excited states, which enable the optical detection of the defects’ spin states
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2 The Nitrogen-Vacancy Center in Diamond

[28, 31]. Also, NV centers show exceptionally long spin-relaxation times compared
to other solid-state systems due to the spin-free diamond lattice, and the weak spin-
phonon coupling [32, 33]. Furthermore, with advanced material engineering, NVs
in isotopically-pure diamond samples show ultralong spin coherence time [34, 35],
making them an ideal quantum probe for optical magnetometry [4, 5, 36–38]. With
these unique optical and magnetic properties, these atomic-sized defects have been
the focus of numerous applications and proposals in quantum information processing
[39–50], quantum sensing [51–59], quantum metrology and spintronics [60].

2.2.1 Lattice structure and charge states

The structure of the NV defect in a diamond lattice is shown in Figure 2.3. It
comprises of a substitutional nitrogen atom (yellow sphere) adjacent to a lattice va-
cancy (white sphere). Depending on the number of participating electrons, the NVs
exist predominantly in two charge states the neutral NV0 state and the negatively
charged NV− state. The prevalence of either of the charge states depends on the
Fermi level of the diamond lattice. Hence, switching between the charge states can
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ee

e
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e
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e

NV−

Figure 2.3: Structure of NV center in the diamond lattice. The NV defect is composed
of a substitutional nitrogen atom adjacent to a vacancy site. The carbon atoms are depicted
in blue, nitrogen (N) atoms in yellow, and vacancies (V) in white. The defect exists primarily
in two charge states: neutral (NV0) and negatively charged (NV−) NV centers. On the left,
we show the total electron spin contribution for each NV charge state.
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2.2 The Nitrogen-Vacancy Center

be facilitated by modifying the diamond’s surface potential [61, 62]. Both the charge
states differ significantly in their electronic structure, reflecting on their optical and
magnetic properties.
The defect’s electronic structure is determined by the number of electrons in the

dangling orbitals on the carbon and nitrogen atoms adjacent to the vacancy. As
shown in Figure 2.3(left), NV in its neutral charge state, possesses five electrons,
two from the nitrogen atom and three unpaired electrons from the carbon atoms
adjacent to the vacancy. Two of the vacancy electrons form a quasi covalent bond
and the third electron remains unpaired. This unpaired electron spin exerts the
paramagnetic characteristics of the neutral NV charge state. NV0 is optically active
and shows a distinct fluorescence spectrum with a zero-phonon line (ZPL) at 575 nm.
Although NV0 is paramagnetic, the EPR signal from its ground state is too broad
to be detected, and optical excitation is required to populate the EPR detectable
excited state. In the negative charge state, an extra electron is captured at the
vacancy site, hence possesses two unpaired electrons forming a S = 1 spin system.
NV− is both optically and magnetically active with a distinct ZPL at 637 nm.
A recent NMR study on the NV’s nuclear spin shows the continuous switching

of charge states under laser illumination [63]. The ionization and recombination
rates show quadratic power dependence, strongly hinting the two-photon dynamics
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NV0

NV−

NV0 = 575 nm

NV− = 637 nm
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Figure 2.4: Room temperature photoluminescence spectrum of a single NV center.
The fluorescence emission spectrum of a single NV center featuring both charge states under
green illumination. The prominent peaks at 575 nm and 637 nm correspond to the ZPL of the
neutral and negative charge states.
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2 The Nitrogen-Vacancy Center in Diamond

of the processes. The charge dynamics also depend on the excitation wavelength,
and for green illumination, the defect exists 70% in the negative and 30% in the
neutral charge states. The charge states can be distinguished based on the spectral
position of the optical ZPL and the associated phonon sideband [64]. The measured
fluorescence emission spectrum of a single NV center featuring both the charge states
is plotted in Figure 2.4. The spectrum shows two prominent peaks at 575 nm and
637 nm, which corresponds to the ZPL of NV0 and NV−, respectively. The charge
state NV− (from now on referred as NV) possesses the myriad of useful magneto-
optical properties, which are the main focus of this thesis.

The quantization axis of NVs is defined by the symmetry axis of the nitrogen and
the vacancy defects. The NV belongs to the C3v symmetry group, which includes
three-fold rotation symmetry and a vertical mirror symmetry plane [65]. This tet-
rahedral configuration defines up to four possible NV axis, oriented along one of the
four 〈111〉 directions, as shown in Figure 2.5. Besides, the precise ordering of the
nitrogen and the vacancy are reversed for each of the configurations.

The NV centers are found in abundance in natural diamonds as the formation
conditions favor the migration of nitrogen or vacancies to form NV defects. How-
ever, these defects can also be intentionally incorporated into the diamond lattice.
Owing to the growing interest in the spin and optical properties of the NV defects,
there has been tremendous interest in the artificial creation of NV centers in an
otherwise high-purity diamond substrate. The two conventional approaches are (i)

V

N

NV ‖ [1̄ 1̄ 1]

V

N
NV ‖ [1 1̄ 1̄]

V

N

NV ‖ [1 1 1]

V

N

NV ‖ [1̄ 1 1̄]

Figure 2.5: Orientation of NV center in diamond lattice. The carbon atoms are depicted
in blue, nitrogen (N) atoms in orange, and vacancies (V) in white. The yellow arrows indicate
the defects’ major symmetry axis (direction of N-V). Besides the four orientations, the lattice
position of nitrogen and vacancy can be reversed for each of these configurations. However,
for magnetometry applications, the orientations with equivalent symmetry axes are spectrally
indistinguishable.
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2.2 The Nitrogen-Vacancy Center

implantation of nitrogen ions in a high purity diamond substrate, followed by high-
temperature annealing and (ii) nitrogen incorporation during CVD diamond growth
and subsequent irradiation with ions or electrons. These two methods are discussed
in detail in Appendix A.1.

2.2.2 Electronic structure and optical properties

As mentioned before, the negatively charged NV centers possess six electron spins,
three unpaired electrons from the carbons, a pair of electrons from the nitrogen
atom, and an additional electron captured from the nearby substitutional nitrogen
impurities [31]. The electronic configuration of the ground and the excited states are
deduced using the group theoretical approach [66, 67], and is shown in Figure 2.6A.
The ground state has a 3A2 symmetry, where the two lower states a1(1) and a1(2)
are fully occupied, while the degenerate ex and ey orbitals are partially filled by the
remaining two electrons. These two unpaired electrons form the spin triplet (S = 1)
ground state. The first excited state is 1.945 eV above the ground state, where one
electron from the a1(2) orbital is excited to the ex,y orbitals resulting in a triplet
state 3E. The spin-spin interaction between the unpaired electrons causes the zero-
field splitting (ZFS) of the triplet states. The structure of the metastable singlet
states is still debated but is generally agreed to involve 1E and 1A states which lies
energetically between the ground and the excited triplets [65].

The detailed electronic level scheme of the NV center is depicted in Figure 2.6B.
The ground and the excited states are spin triplets with a ZFS of DGS = 2.87 GHz
[68] and DES = 1.4 GHz [69, 70], respectively. These states are connected via strong
optical transition due to the electric dipole moment associated with their transition.
Spin conserving optical transitions are induced between the 3A2 and the 3E states
with a characteristic ZPL at 637 nm [30]. The transition dipole associated with the
optical excitation has two possible orientations (ex or ey), which are perpendicular
to both the NV axis and to each other. Hence efficient excitation is achieved using a
laser beam propagating parallel to the NV axis. As shown in Figure 2.4, the emission
spectra of the NV center features a broad phonon sideband (PSB) extending up to
750 nm with a peak around 680 nm. The existence of the broad phonon sideband
is explained using the Frank Condon principle, i.e., change in the electronic spin
states due to optical transitions changes the inter-atomic distance and thus excite
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3A2|0〉
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3E|0〉
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Figure 2.6: Electronic structure of NV center at room temperature. A. Schematics of
the six electron configuration for the ground and first excited states. B. Detailed electronic
states of the NV center, including the fine structure. The ground state 3A2 and the excited
state 3E are spin triplets with a separation of 637 nm. The optical transition corresponding
to the ZPL is shown in red. The spin-spin interactions between the unpaired electrons lead
to a zero-field splitting between the |0〉 and |±1〉 states. The ZFS in the ground state is
DGS = 2.87 GHz and the excited state is DES = 1.41 GHz. The singlet shelving states 1E
and 1A1, are separated by 1042 nm.

lattice vibrations. Ab-initio calculations confirm that the 3A2 and the 3E states have
significantly different nuclear coordinates [71], and hence at room temperature, only
4% of the photons are emitted into the ZPL, and the remaining photons relax into the
PSB. This strong phonon broadening facilitates the efficient off-resonant excitation
of NV centers. However, at low temperatures, the optical transitions are much
narrower than the energy separation between the triplet sublevels, which enable the
resonant excitation of selective spin transitions [46, 72, 73].

So far, we have only considered the spin-conserving optical dynamics in the triplet
manifold. However, as shown in Figure 2.6B, the electronic structure also includes
metastable singlet states, whose existence was unambiguously confirmed by Ro-
gers et al. [74]. The symmetry and the energy of the singlet state are still debated;
however, it is widely accepted to involve at least two distinct states, that are con-
nected via a radiative transition with a ZPL of 1042 nm [74, 75]. For simplicity, we
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2.2 The Nitrogen-Vacancy Center

describe the optical dynamics by treating the singlet manifold collectively with a
common effective lifetime. The most exciting properties of NVs, namely the optical
polarization of the spin states and the optical spin readout, are manifestations of
the spin state-dependent optical cycling involving the singlet states. The finite spin-
orbit coupling promotes the transfer of the population from the excited to the singlet
state. However, this inter-system crossing (ISC) is strongly spin state-dependent.
For example, ISC from the excited triplet state with spin projection |0〉 is suppressed,
and the transition to the ground state occurs mostly via radiative decay, however,
for the other two triplet states, the rate of ISC is comparable to the radiative decay
rate, hence they have shorter lifetimes. Also, from the singlet manifold, the spins
preferably relax into the |0〉 sublevel of the ground state. The high fidelity of this
spin-dependent optical cycling promotes the optical polarization and readout of the
spin states. This is explained in detail in Section 2.2.3.

2.2.3 Optical spin initialization and readout

The photodynamics of the NV center is well described using the electronic struc-
ture depicted in Figure 2.7A. As mentioned above, the optical transitions between
the ground and the excited states are spin conserving. These transitions are denoted
by a solid red line from the excited |0〉 state to the ground |0〉 state and excited |±1〉
to ground |±1〉 state. However, as seen in the figure, the excited |±1〉 has a higher
probability of undergoing inter-system crossing into the upper singlet state [76, 77].
Once they reach the metastable state, the decay to the ground state occurs preferen-
tially into the |0〉 sublevel. Hence with continuous optical excitation, the spin state
is polarized in the |0〉 state regardless of its initial state. The degree of polarization
depends on the ratio of the decay rates from the triplets to the singlet manifold.
Note that at temperatures higher than 1K, the thermal distribution implies that the
ground state sublevels are equally populated (since D � (kBT )) [78–80]. However,
with sufficient excitation intensity, more than 90% of the NV’s total population can
be initialized into the |0〉 ground state, which corresponds to spin temperature <
100 mK. Once the spin state is polarized, it is preserved for timescales proportional
to the longitudinal relaxation time of the ground states of the NVs, which can reach
up to 6 ms even at 300 K [35].
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2 The Nitrogen-Vacancy Center in Diamond

Another key feature of the optical cycle is the spin state-dependent fluorescence
rate. If the spin is initially in |±1〉 ground state, then following optical excitation,
there is a higher probability for ISC to the singlet manifold. This decay path does
not result in the emission of fluorescence. If, however, the spin is in |0〉 state, the
optical excitation results in fluorescence emission, and hence the fluorescence rate is
higher in the |0〉 state than in the |±1〉 manifold. This difference in the fluorescence
intensity is utilized to determine the spin state of the NV centers. The fluorescence
contrast can be as high as 30% and depends on the branching ratios between the
|0〉 and |±1〉 state to the singlet manifold [28].
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Figure 2.7: Time resolved fluorescence response of NV centers. A. Photodynamics
of NV center under continuous optical excitation. A non-resonant 532 nm laser excites the
triplet ground states in a spin conserving manner. Fast phonon relaxation brings the system
into the lowest excited states. The ms = 0 state relaxes back to the ground state through
radiative transition. The ms = ±1 states can undergo triplet-singlet intersystem crossing to
the metastable singlet state. Relaxation to the ground state takes ≈ 250 ns, which is the
lifetime of the singlet manifold. B. The fluorescence signal from the ms = 0 state shows high
initial photon counts (red curve), which then reaches a steady state after ≈ 500 ns due to a
small probability for ISC to the metastable state. For ms = ±1 states, the high ISC rate leads
to a decrease in initial photon counts (blue curve). As the singlet state predominantly decays
into the ms = 0 ground state, the fluorescence reaches the steady-state within the lifetime of
the metastable states (τs = 250 ns).
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The optical readout of the spin state is typically performed by recording the
time-resolved fluorescence response of the NVs. An example of the time-tagged
fluorescence measurements for the NV center in different initial spin states is plot-
ted in Figure 2.7B. As shown, if the spin is initialized in the |0〉 state, a higher
fluorescence is seen at the beginning of the fluorescence signal, which then drops to
a constant steady-state value. However, for the |±1〉 state, the initial fluorescence
intensity is low due to the rapid ISC to the singlet state. Since the population from
the singlet state decays preferentially to the |0〉 ground state, the fluorescence is
recovered (within the singlet lifetime of ≈ 250 ns [74]) and reaches the steady-state
intensity. Hence, the number of photons detected within the first 250 ns of the laser
pulse constitutes the optical readout of the spin states. The plot also shows that
both the spin states reach the same steady-state fluorescence (at t > 500 ns), which
implies the efficient re-polarization of the |0〉 state. Therefore, for high-fidelity spin
initialization and readouts, it is crucial to optimize the duration of both the laser
pulse and the detection window. Typically for pulsed experiments with single NVs,
the laser duration is 3 µs and the signal photons (n0 - n±1) are detected during the
first 300 ns of the laser pulse [81].

2.2.4 Spin properties

As discussed previously, the ground state of the NV is a spin triplet without
spin-orbit interaction. Hence, the dominant influence on the electron spin is due to
spin-spin and Zeeman interactions. The level structure of the NV ground state can
be modeled using the Hamiltonian HNV = HS +HSI +HI , where HS represent the
interactions involving only the electron spin, HSI is the hyperfine coupling to the
intrinsic nitrogen nuclear spin, and HI is the interactions in the nuclear spin degree
of freedom. The ground state spin Hamiltonian of the NV centers is written as,

HNV = HZFS +HeZ +HHF +HQI +HnZ (2.1)

The spin Hamiltonian HNV is given in the basis ms = +1, 0,−1 where ms is the
quantization along the z-direction, which is taken to coincide with the NV axis.
The term HZFS describes the zero-field interaction Hamiltonian, HeZ is the electron
spin Zeeman interaction term, HHF is the electron-nuclear spin hyperfine interaction
Hamiltonian, HQI is the nuclear spin quadrupole interaction term, andHnZ describes
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2 The Nitrogen-Vacancy Center in Diamond

the nuclear spin Zeeman interaction Hamiltonian. The coupling parameters for the
ground state spin Hamiltonian at room temperature are summarized in Table 2.2.
In the following section, the various terms in the NV spin Hamiltonian are discussed
in detail.

Zero-field splitting

The first term in the Eq. 2.1 denotes the zero-field interaction, which arises due
to the dipole interaction of the unpaired electron spins. The two unpaired spins are
strongly coupled, and the interaction is written as,

HZFS = ~ST ·D · ~S (2.2)

where D is the ZFS tensor and ~S = (Sx, Sy, Sz)T is the electron spin operator. The
tensor D is diagonal in its eigen frame and can be expressed as

HZFS = DxS
2
x +DyS

2
y +DzS

2
z = DS2

z + E(S2
x − S2

y) (2.3)

Coefficient Description Value
D axial ZFS parameter 2.87 GHz
E transverse ZFS parameter kHz - MHz
ge electron spin g-factor 2.003
gN nuclear spin g-factor 14N: +0.4038

15N: −0.5664
A‖ axial hyperfine constant 14N: −2.14 MHz

15N: +3.03 MHz
A⊥ transverse hyperfine constant 14N: −2.70 MHz

15N: +3.65 MHz
P quadrapole splitting parameter 14N: −5.01 MHz

Table 2.2: Coupling parameters of the ground state spin Hamiltonian at room tem-
perature. Typical values of axial (D) and transverse (E) zero-field splitting parameters. The
values are taken from [27, 82]. The electron and the nuclear spin g-factor along with the
parallel (A‖) and perpendicular (A⊥) hyperfine parameters for 14NV and 15NV. The values are
taken from Ref. [83].
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2.2 The Nitrogen-Vacancy Center

where D = 3
2Dz and E = Dx −Dy

2 are the zero-field splitting parameters, which
represent the symmetry of the defect along the z− and the x−, y− directions,
respectively. Zero-field splitting is observed only for non-spherical spin densities,
hence, the splitting parameters are sensitive probes of the structural symmetry of
the defect. For NV centers, the ground state unpaired spin density is equally distrib-
uted over the three sp3 dangling bonds of the carbon atoms around the vacancy site.
Hence, in the absence of crystal strain, the ground state spin density is symmetric
in the (111) crystal plane, but elongated along the [111] direction. Therefore, the
spherical symmetry is distorted only along the NV axis affecting the Sz compon-
ent of the spin. As mentioned previously, the NV’s ground state shows a zero-field
splitting of D = 2.87 GHz. This is depicted in Figure 2.8(Left).

The C3v symmetry of the NV center is lowered in the presence of transverse strain
or electric field, which influences the Sx and Sy spin components. The E parameter
is always much smaller than D and largely depends on the diamond matrix hosting
NVs. For high-purity CVD grown diamonds, E ≈ 100 kHz and nanodiamonds
with large strain, E can reach a few MHz. The zero-field splitting of the spin
states in the presence of lattice strain is depicted in Figure 2.8(Right). As stated
earlier, the zero-field splitting occurs due to the confinement of electronic wave
function, hence responds to perturbations like crystal compression and expansion,
as well as the vibrational motion of surrounding atoms. Hence, the value of D
changes with temperature T as dD/dT =−74.2 kHz/K [82] and with pressure p as
dD/dp = 1.46 kHz/bar [84].

Electron Zeeman interaction

The second term in the spin Hamiltonian in Eq. 2.1 describes the electron Zeeman
interaction and can be expressed as

HeZ = γ ~BT · ~S (2.4)

where γ = 2.8 MHz/G is the gyromagnetic ratio of the NV electron spin and ~BT =
(Bx, By, Bz) is the magnetic field vector which describes the magnitude and the
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Figure 2.8: Ground state energy levels showing zero-field splitting and Zeeman inter-
action. Left. The |0〉 and |±1〉 (degenerate at B = 0 G) states are split due to dipolar
interaction of the unpaired electron spins. The degeneracy of |±1〉 states is lifted in the
presence of an external magnetic field, which separates them according to the field strength.
Right. With lattice strain or stray electric fields, the trigonal symmetry of the NV center is
distorted; hence, the |±1〉 states are split depending on the local strain. The purple arrows
indicate the allowed transitions between different energy levels. ν− and ν+ are the transition
frequencies as calculated in Eq. 2.6.

orientation of the external field. If the magnetic field is aligned parallel to the NV
axis (such that Bx = By = 0), this term simplifies to

HeZ = γBzSz (2.5)

Hence, the presence of a non-zero magnetic field lifts the degeneracy of the ms = ±1
states, leading to a symmetric splitting of ∆ν = 2γBz between them. The splitting
of the spin states as a function of the external field magnitude is shown in Figure 2.8.

The exact transition frequencies can be calculated by diagonalizing the total spin
Hamiltonian which is given as [85]

ν±(Bz) = D ±
√

(γBz)2 + E2 (2.6)

where, ν− and ν+ are the transition frequencies between states |0〉 ↔ |−1〉 and
|0〉 ↔ |+1〉, respectively. The above equation ignores the hyperfine interaction
and only holds when the magnetic field is aligned along the defect’s quantization
axis. However for small magnetic fields such that the parallel component of the
field is much greater than the perpendicular one B‖ � B⊥ (where B‖ = Bz, B⊥ =√
B2
x + B2

y), the Eq. 2.6 can be regarded as a good approximation. In the case

24



2.2 The Nitrogen-Vacancy Center

of a misaligned external field, the splitting is no longer symmetric and depends on
the angle between ~B and the NV axis. At a large magnetic field, the quantization
axis does not coincide with the NV axis, and the ms states are mixed. Significant
state mixing leads to a drop in fluorescence emission and the spin readout contrast.
Hence, precise alignment of the magnetic field can be performed by monitoring
the ODMR transition frequencies and the fluorescence counts. For most of the
pulsed experiments described in the following sections, the external magnetic field
is expected to be aligned parallel to the NV axis.

Hyperfine interaction

The third term in Eq. 2.1 describes the intrinsic hyperfine interaction between the
NV’s electron spin and the nitrogen’s nuclear spin. The term in the Hamiltonian
that pertains to the hyperfine coupling can be expressed as

Hhf = ~ST ·A · ~I (2.7)

where A is the hyperfine tensor and ~I = (Ix, Iy, Iz)T describes the nuclear spin
operator. The hyperfine tensor is axially symmetric due to the trigonal rotational
symmetry of the NV centers and can be expressed as [68]

A =


A⊥ 0 0
0 A⊥ 0
0 0 A‖

 (2.8)

where the terms A‖ and A⊥ are the parallel and the perpendicular hyperfine con-
stants, respectively. The nuclear spin of the NV center can be composed either of
14N or 15N isotope. The 14N nuclear spin with I = 1 is the most common isotope
of nitrogen with a natural abundance of 99.6%. Often, NV centers are fabricated
using the 15N isotope (I = 1/2) to distinguish from the native NVs. The hyperfine
tensor Hamiltonian can be expressed in the diagonal form as

Hhf = A‖SzIz + A⊥(SxIx + SyIy) (2.9)

In the case of 14N nuclei, the nuclear quadrupole interaction P is also added to the
Hamiltonian. The nuclear quadrupole interaction describes the interaction between
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2 The Nitrogen-Vacancy Center in Diamond

the non-spherical charge distribution of the nucleus with the electric field gradient
due to the asymmetric electron density. The full hyperfine interaction Hamiltonian
for 14NV is expressed as [68]

Hhf = A‖SzIz + A⊥(SxIx + SyIy) + PI2
z (2.10)

where, the corresponding parameters are given in Table 2.2. The hyperfine structure
of the NV’s ground state is depicted in Figure 2.9, where the purple arrows mark
the allowed transitions. The selection rule governing the magnetic dipole transition
is ∆mS = ±1 and ∆mI = 0. Hence, for single NVs with 14N nuclear spin, the
hyperfine interaction splits the mS = 0 ↔ mS = ±1 transition into a triplet with a
line separation of ≈ 2.3 MHz. In case of 15NV, the transition is split into a doublet
with a separation of ≈ 3.1 MHz [83]. An example of pulsed-ODMR spectra showing
the hyperfine splitting due to 14N and 15N are plotted in Figure 2.10C & D.
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Figure 2.9: Energy level scheme for the 14NV and 15NV color center. The ground state
energy level scheme shows the difference in the hyperfine splitting due to different isotopes of
the nitrogen nuclear spin. The degeneracy between the |±1〉 states is lifted due to the small
axial magnetic field. Purple arrows mark the allowed transitions between the levels of the same
nuclear spin projection. The hyperfine coupling parameters for the two nitrogen isotopes are
given in Table 2.2.
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2.2 The Nitrogen-Vacancy Center

For magnetic field strengths where the nuclear Zeeman interaction (HnZ = γN ~B~I,
where γN = gNµN/h) is much smaller than the NV hyperfine interactions (γNB �
P, P ± A‖), the nuclear Zeeman interaction may be neglected. This is the case for
all the experiments described in the thesis, hence, the nuclear Zeeman interaction
term is ignored.

2.2.5 Optically detected magnetic resonance

The optical detection of the NV center’s magnetic resonance is facilitated by the
spin-state dependent fluorescence intensity and the optical spin polarization [27].
As detailed in Section 2.2.3, optical cycling through the singlet shelving states leads
to the accumulation of ≈ 90% of the total population in the |0〉 ground state. This
optical pumping mechanism, combined with the narrow microwave transitions of
the triplet states, aided the room temperature observation of ODMR from single
NV centers. Contrary to conventional EPR experiments that detect the transverse
magnetization of spin ensembles, ODMR detection schemes are sensitive to detect
the magnetic resonance of single paramagnetic systems like isolated NV centers [27].

ODMR with NV centers can be observed in both continuous wave (CW) and
pulsed experiments. Continuous-wave ODMR spectroscopy is the most straightfor-
ward approach where both the microwave field and the optical excitation are applied
simultaneously. The ODMR signal is typically the measure of fluorescence intensity
in the phonon sideband as a function of microwave frequency. When the microwave
field is off-resonant, the spin system is optically polarized to the |0〉 ground state
and predominantly undergoes radiative transitions from 3E to 3A2. If, however, the
microwave is resonant with one of the ground state spin transitions (ν− or ν+), a
fraction of the spin population is transferred to the |−1〉 or |+1〉 states, which results
in reduced fluorescence due to the competing ISC decay channel.

In Figure 2.10A, we show the typical ODMR spectra of a single NV center for
different strength of the external magnetic field. The transition frequencies depend
on the axial strength of the magnetic field due to electron Zeeman interaction, as
depicted in Figure 2.8. The linewidth of the ODMR transitions is fundamentally
limited by the inhomogeneous broadening mechanisms (∆ν = 1

πT ∗2
, where ∆ν is the

full width at half maximum (FWHM) of the ODMR peak) in the sample. The
origin of inhomogeneous broadening is sample dependent and discussed further in
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Figure 2.10: Optically detected magnetic resonance. A. Optically detected magnetic res-
onance experiment on a single NV center with an increasing magnetic field. The splitting
between the |0〉 ↔ |−1〉 and |0〉 ↔ |+1〉 increases as a function of the field strength and
alignment. B. Pulsed measurement scheme for optically detected magnetic resonance exper-
iments. C. Hyperfine structure of 14NV color center resolved using pulsed ODMR protocol.
The transitions show a characteristic splitting of 2.2 MHz corresponding to the 14N hyperfine
interaction. D. Hyperfine structure of 15NV defect, showing the characteristic doublet with
separation of 3.1 MHz. The blue dots represent the measured data, and the solid line shows
the corresponding multiple Lorentzian fit.

Section 2.3.2. Furthermore, in CW modality, the intrinsic linewidth is superimposed
with the power broadening of the laser and microwave field [86, 87]. Such convoluted
power broadened spectrum often masks the fine structure of the spin transitions;
hence high-resolution spectroscopy needs pulsed experiments.
In pulsed-ODMR experiments, the optical pulses for state initialization/readout

and the microwave pulses for the state manipulation are sequentially applied. We
show the standard pulse timing for the pulsed-ODMR experiment in Figure 2.10B.
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2.2 The Nitrogen-Vacancy Center

The first laser pulse initializes the |0〉 ground state, and the subsequent microwave
pulse modulates the ground state spin population. The second laser pulse applied
immediately after the microwave pulse detects the spin state through time-resolved
photon counting. As explained in Section 2.2.3, the signal photons are detected
only during the first 300 ns of the laser pulse. Considering a spin readout contrast
of 30% and the total fluorescence of ≈ 300 kCts/s from a single NV center, less than
0.03 photons contribute to the spin state readout. Hence to improve the signal-to-
noise ratio, the data is typically averaged over several thousand repetitions of the
pulse sequence. The nitrogen hyperfine transitions of the NV spins can be resolved
through the proper choice of microwave pulse duration. In Figure 2.10C & D, we
plot the hyperfine resolved pulsed ODMR spectrum of an NV center. In addition to
high-resolution ODMR spectroscopy, pulsed experiments also provide access to the
time dynamics of the NV spin states, which we explore in the subsequent sections.

2.2.6 Coherent manipulation of spin states

The dynamics of the spin states are best visualized in the Bloch sphere, which
presents a simplified representation of the state space of a two-level system. In the
Bloch sphere, the |0〉 and |1〉 states are represented along the poles and any linear
combination |ψ〉 = α |0〉 + β |1〉 satisfying |α|2 + |β|2 = 1, are points on the Bloch
surface defined by the state |ψ〉. Hence, any arbitrary spin state of the system is
represented as

|ψ〉 = cos
(
θ

2

)
|0〉+ eiϕsin

(
θ

2

)
|1〉 (2.11)

where θ and ϕ are the polar and the azimuthal angles that define the direction of the
state vector. The majority of pulsed experiments presented in this thesis are per-
formed under a static magnetic field (aligned parallel to the NV axis) of sufficiently
high magnitude to address the ν− and ν+ transitions (see Eq. 2.6) individually.
Therefore, the NV center can be considered as an effective two-level system with
states ms = 0 and ms = −1 (or ms = +1, see Figure 2.8 for pictorial description)
represented as |0〉 and |1〉, respectively.

One can perform coherent manipulation of the spin states by applying an oscillat-
ing MW field (BMW (t) = B1 sin [ωt]) of amplitude B1 in the direction perpendicular
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Figure 2.11: Rabi oscillation between two Zeeman substates. A. Pulse sequence for the
coherent manipulation of NV spin states. The MW pulse duration is varied and the resulting
spin population in the |0〉 state is measured with the final laser pulse. B. The measured Rabi
oscillation from a single NV center. The measurement is performed at B ≈ 50 G and the
microwave field is tuned to address the ms = 0↔ ms = −1 transition. As the duration of the
resonant microwave pulse changes, the applied microwave field causes the oscillation of the
NV center’s spin population. The data is fit with the expression of the form given in Eq. 2.12,
for ∆ = 0. C. Bloch sphere representation of the final state vector for different lengths of the
microwave pulse.

to the NV axis. Its effect in the semi-classical picture is usually defined as the ro-
tation of the spin vector on the Bloch sphere around a torque vector. For example,
when a MW field of frequency ω is applied, the torque vector rotates in the xy-
plane of the Bloch sphere. The spin dynamics is complicated in the presence of such
an oscillatory field since the control Hamiltonian is time-dependent. Therefore, the
equation of motion is analyzed from a reference frame rotating about the z- axis. In
this coordinate system, which rotates with the MW field, the torque vector due to
the driving field is visualized as a constant field, e.g., pointing along the x- axis of
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2.2 The Nitrogen-Vacancy Center

the Bloch sphere (when ω = ω0 = ν− (ν+), i.e., when the applied MW field is res-
onant with the spin transition). This driving field causes the precession of the state
|ψ〉 with frequency Ω = γB1 around the x- axis (or in the yz- plane) of the Bloch
sphere1. Therefore, the population will oscillate between its |0〉 and |1〉 eigenstates
with frequency Ω called the Rabi frequency.
Coherent control of the NV’s spin state is achieved using the pulsed ODMR tech-

nique with varying duration of the resonant microwave pulse. The pulse scheme
is shown in Figure 2.11A. The first laser pulse initializes the spin state and the
subsequent laser following the MW pulse serves as the readout pulse. The optical
readout scheme represents the projection of the vector describing the state |ψ〉 on
the z- axis of the Bloch sphere, thus measuring the population of the ms = 0 (|0〉)
or ms = −1 (|1〉) states. Therefore, the fluorescence signal S is proportional to the
expectation value of the spin state in the |0〉 basis (S ∝ |〈ψ| 0〉|2). The probability
to find the spin in the |0〉 state at time τ is given as

P|0〉(τ) =
(

Ω
Ωeff

)2

sin2
(

Ωeff τ

2

)
(2.12)

Here, Ωeff =
√

Ω2 + ∆2 is the effective Rabi frequency and ∆ = ω − ω0 is the
detuning of the applied microwave frequency ω from the actual transition frequency
ω0. When the drive field is applied on resonance (∆ = 0), Eq. 2.12 simplifies to cosine
oscillations. The measured Rabi oscillation from a single NV center is presented in
Figure 2.11B. However, typical Rabi measurement on NV center displays a beating of
three (two) Rabi frequencies due to MW detuning induced by the closely spaced 14N
(15N) hyperfine transitions. The Rabi signal also shows an overall exponential decay
due to loss of spin polarization and decoherence of the spin states over time. The
shape and the mechanism for the Rabi decay are discussed in detail in Refs. [88, 89].

Unitary evolution

The coherent manipulation of spin states using a resonant microwave field shows
the exciting possibility of spin initialization along any desired point on the Bloch
sphere. Given the Rabi frequency is known, it is possible to define a set of microwave

1Note that in the rotating frame (with resonant MW frequency), the torque vector of the driving
field can also point along the y- axis of the Bloch sphere when appropriate MW phase is applied.
In this case, the state |ψ〉 is rotated in the xz- plane of the Bloch sphere
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pulses to coherently rotate the spin state to any point in the Bloch sphere. As seen in
Figure 2.11B, after a microwave duration of τ ≈ 40 ns, the population is transferred
from the |0〉 to |1〉 state. A microwave pulse of duration τπ = 1/2Ω describes the
inversion of NV spin states. Similarly, microwave pulse with duration τπ/2 = 1/4Ω,
creates the coherent superposition of |0〉 and |1〉 states. Bloch sphere representation
of the final state vector for different lengths of the microwave pulse is depicted
in Figure 2.11C. This spin manipulation scheme can be described as an arbitrary
rotation of spin state |ψ〉 on the Bloch sphere. Under resonant microwave field, the
unitary rotation operator for a spin-1/2 system is given as

Ûn̂(θ) = I cos
(
θ

2

)
+ n̂ · S sin

(
θ

2

)
(2.13)

where θ = Ωτ defines the rotation angle, I is the 2 × 2 identity matrix, n̂ ∈ {x̂, ŷ, ẑ}
are the Cartesian unit vectors and S =

{
σx
2 ,

σy
2 ,

σz
2

}
are the Pauli spin matrices.

From Eq. 2.13, one can see that Ûx̂(π) applied to |0〉 transfers the population to the
|1〉 state and vice versa. Coherent manipulation of the NV spin state as described
by Eq. 2.13 form the building block of the more advanced pulse schemes employed in
quantum information processing and quantum sensing applications described in the
following sections. Note that the Eq. 2.13 describes ideal control pulses; however,
in reality, the pulsed experiments suffer due to pulse errors. Improper calibration of
pulse length results in error in the angle of rotation as θ → θ + δθ, where δθ � θ

is the rotation angle error. Another common source of pulse error is tilt angle
error, which causes rotation around an arbitrary axis instead of the predetermined
rotation axis. Error in the tilt angle can occur due to hardware jitter and causes
rotation around the axis n̂ → (

√
1 − n2

y − n2
z, ny, nz), where ny � 1 and nz � 1

describes the tile error around the y- and z- axis, respectively. Minimization and
compensation of these pulse errors have been the main focus of numerous research
in high-resolution NMR and can also be adapted for NV pulsed experiments [90].

2.3 Spin relaxation processes
The ability to coherently control the spin state of NV centers has opened up a

myriad of possible applications. However, the practicality of these depends on the
temporal stability of the NVs spin states. Although the defect is well protected
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within the stiff diamond lattice, its spin states are perturbed due to interactions
with the environment. The most commonly encountered environmental interactions
are the lattice vibrations and the magnetic field noise. These noise sources lead to
loss of magnetic resonance signals and are characterized using different relaxation
processes.

The longitudinal relaxation describes the decay of the spin magnetization that
is aligned along the direction of the external magnetic field. It is characterized by
the time T1, which measures the timescale to which a prepared quantum state is
preserved before decaying to the thermally mixed state. Since energy dissipation is
mediated through environmental processes like lattice vibrations, the characteristic
relaxation time T1 is also referred to as spin-lattice relaxation time. The time
T2 characterizes the decay of the magnetization in the transverse plane, and the
process is referred to as transverse spin relaxation. Typically, T2 measures the
decay of the phase coherence of a quantum superposition state. The most dominant
process that leads to decoherence is the random magnetic field fluctuation in the spin
environment. These fluctuations cause variation in the instantaneous phase of the
quantum state, ultimately randomizing the phase information. Decoherence can also
occur due to static inhomogeneities in the sample. In most experimental settings,
this is the most dominant relaxation process and characterized by the dephasing
time - T ∗2 . The different timescales described above often fulfill the inequality T ∗2 ≤
T2 ≤ 2T1.

2.3.1 Longitudinal spin relaxation

The timescale up to which a prepared quantum state is preserved before decaying
to the thermally mixed state due to environmental processes is referred to as spin
state lifetime, longitudinal or spin-lattice relaxation time. This relaxation process
leads to the decay of spin polarization, caused by stochastic population transfer
between its spin states [91]. These random spin flips involve energy exchange with
the environment and are susceptible to processes resonant with the NV spin trans-
itions |0〉 ↔ |±1〉. The T1 time of NVs is generally considered an indication of
diamond crystalline quality [92] since lattice distortions lead to undesirable phonon
excitations causing random population transfer within the ground state triplet man-
ifold.
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Figure 2.12: Spin-lattice relaxation time T1 measurement of NV center at room-
temperature. A. Pulse scheme for measuring the spin state lifetimes. Following spin ini-
tialization, the population in either state |0〉 or |1〉 (population is transferred using a resonant
MW π-pulse) is measured as a function of variable time delay τ . B. Typical population decay
measurement processed to reject common-mode noises. The data (blue dots) is fitted with a
simple exponential function (solid line), which yields T1 ≈ 3 ms.

The energy required for these spin-flip processes is ≈ 3 GHz, and are usually medi-
ated through lattice phonons. These lattice vibrations act as a relaxation channel for
spin polarization through direct electron-phonon interaction. Besides, the spin-flips
can also be mediated by indirect electron-phonon interaction through the inelastic
scattering of high energy phonons (Raman process). These phonon-mediated pro-
cesses are very weak in diamond (low spin-orbit coupling and low phonon density of
states) even at room temperature [91, 93–95], hence theoretically T1 can reach sev-
eral tens of seconds. Such long relaxation times are seldom measured experimentally
due to the presence of other paramagnetic impurities in the diamond lattice. Even
at low temperatures, where phonon-assisted processes are suppressed, the relaxation
time is limited due to cross-relaxation with neighboring spins [91].
The pulse sequence for measuring the T1 relaxation time is shown in Figure 2.12A.

It comprises the spin initialization laser pulse, which prepares the NV in the |0〉 spin
state. After a variable time delay τ , the population in the |0〉 state is measured via
fluorescence readout using a second laser pulse. Alternatively, a microwave π-pulse
addressing the |0〉 → |±1〉 transition can be applied after the initialization laser
to shuffle the population to the |±1〉 sublevels. In such an experiment, the popu-
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lation decay of the |±1〉 state is measured. Often these experiments are repeated
subsequently, where the corresponding fluorescence data are subtracted to eliminate
common-mode noise like laser and charge state fluctuations [91, 94]. The meas-
urement of a typical population decay experiment is shown in Figure 2.12B. The
characteristic decay time is estimated from fitting the experimental data to the func-
tion A exp[− τ

T1
] + c, where A, c are fitting constants and T1 describe the spin-lattice

relaxation time.

2.3.2 Transverse spin relaxation
Transverse spin relaxation describes the loss of phase coherence between the spin

states of a quantum system. For NV centers, this process is dominated by the spin-
spin interaction with the magnetic impurities in the diamond lattice. Together with
inhomogeneous control fields (B, BMW ) as well as strain gradients, the NV centers
experience temporally as well as spatially fluctuating magnetic environment which
leads to the dephasing of the spin states [96].

HPHT

CVD 12C CVD

Figure 2.13: Typical decoherence environment of single and NV ensembles in different
diamond substrates. Left. Schematic representation of the typical decoherence mechanism
of a single NV center across different diamond substrates. The red arrows represent the NV
spins, green arrows illustrate the 13C nuclear spins, and the orange arrows depict the nitrogen
electron spins. Right. In addition to the magnetic impurities, NV ensembles suffer from spatial
inhomogeneities in strain, B field, and temperature gradients. An example of strain variation
is depicted as the color gradient.

As mentioned previously, the formation of negatively charged NV centers requires
substitutional nitrogen impurities in the diamond lattice. These paramagnetic im-
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purities usually outnumber the NV centers and lead to dephasing through incoherent
dipolar interactions [33, 88, 97–99]. Hyperfine coupling with neighboring 13C spins
(natural isotopic abundance 1.1%) is another well-known source of spin dephas-
ing. These unpolarized nuclear spins produce a fluctuating magnetic environment,
which leads to the inhomogeneous broadening of NV resonance [100]. Besides, NV
ensembles also suffer from other spatial inhomogeneities in the sample, such as strain
gradient, temperature, and bias field variation [99, 101]. The decoherence environ-
ment of NV centers across different diamond substrates are depicted in Figure 2.13.

Spin dephasing time - T ∗2

Spin dephasing time - T ∗2 , characterizes the decay of spin coherence caused by
the inhomogenities in the spin environment. In general, this refers to the time
dependence of the phase (ϕ(τ)) of a quantum superposition state

|ψ〉 = 1√
2
(
|0〉+ e−iϕ(τ) |1〉

)
(2.14)

or specifically, the timescales up to which the state preserves this phase information.
When such quantum system is subjected to external magnetic field, the spin vector
precess about the direction of the field due to Zeeman interaction with a precessional
frequency proportional to the interaction strength. Hence, the phase pick-up of the
superposition state can be expressed as

ϕ(τ) = γ
∫ τ

0
Beff(t)dt (2.15)

where Beff(t) includes all source of magnetic field at the position of the spin system.
Hence, in the case of large spin ensembles, the spatial variation in the local mag-
netic field can cause the individual spin vectors to precess at different frequencies
leading to an overall decay of the signal. Besides spatial inhomogeneity, temporal
fluctuations in the local magnetic field also lead to the variation in ϕ(τ) for repeated
measurement of the same spin resulting in the decay of phase coherence.

Typically T ∗2 is the characteristic time of the free induction decay (FID) signal
measured using the Ramsey pulse sequence with varying free precession time (τ).
A typical Ramsey pulse sequence is depicted in Figure 2.14A. The scheme starts
with a polarization laser pulse, which initializes the NV in the |0〉 spin state. The
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Figure 2.14: Free induction decay measurement and the corresponding spin dynamics
in the Bloch sphere. A. Ramsey pulse scheme for measuring the dephasing time of the
NV center. The first MW π/2-pulse creates a coherent superposition state as described in
Eq. 2.14. During τ , the prepared quantum state evolves under the influence of the system
Hamiltonian (Zeeman Hamiltonian), and the intrinsic phase memory time of the quantum
system is measured as a function of the free evolution time. The final π/2-pulse converts
the phase information into a measurable population difference. B. Spin dynamics in the Bloch
sphere. Immediately after the first π/2-pulse, the spins are in perfect synchronization with each
other. C. For timescales τ < T ∗2 , the quantum state still evolves according to the deterministic
Zeeman Hamiltonian, acquiring phase proportional to the magnitude of the external magnetic
field. D. The local magnetic field, however, fluctuates due to the magnetic spin environment,
and hence the spin vectors start to fan-out. The different colored spin vectors represent
interaction with either temporal or spatial variation of the local magnetic field.

π/2-pulse (applied resonantly or detuned by δ) transfers the NV population into a
superposition of |0〉 and |1〉 state. During the free precession time τ , the prepared
quantum state evolves according to the system Hamiltonian, in this case, the state
accumulates phase due to Zeeman interaction. After the free evolution time, a second
π/2-pulse project the spin state back to the |0〉 basis. A subsequent laser pulse
detects the NV spin state by measuring the spin-dependent fluorescence intensity.
The trajectory of the spin state in the Bloch sphere after these steps is depicted in
Figure 2.14B - D. As seen in the figure, immediately after the π/2-pulse, the spins
are perfectly synchronized with each other, however, after time τ , the spin vectors
(representing either individual spins within an ensemble or repeated measurement of
the same spin) begin to fan-out due to the inhomogeneous spin environment. Over
time τ > T ∗2 , the synchronization of the spins is lost, leading to the decay of the
signal. Measured free induction decay of a single NV center is plotted in Figure 2.15,
where the decay of the envelope function yields the characteristic dephasing time T ∗2 .

37
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Figure 2.15: Free induction decay measurement of a single NV center. The signal
modulation is due to the intentional detuning of the MW control pulses and the hyperfine
interaction with the intrinsic 15N nuclear spins. The envelope yields the characteristic decay
time T ∗2 .

The FID signal modulation is induced by the intentional detuning (∆) of the MW
pulses, where the detuning frequency is the difference between the Larmor frequency
(ω0) and that of the rotating frame (ω, see Section 2.2.6).

As mentioned above, the most dominant source for the dephasing of electron
spins in solids is the magnetic spin impurities in the environment. For NV centers
in diamond, these include nuclear spins of 13C isotope (which in natural abundance
comprise up to 1.1% of all carbon atoms) [100], electron spins of residual nitrogen
impurities and other paramagnetic impurities [33, 88, 97–99]. Depending on the
diamond purity, several inhomogeneous broadening mechanisms can contribute to
the dephasing time (T ∗2 ) of the NV center. These are [99]

1
T ∗2
≈

single NV︷ ︸︸ ︷
1

T ∗2 (13C) + 1
T ∗2 (N) + 1

T ∗2 (other spins) + 1
T ∗2 (inh. strain) + 1

T ∗2 (inh.B)︸ ︷︷ ︸
NV ensemble

(2.16)

The quantity T ∗2 (13C) describes the limit on NV dephasing time due to interaction
with the 13C nuclear spins in the diamond lattice [102]. These nuclear spins are
coupled with each other through flip-flop interaction, hence can change their con-
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2.3 Spin relaxation processes

formation at random times. This causes a fluctuating magnetic field, which leads
to the dephasing of the NV spin. The dephasing time of NV center (both single
and ensemble) due to 13C nuclear spins in natural abundance is experimentally
measured as T ∗2 (13C) ≈ 1µs. The most straightforward approach to mitigate this
dephasing source is by reducing the 13C content through isotopic sample engineering
[34, 103, 104].

An electronic spin bath comprising of paramagnetic impurities is another domin-
ant source of magnetic noise in the diamond lattice. In a nitrogen-doped sample,
substitutional nitrogen impurities called P1 centers contribute to most of the elec-
tronic spin bath dephasing. As a precursor ingredient for NV creation, these impur-
ities typically outnumber the NV center and lead to dephasing through incoherent
dipolar interactions. The limit on T ∗2 due to nitrogen impurities denoted as T ∗2 (N)
depends on the density of nitrogen spins in the diamond lattice. This value can
be estimated from the average coupling strength between electron spins which is
given as Γe−e ≈

µ0

4π
g2µ2

B

~
1
〈r〉3

, where 〈r〉 = 0.55[n]−1/3 is the average separation

between electron spins as a function of spin density [n] (in ppm) [99, 105]. There-
fore the dephasing timescale of NV centers due to nitrogen spin bath is given as
T ∗2 (N) ≈ 1/(2πΓe−e), where Γe−e ≈ 9.1×[n] kHz/ppm. The quantity T ∗2 (otherspins)
includes dephasing due to other paramagnetic impurities such as vacancies, vacancy
clusters, and hydrogen related defects. A frequently explored possibility for extend-
ing T ∗2 is through engineering high quality (low nitrogen) isotopically pure (low 13C)
diamond samples.

In addition to the spin-bath fluctuations discussed above, the ensemble dephasing
time also depends on the spatial inhomogeneity of magnetic fields, electric, and strain
fields. These inhomogeneities cause spatial variation in the precessional frequency of
the individual spin vectors, thus degrading the ensemble T ∗2 further [88, 96, 99, 101,
104]. The typical decoherence mechanism of NVs in different diamond substrates is
depicted in Figure 2.13. In HPHT samples, the decoherence of the NV centers is
dominated by the magnetic noise from the electron spins and typical T ∗2 ≈ 100 ns.
In the case of CVD samples, the 13C nuclear spins pose the dominant magnetic
noise and hence show moderate T ∗2 (≈ 3 µs). NVs in 12C purified samples show
exceptionally long T ∗2 ≈ 100 µs.
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2 The Nitrogen-Vacancy Center in Diamond

Spin coherence time - T2

The decay of phase coherence due to field inhomogeneities is not a true loss of
quantum coherence, but rather a classical dephasing of either the individual spins
within an ensemble due to spatial inhomogeneity or the dephasing of a single spin
with itself due to temporal variations in the accumulated phase from time averaging.
This inhomogeneous dephasing is eliminated in a spin-echo experiment [106] with
a refocussing π-pulse applied during the free evolution of the NV. The spin-echo
sequence measures the spin coherence time T2, which is intrinsic to the spin system
and depends more intricately on the local spin environment. In conventional NMR,
it is often referred to as spin-spin relaxation time. Similar to inhomogeneous deph-
asing, the spin decoherence of NVs is dominated by interactions with the electron
spins of nitrogen impurities, 13C nuclear spins, and possibly other NV spins.
The spin-echo pulse sequence and the associated spin dynamics in the Bloch sphere

are depicted in Figure 2.16. Hahn-echo or spin-echo sequence is an extension of the
FID experiment described in the previous section with an additional π-pulse at half
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Figure 2.16: Spin-echo coherence time measurement and the corresponding spin dy-
namics in the Bloch sphere. A. Spin-echo measurement protocol. B. Following laser
initialization, a resonant MW π/2-pulse converts the |0〉 state into a coherent superposition
state described in Eq. 2.14. C. During the first half of the free-evolution time - τ/2, the spins
start to precess depending on the local detuning (different detunings are shown in different
colors). This leads to spin dephasing when averaged over repeated measurement runs, as dis-
cussed in Section 2.3.2. D. A resonant MW π-pulse rotates the spin states about the x-axis
by 180◦. This spin-flip changes the sign of the phase accumulation during the second half of
the free evolution time. E. Similar to time-reversal, the spins start to precess in the opposite
direction. Provided the local detuning does not change during the measurement duration τ ;
the spins eventually refocus. F. The final π/2-pulse converts the net phase accumulation into
a measurable population difference.
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2.3 Spin relaxation processes

evolution period. As described previously, after the initialization laser and the π/2-
pulse, a coherent superposition state |ψ〉 is created. During the first half of the free
evolution period (τ/2), the quantum state picks up a phase ϕ1(τ/2) proportional
to the magnetic field environment as given in Eq. 2.15. Fluctuating magnetic field
causes variation in the precessional frequency; hence in the Bloch sphere, the state
is represented by arrows of different colors corresponding to different local magnetic
fields. These magnetic field variations lead to decay of spin coherence, as observed in
a typical FID experiment. However in a spin-echo sequence, a resonant MW π-pulse
flip these spin states by 180◦ around the x-axis. As long as the local magnetic field
has not changed during the free evolution time, the MW π-pulse effectively changes
the sign of the phase accumulation during the second half of the free evolution
(ϕ2(τ/2) ≈ −ϕ1(τ/2)), which is similar to time-reversal, and the spin states start
to refocus. Therefore, when the two free precession times are equal, the phase pick-
up due to quasi-static magnetic interactions are canceled, and the original state
|ψ〉 is restored. The final π/2-pulse converts the resultant phase information into a
measurable population difference.
The net accumulated phase at the end of the spin echo sequence can be expressed

as

ϕ = γ

[∫ τ/2

0
Beff(t) dt −

∫ τ

τ/2
Beff(t) dt

]
(2.17)

Thus the spin-echo sequence effectively refocusses the effects of static magnetic fields
and fluctuations whose timescale is longer than the typical echo sequence duration
(i.e., noise with frequency f � 1/τ). However, the efficacy of this refocussing de-
pends on the frequency of the magnetic field fluctuations compared to the inter-pulse
duration. For faster fluctuations (case 3 in Figure 2.17A), the spin-echo sequence is
less effective and results in a non-zero net phase accumulation. On the other hand, if
the frequency of the fluctuations matches the duration of the free precession interval
(f ≈ 1/τ , case 1 in Figure 2.17A), the net phase accumulation is maximized. The
effect can be visualized for an AC magnetic field whose alternating amplitude in
the two arms of the echo sequence maximizes the net phase accumulation (case 2 in
Figure 2.17A). This phase-refocussing mechanism can be utilized for the sensitive
detection of alternating magnetic fields of constant frequency as in the detection of
nuclear spins in nano-NMR experiments.
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Figure 2.17: Spin coherence time of an NV ensemble measured using spin-echo se-
quence. A. Spin-echo measurement sequence and the phase-refocussing mechanism for os-
cillating magnetic fields of three different frequencies. Case 1: Effective phase refocussing for
noise fluctuations with frequency f � 1/τ . Case 2: Phase accumulation is maximized if
the frequency of the fluctuations matches the free precession interval, i.e., f ≈ 1/τ . Case
3: Phase refocussing is less effective for fluctuations with frequency f > 1/τ . In order to
suppress such noise, higher-order dynamical decoupling sequences with an increased number of
π-pulses may be used. B. Typical spin-echo decay cure of an NV ensemble in a CVD diamond
substrate with 1.1% of 13C isotope. The plot shows the characteristic collapses and revivals
of the echo signal due to 13C Larmor precession at an external magnetic field of 35 G. The NV
spin coherence time T2 is extracted from the decay envelope.

The T2 time of NVs depends on its mesoscopic spin environment with values
ranging from few µs in nanodiamonds and nitrogen-rich bulk samples to ms in 12C
enriched diamonds. This strong dependence of the spin-spin interaction on the spin-
echo amplitude and modulation gives rise to a powerful spectroscopic technique to
probe the local environment of the NVs, especially weakly coupled nuclear spins. In
electron spin echo envelope modulation (ESEEM) spectroscopy, the echo amplitude
is acquired as a function of inter-pulse duration (τ) [29]. An ESEEM effect commonly
observed in samples with a natural abundance of 13C nuclear spins is plotted in
Figure 2.17B. In such samples, the NVs experience a fluctuating magnetic field
due to the weakly coupled 13C spins, which oscillate with their Larmor precessional
frequency (τL = 2π/ωL). When the inter-pulse spacing in the echo sequence matches
the half Larmor period of the 13C spins, the net phase accumulation is maximized,
causing a rapid collapse of the NV coherence as seen in the figure. The collapses are
followed by revivals of spin-echo for increasing τ due to the partial refocusing of the
accumulated phase. This process is repeated also for subsequent τ whenever 2τ =
kτL, where k is an odd integer. Ultimately, the spin-echo signal decay corresponding
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2.3 Spin relaxation processes

to the characteristic coherence time T2 of the NVs. The decay of the spin-echo signal
is indicated as the solid orange line in Figure 2.17B.
The spin-echo decay can be fitted with the function of form

a exp
[
−
(2τ
T2

)n] (
b cos

[
ωLτ

2

]2
)

(2.18)

where ωL is the nuclear spin Larmor precession frequency and T2 is the spin-echo
coherence time. The exponent n reflect the nature of the dominant spin bath with
values between 1 6 n 6 3 [48, 107–109]. As discussed before, the coherence time T2

of NVs are influenced by the nature of the spin bath [110]. The effect becomes more
pronounced for near-surface NVs, which are prone to magnetic and electric noise
from the diamond surface spins [111–113] as well as from the surrounding spin bath.
The coherence time in such cases can be extended by applying additional π-pulses to
decouple the NVs from the magnetic spin environment. More detailed discussion on
the multipulse dynamical decoupling techniques in given in Appendix A.2. Following
the convention described in [114], we refer T2 as the coherence decay time scale
measured with the spin-echo sequence and TN2 as the decay time measured using
N -pulse dynamical decoupling sequences.

~ CC BY-NC 4.0 https://creativecommons.org/licenses/by-nc/4.0
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3 Sensing with NV centers

Understanding the physical properties of materials at elemental scales has a pro-
found and broad impact covering fundamental science to emerging technologies. As
the materials manifest their quantum nature at the nanoscale, a quantum sensor
harnessing these quantum effects could greatly benefit the task-at-hand, namely
sensing and precision measurements [115]. Over the past few decades, solid-state
qubits have emerged as a promising platform for quantum sensing, notably the neg-
atively charged nitrogen-vacancy centers in diamond [116]. These point defects in
diamond offer great potential for sensing with atomic resolution under ambient work-
ing conditions. In this chapter, we discuss the prospects of NV centers for quantum
sensing applications.
As reviewed in Section 2.2, the NV center possesses several prominent features,

which makes them ideal for numerous sensing applications. First of all, these defects
are optically stable and can be localized on a sub-nanometer length scales [27].
Hence, single NV sensors offer very high spatial resolution limited only by the stand-
off distance between the NV and the target [37, 38]. Second, the spin states of NV
center exhibit long phase coherence time, a valuable quantum property that enables
sensitive measurements even at ambient conditions [34]. Furthermore, the sensor
is operable over a wide range of temperature and pressure, thus enabling sensing
under extreme physical conditions.
The most demanding requirement of a practical sensor lies in the geometry of the

sensors, more precisely, its proximity to the sensing target. To emphasize the relev-
ance of this, the magnetic field from a single electron spin at a distance of 50 nm is
only 9 nT1 [55]. Hence, it is essential to place the sensor close to the specimen to
detect weak external signals. The critical advantage of NV based sensors relies on
the controlled fabrication of these defects in the diamond lattice. With the advent

1The field from a magnetic dipole decays as r−3, where r is the distance between the sensor and
the target [85].
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3 Sensing with NV centers

of sophisticated implantation techniques, the accuracy in the three-dimensional po-
sitioning of the NVs is significantly increased [93, 117–121]. Additionally, diamond
is chemically inert and has low cytotoxicity; hence nanodiamonds with NVs can be
used for in vivo sensing applications [122, 123].
Since the demonstration of NV magnetometry in 2008 [4, 5], the sensing schemes

have been extended to detect several other physical quantities like magnetic moments
of electron or nuclear spins [55, 57–59, 93], electric fields [124–128], temperature
[56, 82, 129–131], pressure [84, 132–134], strain, orientation[123, 135, 136] and so
on. The interaction term responsible for these sensing modalities are best explained
by analyzing the NVs spin Hamiltonian

HNV = DS2
z︸ ︷︷ ︸

zfs

+ γ ~BT · ~S︸ ︷︷ ︸
magnetic

+ ε‖EzS
2
z − ε⊥[Ex(S2

x − S2
y)− Ey(SxSy + SySx)]︸ ︷︷ ︸

electric

(3.1)

where D = 2.87 GHz is the ground state zero-field splitting (ZFS) parameter, γ
= 2.8 MHz/G is the gyromagnetic ratio, ~BT = (Bx, By, Bz) is the magnetic field
vector, ~S = (Sx, Sy, Sz)T is the spin operator, Ex, Ey, Ez are the vector components
of the electric field, and εz and εxy are the coupling constants. Note that compared
to Eq. 2.1, Eq. 3.1 includes only the relevant part of the NVs spin Hamiltonian in the
context of quantum sensing and neglects other terms like hyperfine interaction. It is
evident from the equation that different perturbations influence the spin levels and
causes a shift in magnetic resonance transitions. The effect of different perturbations
depends on the corresponding coupling parameter, summarized in the Table 3.1.

Property Coupling coefficient Reference
magnetic field γ: 28 GHz/T [37, 38]
electric field ε‖: 0.35 Hz cm/V [124, 125, 137]

ε⊥: 17 Hz cm/V [124, 125, 137]
temperature ∂D/∂T : -74 kHz/K [56, 82, 130, 131]
pressure ∂D/∂P : 1.5 kHz/bar [84]

Table 3.1: Coupling coefficients of various external perturbations. The effects of various
external perturbations and their coupling parameters. The values are taken from the references
in column 3. The table is based on Ref. [6].
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3.1 Magnetometry

The first term in the Hamiltonian represents the zero-field splitting, which oc-
curs due to the confinement of electronic wave function. Hence, it responds to
perturbations like crystal compression and expansion and the vibrational motion of
surrounding atoms. Quantities that affect D are temperature, pressure, and strain
[132]. The coupling constants of these perturbations are theoretically or experiment-
ally determined and collected in Table 3.1. The second term in Eq. 3.1 denotes the
Zeeman term, which defines the interaction of the electron spin with the external
magnetic field B. Note that the Hamiltonian shows a vectorial dependence, thus
facilitating the detection of both the magnitude and the orientation of the external
magnetic field [138, 139]. Electric fields also directly influence the spins through the
third term in the Hamiltonian. However, the coupling parameter for electric field
interaction is much weaker than the Zeeman counterpart; hence NV centers are only
moderate electric field sensors [125, 137].

3.1 Magnetometry
The most promising application of NV sensors is the detection and imaging of

external magnetic fields. With high sensitivity and sub-nanometer resolution, NV
sensors are a valuable tool for characterizing a magnetic sample placed outside the
diamond surface [115]. The prospects of such sensitive magnetometry rely on the
proximity of NV centers to the magnetic specimen, which can be tailored by op-
timizing the defect fabrication process. NV centers can also be employed to detect
internal magnetic fields originating from neighboring spin impurities within the dia-
mond lattice. Such internal magnetometry provides valuable insight into the sensors’
local environment, thus giving a better understanding of the diamond engineering
process.

NV based magnetometers can be implemented in a variety of sensing modalities
and geometries [85, 116]. In general, quantum sensing protocols can be classified
into two broad classes, DC and AC sensing schemes, based on the spectral properties
of the field to be detected. The DC sensing protocols like Ramsey interferometry,
CW and pulsed-ODMR schemes are sensitive to static or slowly varying magnetic
fields. The sensitivity of the DC detection schemes is limited by the inhomogen-
eous dephasing time (T ∗2 ) of the NVs. The applications of DC field sensing include
detection and imaging of magnetic nanoparticles in biological samples [144, 145],
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Figure 3.1: Detection bandwidth of different sensing schemes. Detection bandwidth of
the sensing protocols discussed in this section is illustrated. These sensing protocols can be
adapted for sensing magnetic fields from DC to AC signals of gigahertz frequency. Figure
based on Ref. [116].

tracking of magnetic particles [123], detection of bio-currents [146], magnetic an-
omaly detection and navigation. For several other applications, it is necessary to
detect a time-varying signal. Examples include the detection of single biomolecules
or proteins, nanoscale nuclear magnetic resonance or electron spin resonance and re-
construction of the noise spectrum. Time-dependent signals can be detected using a
diverse set of sensing schemes like spin-echo, multipulse decoupling, and continuous
driving protocols. As the spin-echo type sequences are insensitive to inhomogen-
eous broadening mechanisms, their sensitivities are limited by the coherence time
(T2), which is one to two orders of magnitude longer than the T ∗2 . The detection
bandwidth of different sensing protocols discussed in this chapter is depicted in
Figure 3.1.

3.2 DC magnetometry
Magnetic field sensors capable of detecting static signals are an indispensable tool

with numerous applications in physics and life sciences. Several solid-state spin
qubits show poor sensitivity in this spectral regime owing to their intrinsic 1/f -
noise. However, numerous signals of profound relevance are either static or have
a low frequency. Examples include magnetic fields of biological origin and several
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3.2 DC magnetometry

other magnetic materials. NV centers have already been used to study several
magnetic systems including skyrmions [147], domain walls [148], magnetic nanowires
[149], current distribution in graphene [150] and detection of action potential from
single neuron [146]. The two most common sensing protocols for detecting DC
magnetic fields are the continuous-wave electron spin resonance (CW-ESR) and
Ramsey interferometry.

3.2.1 CW-ESR magnetometry

The most straightforward method for detecting unknown static magnetic field
is by monitoring the Zeeman shift of the NV spin levels through optical detection
of magnetic resonance [4, 36]. The Zeeman splitting between the spin states |±1〉
is proportional to the projection of the magnetic field along the major symmetry
axis (axis defined by the N-V direction) of the NV centers. Hence, the resonance
frequencies corresponding to the |0〉 ⇐⇒ |±1〉 transitions depend on the magnitude
of the external magnetic field (see Figure 2.8). Typically, this sensing scheme is
performed under a small known bias field (B) to separate the degenerate |±1〉 states.
Any additional external field δB produces a net static field (as shown in Figure 3.2A),
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Figure 3.2: Continuous wave electron spin resonance spectroscopy for the detection
of DC magnetic fields. A. Schematic illustration of the static magnetic field B and the
net magnetic field Bnet caused by the unknown static field δB. B. Simulated ESR spectra of
a single NV center in the presence of the static field B (orange) and the net magnetic field
Bnet (red). The unknown static field δB can be extracted from the resonance shift of the
measured spectra. The inset shows one of the transitions of the NV ODMR spectrum noting
the parameters described in Eq. 3.2.

49



3 Sensing with NV centers

which causes a shift (δν) in the ESR spectrum. The unknown static field δB can
be extracted from the resonance shift of the measured spectra as δB = δν/γ.

The sensitivity of CW-ESR method is analyzed by considering the intensity profile
of the ODMR spectrum, which takes the form

I(ν) = R
[
1− αF

(
ν − ν0

∆ν

)]
(3.2)

where R is the rate of detected photons, α is the measurement contrast, F is
the lineshape function at resonance, ν0 is the resonance frequency and ∆ν is the
linewidth (full-width at half-maximum). A schematic representation of CW-ESR
detection is shown in Figure 3.2B. Depending on the dephasing mechanisms in-
volved, the lineshape function can be Gaussian (dephasing dominated by nuclear
spins), Lorentzian (power broadened or dephasing due to paramagnetic spins) or a
convolution of both (Voigt function) [86]. The fluorescence signal is most sensitive
to magnetic fields at the maximum slope, so the sensitivity can be maximized by
tuning the microwave frequency to the point of the highest slope and measuring the
change in fluorescence intensity. In this case, the sensitivity of the DC magnetometer
is given as [86]

η = PF
h

gµB

∆ν
√
tm

α
√
β

(3.3)

where PF is the numerical parameter related to the spectral lineshape (Gaussian
lineshape: PF =

√
e/8ln2, Lorentzian lineshape: PF = 4/3

√
3), β = Rtm is the

number of photons detected per measurement of duration tm. These parameters
are dependent on each other, and the linewidth of the ESR spectrum ultimately
limits the sensitivity. In principle, the linewidth can be as narrow as the inverse
of the inhomogeneous dephasing time; however, it is often power broadened due to
continuous laser and microwave excitation.

The inhomogeneous linewidth limited sensitivity can be achieved by performing
pulsed-ODMR scheme as shown in Figure 2.10B. In this case, the DC field sensitivity
is

η ≈ PF
2~
gµB

1
α
√
βT ∗2

(3.4)
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3.2 DC magnetometry

where T ∗2 is the dephasing time of the NV. Eq. 3.4 is obtained by taking ∆ν as
1/πT ∗2 and tm = T ∗2 in Eq. 3.3.

3.2.2 Ramsey magnetometry
Interferometric techniques are another standard sensing protocol for detecting

static magnetic fields. Here, the power broadening of the signal is avoided using
pulsed laser and microwave fields. In pulse sensing protocols, the state preparation
and manipulation stages are decoupled, thus providing full access to the quantum
probe’s coherence. The control sequence for Ramsey interferometry is shown in
Figure 3.3A. As described in the Section 2.2.3, the optical excitation pulse initializes
the NV center in the |0〉 state. Following the laser pulse, a microwave π/2-pulse
prepares the spin in the superposition of |0〉 and |1〉 states. During the free precession
time τ , the NV spins accumulate a phase ϕ = 2πγBτ , where B is the magnitude of
the static magnetic and γ = gµB/h is the gyromagnetic ratio of the NV spin. The
final π/2-pulse provides signal transduction by projecting the spins back to the |0〉
or |1〉 basis. The measured Ramsey signal can be described analytically as

S(τ) = A exp [−τ/T ∗2 ] cos [ϕ] (3.5)

where T ∗2 is the characteristic decay time of the envelope. Sensing arbitrary DC
fields can be accomplished by one of the two following protocols.
In the first method, the phase shift due to static fields is determined by analyzing

the Ramsey signal in the frequency space. First, the Ramsey signal’s time trace
is acquired by sweeping the free precession time (τ) at a known external magnetic
field (B). As described in Eq. 3.5, the signal oscillates with a frequency proportional
to the magnetic field2. The frequency components in the time-domain signal can
be determined by transforming to the Fourier space. An example of Ramsey signal
in time and frequency domain at B is shown in Figure 3.3B & C (as orange trace).
The fast Fourier transform (FFT) of the signal shows three peaks from which the
transition frequencies (or detuning frequencies) of the 14N hyperfine levels can be

2Pulsed measurements are analyzed in the frame rotating with the MW frequency; hence the
oscillations in the Ramsey signal are due to the frequency difference of the applied microwave
field from the actual transition frequency. Typical Ramsey signal from 14NVs have three fre-
quency components due to the detuning of the rotating frame frequency from the three 14N
hyperfine transitions.
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3 Sensing with NV centers

determined. Any additional external field changes these transition frequencies and
hence the frequency shift in the Fourier spectrum directly yields the absolute value
of the unknown static field (δB = δν/γ).
Alternatively, the magnetic field can be directly determined by tuning to the

point of maximum sensitivity in the Ramsey signal and measuring the change in the
fluorescence contrast. The Ramsey signal for fixed-τ protocol can be expressed as

S = (a+ b)
2 + (a− b)

2 cos [γ δB τ ] (3.6)
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Figure 3.3: Ramsey measurement scheme for detecting external DC magnetic fields.
A. Ramsey pulse sequence and the corresponding spin-evolution in the Bloch sphere. Following
the laser initialization, a π/2-pulse creates a coherent superposition state, which during the
free precession time τ , picks up phase proportional to the magnitude of the external field.
The final π/2-pulse converts the accumulated phase into a measurable population difference.
B. Modeled Ramsey free induction decay curve of a 14NV in the presence of a known static
magnetic field B (orange) and in the presence of an additional unknown magnetic field δB
(blue). C. Fast Fourier transform of the modeled Ramsey signal showing the frequency shift
(δν) due to the unknown magnetic field. The three peaks in the FFT spectrum originate from
the three hyperfine lines of the 14NV.
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3.2 DC magnetometry

where a and b are the number of photons collected per measurement when the
NV is initialized in the bright (|0〉) and dark (|±1〉) states respectively. As shown
in Figure 3.4, in the presence of an unknown static field δB, the Ramsey signal
S oscillates between a and b as a function of the phase accumulation (∝ γδBτ).
Hence, using the above equation, the magnitude of an unknown static field δB can
be extracted from the number of detected photons. The major drawback of this
sensing protocol is the 2π ambiguity of the measured signal due to its sinusoidal
nature. Magnetic fields with magnitude δB + 2πm

γτ
, where m is an integer all yield

similar measurement contrast values.
In both these methods the resolvable frequency shift is limited by T ∗2 . The DC

field sensitivity of the NV magnetometer using Ramsey protocol is given as [38, 85]

ηDC = ~
gµB

1√
τ

1
α
√
β

(3.7)

As in CW-ESR method, the magnetic field sensitivity is dependent on the meas-
urement contrast α =

(
a−b
a+b

)
, the number of detected photons β =

(
a+b
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Figure 3.4: Fixed-τ Ramsey measurement scheme for detecting external DC magnetic
fields. The magnetic field can be determined by tuning to the point of maximum sensitivity
in the Ramsey signal. Any change in the external field leads to a change in fluorescence
contrast, as described in Eq. 3.6. The bottom figure shows the oscillatory behavior of the NVs
fluorescence signal at τfixed = 1µs in the presence of an additional magnetic field δB.
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3 Sensing with NV centers

measurement duration τ . In principle, τ can be extended up to T ∗2 of the NV center,
hence, the maximum achievable sensitivity is [38, 85]

ηDC = ~
gµB

1
α

1√
T ∗2 β

(3.8)

3.3 AC magnetometry
NV centers can also detect oscillating magnetic fields of frequency up to GHz using

appropriate sensing schemes. The detection bandwidth of various sensing schemes is
depicted in Figure 3.1. This is another advantage of pulsed magnetometry schemes
as such large bandwidths are essential for studying the spin dynamics of complex
physical and biological samples. Specifically, the Larmor frequency of nuclear spins
in bio-molecules at moderate magnetic fields can be ≈ 100 kHz-MHz, while charge
fluctuations or spin excitation in solids occur at MHz-GHz regime [116]. Hence
detection bandwidth of the NV magnetometer can be tuned to suit specific needs.
The spin-echo sequence is an extension of Ramsey protocol, with an additional

π-pulse inserted at the center of the free evolution time τ . In the spin-echo sequence,
phase accumulation due to static magnetic inhomogeneities is refocussed by the MW
π-pulse [106]. In this way, the sequence can extend the characteristic timescale of
signal decay from T ∗2 to T2, the intrinsic coherence decay time of the NVs. Since the
magnetic field sensitivity is limited by the phase accumulation time τ , employing
spin-echo sequence dramatically improve the sensitivity as [38, 85]

ηAC = ηDC

√
T ∗2
T2

(3.9)

The spin coherence time T2 is in general several orders of magnitude higher than the
inhomogeneous dephasing time T ∗2 . Note that the echo sequence is only sensitive to
time-varying magnetic fields that oscillate at the frequency of the applied sequence
[38, 85].
Sensing of the AC magnetic field using a spin-echo sequence is depicted in Fig-

ure 3.5. As seen, when the nodes of the oscillating field coincide with the π-pulse,
the phase accumulated in the first half of the echo cycle is added to the phase accu-
mulation during the second half of the echo sequence. As a result of this net phase
accumulation, the spin-echo sequence is sensitive for measuring AC magnetic fields
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3.3 AC magnetometry

of frequencies determined by the total sequence duration. AC magnetometry using
the spin-echo sequence is generally accomplished in a manner similar to the fixed-τ
Ramsey magnetometry technique. Consider a time-dependent external magnetic
field b(t) = B sin [2πfACt− ϕ0], where B is the amplitude of the AC field, fAC its
frequency and ϕ0 is the phase offset. This external field can be detected using a
spin-echo sequence of duration τ = 1/fAC . For simplicity, we consider that the MW
pulses coincide with the nodes of the AC field, i.e., ϕ0 = 0. Then the net phase
accumulation by the NV spin coherence over the duration of the pulse sequence is
given as [38]

ϕ =
τ/2∫
0

2πγb(t)dt−
τ∫

τ/2

2πγb(t)dt

ϕ = 4πγB
τ/2∫
0

sin [2πfACt] dt

ϕ = 4γBτ

(3.10)
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Figure 3.5: Sensing scheme for time-dependent magnetic field signals using spin-echo
sequence. A. Spin-echo pulse scheme for the detection of AC magnetic field of frequency
fAC = 1/τ . When the nodes of the AC signal coincide with the π-pulse of the echo sequence,
the phase picked up during both the free precession times are added, leading to an observable
change in the fluorescence signal as given in Eq. 3.10. B. AC magnetometry is similar to the
fixed-τ Ramsey measurement scheme, where the fluorescence signal is monitored as a function
of the magnetic field amplitude.The oscillatory response (according to Eq. 3.11) of the NV
fluorescence signal at τfixed = 250 µs in the presence of an AC magnetic field of magnitude
B.
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3 Sensing with NV centers

As with the fixed-τ Ramsey technique, the signal S oscillates as a function of ϕ
between a and b as:

S(B) = (a+ b)
2 + (a− b)

2 cos [4γBτ ] (3.11)

where a and b are the number of photons collected per measurement when the
NV is initialized in the bright (|0〉) and dark (|±1〉) state respectively. Hence, the
amplitude B of the AC magnetic field can be extracted from the number of detected
photons. The oscillatory behavior of the NV fluorescence in response to the AC
magnetic field amplitude is shown in Figure 3.5B. As seen in the plot, this method
cannot differentiate magnetic fields with amplitude B+ πm

2γτ ; however, it is still useful
in measuring relative magnetic fields or field fluctuations. The AC magnetic field
sensitivity using spin-echo sequence is

ηAC = π~
2gµB

1
α

1√
T2 β

(3.12)

The spin coherence time of the NVs in high purity samples can be ≈ 500µs, and
T2 times on the order of a few ms have been observed in isotopically pure diamond
samples [34]. This long spin coherence times enabled the sensitive detection of
single electron spin [55] as well as NMR detection of small nuclear spin ensembles
[57, 58] with single NV centers at ambient conditions. In the above discussion,
we have deliberately set the phase of the oscillating field to be zero. Often the
sensing sequence cannot be synchronized with the signal, and the phase ϕ0 changes
randomly. In such cases, the average phase 〈ϕ〉 = 0 due to the incoherent signal
averaging. Then it can be advantageous to measure the phase variance 〈ϕ2〉 rather
than its average [116, 151, 152]. An example of such sensing schemes for detecting
fluctuating magnetic field is given in Appendix A.4.
The frequency resolution of the simple echo sequence is determined by the total

sequence duration, τ . Since the maximum sensing duration is limited by T2, the
decoherence time sets the lower limit on the bandwidth of the sensing sequence3.
The bandwidth can be made narrower by employing correlation type measurements,
which rely on the correlation between two subsequent sensing periods [153]. A

3Note that the argument holds for other multipulse sensing sequences like CPMG or XY8 type
dynamical decoupling protocols, where the coherence time TN2 is much longer than the spin-echo
coherence time T2. Consequently, the spectral resolution is also improved.
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3.3 AC magnetometry

typical scheme for correlation measurement based on multipulse sequences is shown
in Figure 3.6A. The multipulse sequence is interrupted halfway by an incremental
delay time of t1. In this way the sensing duration is divided into equal periods
ta = tb = t/2. As the multipulse sequence is sensitive to the signal phase, constructive
or destructive phase accumulation occurs between the two sensing stages depending
on whether the free evolution time is a half multiple or integer multiple of the AC
field. The signal is then given as [116, 154]

S(t1) = (a+ b)
2 + (a− b)

2
ϕ2

2 cos [2πfact1] (3.13)
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Figure 3.6: Correlation spectroscopy for the detection of time-dependent magnetic field
signals. A. Two AC magnetometry sequences (multipulse sequence 1 and multipulse sequence
2) are separated by an incremented time delay t1. The magnetic field determines the evolution
of the quantum state during the two sensing stages (ta and tb) at the sensing frequency. As
the multipulse sequences are phase-sensitive, constructive or destructive interference occurs
between the two sensing periods, depending on the AC signal’s periodicity. B. Comparison
of frequency resolution of the multipulse and correlation spectroscopy. In the case of simple
multipulse magnetometry, the spectral resolution is determined by the coherence time (T2) of
the quantum probe. However, in the case of correlation spectroscopy, the frequency resolution
is Fourier-limited by the maximum possible t1, which is set by the T1 time of the sensor.
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3 Sensing with NV centers

where ϕ = γBt is the maximum phase that can be accumulated during either of
the multipulse sequence. Note that since the phase information is encoded in the
populations of the electron spin during the intermediate period t1, the signal decay
time is set by the T1 time. Hence, the spectral resolution is set by 1/T1, where the
T1 relaxation time is much longer than the spin coherence time T2. The compar-
ison of the spectral resolution of the multipulse and the correlation spectroscopic
technique is shown in Figure 3.6B. The plot is simulated with the typical values of
T2 (10 µs) and T1 (2 ms) of NVs in diamond. The correlation spectroscopic tech-
nique has been successfully employed in detecting both external AC magnetic fields
and small nuclear spin ensembles with a spectral resolution of a few hundred Hz
[151, 153–158]. The resolution of the signal can further be improved by swapping the
phase of the sensing qubit to a long-lived auxiliary memory qubit (coupled nuclear
spins), which preserves this phase information on a much longer time scales (limited
by the T1 time of the nuclear spin) [159].

3.4 Dressed state sensing (T1ρ relaxometry)
The spin-echo sequence and the multipulse alternative discussed in the previous

section have limited detection window of a few kHz to MHz. However, it might
be interesting to shift this to higher frequencies ≈ 10− 100 MHz, an attractive fre-
quency range for detecting nuclear spins. One of the most straightforward methods
for detecting AC signals of higher frequency is based on spin-locking experiments4

[140]. In this scheme, the transition rates between the |±〉 are observed under the
continuous resonant driving field (Rabi field). The resonant drive field lifts the de-
generacy of the |±〉 dressed states, which are separated by Ω, the Rabi frequency. If
an additional magnetic field (2πB1cos [ω1t+ ϕ0]) with frequency ω1

5 matching the
Rabi frequency is present, transitions between the |+〉 and |−〉 states are induced
at a rate set by the magnitude of the additional field (B1). A proof-of-principle
experiment by Loretz et al. [140] demonstrated the detection of 7.5 MHz magnetic

4Spin-lock experiments are typically performed with an initial π/2-pulse, which creates the su-
perposition state, followed by a 90◦ phase-shifted MW field that is left on for the measurement
duration τ . Then, from the rotating frame’s perspective, the spin is effectively locked along the
direction of the MW field. As long as the locking field’s effects are larger than the local dipolar
field, T2 relaxation processes are suppressed. The spin relaxation is then characterized by the
spin-lattice relaxation time in the rotating frame - T1ρ.

5in angular frequency units

58



3.5 T1 relaxometry

field of amplitude ≈ 40 nT with a spectral resolution of <10 kHz. Such rotating
frame magnetometry schemes could be useful in detecting high-frequency signals
such as from electron or nuclear spin ensembles [160]. Since the Rabi frequency can
be systematically tuned over a wide frequency range (by adjusting the MW power),
the NV can act as a wide range, narrow bandwidth (≈ 1/T1ρ) AC magnetometer.
The dressed states are useful for extending noise spectroscopy to low frequencies as
Rabi frequency is typically lower than the intrinsic transition frequency of the NV
center [94, 161].

3.5 T1 relaxometry

The detection window of NV magnetometry can be extended to GHz frequen-
cies using the T1 relaxometry technique. T1 relaxometry measures the transition
rate between the |0〉 and |1〉 states. The experimental protocol is described in Sec-
tion 2.3.1. Typically T1 times measures the probability of spin-flip due to energy
exchange with the environment and hence only susceptible to magnetic fields with
frequency matching the transition frequency of the NV centers, i.e., ν± = D± γB,
where D is the zero-field splitting and B is the static external magnetic field.

In order to elaborate T1 relaxometry, consider a strongly interacting spin environ-
ment of NV center. At a low magnetic field, these interacting spins form a fluctuating
spin bath due to statistical polarization or cross-relaxation. The random magnetic
field generated by the spin bath at the NV center’s position has zero mean but a
non-zero root mean square (RMS) value (

√
〈B2〉 > 0). The dynamics of the spin

bath is described by its correlation function

C(t) = 〈B(0)B(t)〉 (3.14)

For a Gaussian noise, the Fourier transformation of the correlation function yields
a Lorentzian noise spectrum of the form

S(ν) = 〈B2〉
π

fbath
f 2
bath + ν2 (3.15)

where fbath = 1/τc, τc is the correlation time of the bath.
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In the presence of such noise, the NV relaxation rate is given as

1
T1

= γ2
∫
S(ν)FT1(ν)dν = γ2 〈B2〉 fbath

f 2
bath + ν2

NV

(3.16)

where FT1(ν) is assumed to be described by the delta function δ(ν − νNV ), where
νNV is the NV transition frequency.

Because of the large ZFS, even at low magnetic fields, the NV’s transition fre-
quency is in the GHz regime. Hence T1 relaxometry pose a useful technique for
detecting rapid field fluctuations and have successfully employed for the detection
of Gadolinium chelates [141], Mn-ions [162] and iron clusters in Ferritin molecules
[163]. T1 relaxometry have also been used for investigating the near-surface high-
frequency magnetic fluctuations [94, 164] and spectroscopy of intrinsic electronic
and nuclear spin bath [143].

3.6 Sensitivity optimization

For spin-based magnetometry, such as NV centers, the sensitivity is fundamentally
limited by the spin projection noise due to the statistical nature of the quantum
measurements. However, in the case of NVs, the spin state readout is performed
optically; hence, photon shot noise adds to the spin projection noise. For a majority
of sensing schemes reported so far, the photon shot noise dominates the measurement
uncertainty. In this section, we focus on the photon shot noise limited sensitivity of
the NV magnetometer, which is given as [85, 165]

η = ~
gµB

1
α
√
β t

(3.17)

where the prefactor ~
gµB

is the electron Zeeman coupling constant, β is the total
number of photons collected per measurement run, α is the measurement contrast
and t is the signal interrogation time. The equation shows the key parameters
limiting the magnetic field sensitivity: the sensing time t and the readout fidelity
β. In order to improve the sensitivity of the magnetometer, all of these parameters
need to be optimized. In the following section, we discuss various strategies adapted
for improved magnetometry with NV centers.
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3.6 Sensitivity optimization

3.6.1 Spin coherence time

Spin coherence time or spin dephasing time is a crucial figure of merit as it rep-
resents the maximum available sensing time t supported by the quantum probe.
The coherence time is mainly limited by interactions with the paramagnetic spin
impurities both within the diamond matrix and on its surface. The dominant spin
impurities are the electronic spins of nitrogen atoms and the nuclear spins of 13C
isotope, which makes up to 1.1% of all the carbon atoms in diamond. Improving
sensitivity requires long coherence time; hence, one of the simple means of achieving
long T ∗2 or T2 is by engineering diamond samples with low impurity concentration
[34, 85].

Early synthetic diamonds were grown using the HPHT technique which host about
100 ppm of nitrogen impurities. NVs in such diamond samples have relatively short
dephasing times of a few hundred nanoseconds (typically ≈ 100 ns) [33, 166]. With
the advanced multipulse dynamical decoupling protocols, T ∗2 can be pushed to few
tens of µs, which are several orders of magnitude smaller than T1 times of the NVs
[88]. Note that the efficiency of DD in extending the spin coherence time depends
on the correlation time of the bath, which for electronic spin bath τc � t (τc is the
bath correlation time and t is the duration of one measurement sequence). Hence
the decoupling pulses need to be applied more frequently. Therefore the limit on
T2 is set by the experimental realization of such rapid pulses and pulse errors.

The CVD diamond growth provides better control of impurity inclusion, thus
improving the prospects of NV sensors through diamond engineering [167]. Nitrogen
content in such CVD single crystals can be as low as few ppb (parts per billion of
carbon atoms) [168]. The decoherence of the NV centers is then dominated by the
13C nuclear spins, which can be effectively decoupled using the spin-echo sequence.
NV centers in such sample show comparatively long dephasing time T ∗2 ≈ 5 µs and
T2 ≈ 300 µs [32]. It has been shown the CVD synthesis can be performed in an
isotopically pure environment, thus achieving sample purity of > 99.99%. Owing
to the spin-free environment, NVs in such high purity diamond samples show ultra-
long coherence times of ≈ 2 ms [34]. Recent studies show that the coherence time
of the NVs also depends on their proximity to the diamond surface [94, 112, 113].
Surface spin noise and surface modified phonon interactions are proposed as possible
mechanisms responsible for reducing the coherence time of shallow NVs. Enhancing
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3 Sensing with NV centers

the optical stability and coherence properties of shallow NV centers through various
surface treatments is an area of ongoing research [169].

3.6.2 Readout fidelity

As mentioned previously, due to the optical readout of spin states, photon shot
noise dominates the measurement uncertainty. Standard readout error due to shot
noise scales as 1/

√
β, where β is the average number of photons collected per

measurement run. For NV centers, the spin state readout is typically performed
through the detection of state-selective photoluminescence with a detection effi-
ciency of ≈ 10−3. The magnetic field sensitivity can be significantly enhanced by
collecting PL from multiple NVs or improving the PL detection efficiency. The NV
center’s collection efficiency is mainly limited by the detection optics and the sub-
optimal quantum efficiency of the NV’s radiative transition. The collection of NVs
PL is done with a high NA microscope objective and is fundamentally limited by
the refractive index of the diamond. The high refractive index causes total internal
reflection at the diamond-air interface, and due to the small critical angle, most of
the emitted photons are trapped in the diamond matrix and are not detected by
the microscope objective. One way to suppress total internal reflection is by placing
the NV in the middle of the solid immersion lens (SIL) [170, 171] or using photonic
waveguides [172]. With such devices, the collection efficiency has been improved by
roughly one order of magnitude. Another complementary approach is to modify the
photophysical properties of the NV centers through the Purcell effect [173] by chan-
ging the local density of electromagnetic states. Purcell enhancement is achieved by
coupling the NVs to optical cavities or plasmonic structures [85]. Although a Purcell
enhancement of up to 10 is achievable in most cases [174], the NV fluorescence rate
is still rather low.

Another approach for improving the readout fidelity involves sensing using mul-
tiple NV centers. However, increasing NV concentration also substantially increases
the incorporation of nitrogen paramagnetic defects. The increased spin impurities
degrade the coherence time of the NVs, which in turn adversely affects the magnetic
sensitivity. Hence many recent works focus on improving the N to NV conversion
efficiency through advanced diamond engineering techniques. The common short-
coming of ensemble magnetometry is the reduced spin readout contrast owing to the
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four different orientations of the NV defects in the diamond lattice. The contrast of
typical single-axis magnetometry is α ≈ 1%. The common strategies to improve
the measurement contrast include reducing the background fluorescence of the other
three non-aligned NV either by flipping them to the dark state using MW π-pulses or
by increasing the static field such that the state mixing reduces the fluorescence from
the other NV groups. Another recent development is the use of preferential aligned
NV diamond samples for enhanced magnetometry. This technique is demonstrated
in Chapter 5. Note that as the NV concentration increases, one needs to take care
of the mutual dipolar interactions between the NVs, which would also deteriorate
their coherence time.
Other recent methods to improve the readout fidelity includes spin-to-charge con-

version readout [175–177], photoelectric readout [178–180], ancilla-assisted repeated
readout or single-shot readout [44, 47, 181], level-anticrossing-assisted readout [182],
Near-IR absorption readout [75, 183] and laser threshold magnetometry [184, 185].
A recent review by Barry et al. [165] focus on sensitivity optimization of NV mag-
netometry.

3.7 Recent trends
The field of NV magnetometry is broadly classified into three groups depending

on the implementation geometry and the sensing modality. These are (i) bulk mag-
netometry, (ii) wide-field imaging magnetometry, and (iii) scanning magnetometry.
Bulk magnetometry uses NV ensembles intended to maximize the sensitivity by col-
lecting fluorescence from all the NVs. This method, however, comes at the cost of
limited or zero spatial resolution. In a wide-field arrangement, the NV ensembles are
simultaneously imaged using a charge-coupled device (CCD). This method is cap-
able of real-time magnetic imaging with high resolutions. Scanning magnetometry
setup uses either a confocal microscope or a scanning probe with NVs incorporated
on the scanning tip. The current state of the art and the achieved magnetic field
sensitivities for these simplified sensing geometries are discussed below.
Bulk magnetometry schemes involve the simultaneous detection of NV ensembles

aiming to improve the overall field sensitivity. One of the recent achievements in the
field of bulk magnetometry involves the detection of a single-neuron action poten-
tial by Barry et al. [146], with an excellent DC field sensitivity of 15 pT/

√
Hz. The
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same group demonstrated a full vector magnetometry with few tens of pT/
√

Hz
sensitivity [186]. Other best reported DC field sensitivities include 28 pT/

√
Hz by

Chatzidrosos et al. [183] using an optical cavity to enhance the IR-absorption signal
and a promising sub pT/

√
Hz sensitivity by Fescenko et al. [187] using flux concen-

trator to amplify the magnetic signal within the diamond. With such high sensitiv-
ity and smaller sensing volume, the magnetometry scheme can be extended to small
or microscopic biological samples such as single cells. The AC field sensitivity of
bulk magnetometry is several orders of magnitude better than the DC counterpart.
Demonstrations by Hall et al. [188], Wolf et al. [189] and Masuyama et al. [190] have
shown sub pT/

√
Hz sensitivities for oscillating magnetic signals.

Wide-field magnetometry is another important tool for imaging a wide variety
of magnetic samples, especially of biological origin. In this scheme, the fluores-
cence emission from a dense NV array is imaged into a CCD camera, thus giving a
two-dimensional area sensor. This array-based sensing technique has the potential
for real-time in situ imaging of biological processes. The practicality of the ima-
ging scheme is demonstrated by LeSage et al. [144] by mapping the stray magnetic
field from magnetotactic bacteria and by Glenn et al. [145] and Davis et al. [191]
using magnetically labeled cells. There have also been several demonstrations of
imaging the internal properties of diamond such as imaging of diamond stress by
Kehayias et al. [192].
Scanning magnetometry schemes with single NV centers offer high precision and

atomic-scale spatial resolution. By employing magnetic resonance schemes, Balas-
ubramanian et al. [4] measured magnetic fields of nT range using single NV cen-
ters in nanodiamonds. The critical element of the scanning probe magnetometer
is the incorporation of single NVs in a nanoscale scanning tip. There have been
numerous demonstrations of magnetic sensing with NVs in a scanning tip geometry.
Rondin et al. [193] report a DC field sensitivity of 10 µT/

√
Hz using nanodiamond

with single NV center attached to the atomic force microscope (AFM) tip. The
method also shows a high spatial resolution of few tens of nm. Alternatively, by
using diamond nanopillar (with NV centers) as AFM tips, Maletinsky et al. [51] re-
port a sensitivity of 56 nT/

√
Hz. Scanning probe magnetometer has been extensively

demonstrated on imaging magnetic nanostructures such as by Rondin et al. [194] for
imaging of magnetic vortex in thin ferromagnetic films, by Grinolds et al. [55, 195]
for mapping the location of single electron spins and dark electron spins inside the
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diamond. The spatial resolutions achieved by these initial demonstrations already
exceed the resolution reported for alternative magnetic sensing technologies except
for magnetic resonance force microscopy (MRFM) with the same sensing geometry.
However, MRFM operates under vacuum at cryogenic conditions, hence scanning
probe technique with NV centers offers a viable route for in situ imaging of small
spin clusters in isolated biomolecules.
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4 Lithographically engineered
shallow nitrogen-vacancy centers

Many envisioned applications of NV centers rely on the deterministic production
of defects with nanoscale spatial accuracy. This is one of the most stringent re-
quirements for building scalable quantum architecture with magnetically coupled
NV centers. Implantation of nitrogen ions in a high purity diamond substrate is
one of the controlled methods for fabricating NV centers [117, 196]. Ion implant-
ation simultaneously provides both the nitrogen impurities and vacancies, which
are converted to NV centers during the subsequent annealing treatment. However,
the commonly adapted broad-beam nitrogen implantation technique has a resol-
ution of hundreds of nanometer even with ion optics correction [197]. Hence, for
deterministic placement of NV centers, the development of new strategies to reliably
position implanted nitrogen into the diamond lattice with nanoscale spatial accur-
acy is indispensable. This can be achieved by confining implantation ion through
apertures in scanning probes [198], or by the release of ions from a Paul-like ion trap
[199, 200] or through an array of apertures patterned on mask layers deposited on
the diamond substrate [120]. Ion implantation through a patterned mask is one of
the most versatile and scalable approaches for implantation through a large array of
targeted spots. This fabrication method has been successfully employed to create
high throughput of magnetically coupled NV centers with separation defined by the
aperture diameter [49, 201, 202].
Production of large scale diamond chips with deterministically positioned NV

centers is also required for quantum sensing applications. In the following work, we
use the lithographically confined ion implantation technique for creating regularly
spaced shallow NV centers, and study their optical and spin properties. To boost
their applicability for nanoscale NMR spectroscopy, shallow NV centers (≈ 2−12 nm
below the surface) are created with the nitrogen implantation energy of 2.5 keV. The
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mask fabrication process and the diamond substrate details are given in Section 4.1.
Since the NV yield of such low-energy implantation is quite small (>1%), we also
analyze the implantation technique’s creation efficiency by comparing the number
of created NVs to the number of implanted nitrogen atoms. The NV creation yield
for the present sample is analyzed in Section 4.2.
We further characterize the depth of the implanted NVs using the quantum lock-in

detection technique with the XY8 pulse sequence to detect the oscillating magnetic
field of the surface proton spins. The measurement scheme and the depth distribu-
tion of the NVs in the present sample are discussed in Section 4.3. The coherence
of the near-surface NVs is degraded by both the neighboring implantation damages
and the surface spin noise. Hence, in Section 4.4, we study the role of surface spin
noise using the depth calibrated NV centers. The measured coherence time (T2)
shows a strong dependence on the depth of the NV centers with shallow NV cen-
ters recording short coherence time. We also study the scaling of coherence time
with different orders of dynamical decoupling sequences. Furthermore, the noise
environment of the implanted NVs is investigated using the spectral decomposition
technique. The noise spectra are reconstructed from the NV echo decay measure-
ments and are presented in Section 4.5. The obtained noise spectra feature a double
Lorentzian shape, with coupling strength and correlation time similar to the NVs
created by broad-beam implantation.
The main results presented in this chapter are published in Ref. [203]. The dia-

mond sample characterized here was provided by Junichi Isoya.1 Spin coherence
measurements and depth determination experiments are performed together with
Felix M. Stürner, Simon Schmitt, Liam P. McGuinness.

4.1 Sample preparation
The diamond sample studied here is homoepitaxially overgrown on a (100) ori-

ented Type-Ib HPHT substrate using the microwave plasma-assisted CVD tech-
nique. The growth conditions are controlled to produce a high quality of isotopically
pure diamond film of thickness ≈ 20µm [204, 205]. The intrinsic nitrogen content in
the overgrown layer is < 1 ppb, hence the NV centers that are detected following the

1Research Center for Knowledge Communities, University of Tsukuba, Tsukuba, Ibaraki 305-8550,
Japan
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annealing treatment could reliably be attributed to the implantation technique. The
CVD grown diamond layer has an as-grown surface roughness of < 1 nm, making it
suitable for electron beam (e-beam) lithography. The overgrown diamond sample is
boiled in a mixture of concentrated sulfuric acid and nitric acid (3:1) at 200 ◦C for
30 minutes to remove the graphitic carbon from the surface.

4.1.1 Fabrication of photo-resist aperture

Following the wet chemical treatment, the sample is exposed to hydrogen plasma
at 635 ◦C for 5 minutes. The hydrogen termination helps to prevent electrostatic
charging during e-beam irradiation by creating an electroconductive surface. The
diamond surface is then spin-coated with an e-beam sensitive PMMA resist (Micro-
chem, 950PMMA A4) of thickness ≈ 200nm. Using e-beam lithography, we pattern
regular array of ≈ 45 nm diameter apertures with a spacing of ≈ 4 µm. To help
with NV localization, alphanumeric characters of ≈ 10 µm size is also patterned
on the PMMA layer. After the electron beam exposure, the mask is developed,
which results in an array of regularly spaced apertures with a controlled diameter.
A schematic representation of the PMMA mask is depicted in Figure 4.1A.
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Figure 4.1: Schematic representation of the nitrogen implantation using patterned
PMMA mask. A. Schematic of the diamond sample and the PMMA mask, patterned using
e-beam lithography. PMMA resist of thickness ≈ 200 nm is coated on the diamond. The
nano-apertures and the alphanumeric markers are patterned using e-beam lithography. B.
Scanning electron microscope image of the nanohole fabricated using the e-beam lithography
technique. The image is obtained by coating the patterned surface with Pt-Pd ions using an
ion coater. Adapted from Ref. [203].†

69



4 Lithographically engineered shallow nitrogen-vacancy centers

After coating the surface with Pt-Pd ions, the diameter of the apertures is char-
acterized using a scanning electron microscope (SEM). The minimum aperture dia-
meter achieved with the present technique is ≈ 40 nm. An enlarged image of the
nanohole obtained using a scanning electron microscope is shown in Figure 4.1B.
Unlike other techniques like focused ion beam carving or plasma etching, e-beam
lithography avoids damage to the diamond substrate and hence presents ideal host
for the deterministic implantation of stable color centers.

4.1.2 Nitrogen implantation and annealing

While the lateral positioning of the NV center is accomplished by confining the
implantation through patterned nano-apertures, the axial (depth) positioning is
achieved through optimizing the implantation energy. The NV centers in the sample
are produced by low-energy nitrogen implantation with 15N+ ions, which enables the
isotopic tagging of implanted nitrogen from the intrinsic 14N ions in the diamond
substrate [196]. Following the e-beam lithography, nitrogen ions with a fluence
of 1012 cm−2 were implanted at 2.5 keV at a tilt angle of approximately 3◦ with
respect to the [100] crystal axis. SRIM (stopping and range of ions in matter [206])
simulation for nitrogen implantation at the present experimental condition predicts
the average depth and transverse straggle as ≈ 4.5 nm and ≈ 1.9 nm respectively.
The evaluated straggling is much smaller than the diameter of the aperture, thus
ensuring the spatial localization of the implanted defects.

Following the implantation, the PMMA-resist is removed using a wet chemical
process, and the diamond is boiled in a mixture of concentrated sulfuric acid and
nitric acid (3:1) at 200 ◦C for 30 minutes to clean the surface of residual contamin-
ants. The sample is then annealed at 1000 ◦ C in 10% H2 forming gas for 2 h. The
high-temperature annealing treatment mobilizes the vacancies created during nitro-
gen implantation. These vacancies are captured next to a substitutional nitrogen
impurity to minimize lattice strain (due to slightly bigger atomic radii of nitrogen
atoms). This forms stable NV defects in the diamond lattice. After annealing, the
sample is again boiled in a mixture of concentrated sulfuric acid and nitric acid (3:1)
at 200 ◦C for 30 minutes to obtain oxygen terminated diamond surface. Note that
the oxygen terminated diamond surface stabilizes the charge state of shallow NV
centers [207].
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4.2 Estimation of creation yield

4.2 Estimation of creation yield
Recent studies on NV fabrication suggest that the NV creation efficiency is lower

for low implantation energies. Pezzagna et al. [208] reports a creation efficiency of
0.1% for a implantation energy of 2.5 keV. However, the NV yield can be improved
by increasing implantation ion fluence at the cost of poor NV coherence properties.
Hence to optimize these parameters, we study the NV creation yield for the nano-
aperture implantation technique. Figure 4.2A shows the confocal image of the region
implanted with nitrogen ions through the PMMA mask of aperture size ≈ 40 nm.
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Figure 4.2: Characterization of the implanted region. A. Confocal microscope image of
the region implanted with nitrogen ions through the patterned PMMA mask. As seen, the
fluorescence spots are localized within the exposed region only. The inset shows an enlarged
confocal image where the bright fluorescence spots are separated by ≈ 4 µm. B. Measured
photoluminescence spectrum of a single NV center in the implanted region. The zero-phonon
line at 637 nm confirms the NV center’s presence in the negative charge state. C. Free induction
decay of a single implanted NV center showing the characteristic beating of 3.05 MHz due to
hyperfine interaction with the 15N nuclear spin. The inset shows the fast Fourier transformation
of the FID signal.
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The image shows well-separated fluorescence spots with a pitch of 4 µm and high
fluorescence emanating from the alphanumeric character. These characters help in
the lateral localization of the defects, thus ensuring repeated access to NV centers
with calibrated physical and spin coherence properties.
The photoluminescence (PL) spectrum shown in Figure 4.2B features a sharp

peak at 637 nm corresponding to the ZPL of the negatively charged nitrogen-vacancy
centers. The measured PL spectrum confirms the successful creation of the negative
charge state of the NV defect. Additionally, to isolate the implanted NVs (15NV)
from the native ones (14NV), we measure the hyperfine signature of the defects. In
Figure 4.2C, we plot the free induction decay of a single implanted NV showing the
characteristic beating of 3.05 MHz due to hyperfine interaction with the 15N nuclear
spin. The FFT of the signal in the inset shows additional splitting (≈ 300 kHz) due
to coupling to an isolated dark spin [209].
The statistical number of NV centers created per spot (η) is obtained using two

complementary techniques. First, we use intensity autocorrelation measurements
to isolate spots containing single NV centers. To this end, the Hanbury Brown
and Twiss configuration is used to record the intensity autocorrelation function
[210]. The characteristic g2(τ) function measured from a single NV center in the
implanted region is plotted in Figure 4.3A. The measurement shows the character-
istic antibunching at τ = 0, with the dip reaching well below 0.5, thus confirming
the localization of a single quantum emitter. The number of NV centers in each isol-
ated spot is then estimated from the ratio of the corresponding fluorescence intensity
with the photon count measured from the single site. Note that the fluorescence rate
from NV centers depends on the projection of their optical dipoles on the linearly-
polarized laser field. For a [100] grown diamond, the optical dipoles of all four NV
orientations can be placed on two orthogonal planes, which are aligned at an angle
from the diamond surface [135]. Hence, depending on the laser’s polarization, dif-
ferent NV orientations are excited unequally, leading to variation in the measured
fluorescence. In the experiment described above, the polarization angle of the laser
is adjusted to excite all the NV orientations equally.
Alternatively, the NV number is also estimated from the ODMR measurement.

In Figure 4.3B, we show the measured ODMR spectrum of the four NV orienta-
tions, where the magnetic field is aligned such as to spectrally distinguish them.
The number of NV centers in each implanted spot is determined by comparing the
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4.2 Estimation of creation yield

number of observed resonance transitions and their relative contrast. An example
of ODMR spectra recorded from spots containing two NVs (1 NVb + 1 NVc) and
three NVs (1 NVb + 2 NVc) is plotted in Figure 4.3C. The presented data are shifted
vertically for clarity and do not correspond to the signal amplitude. The estimation
technique based on the number of Zeeman splittings cannot differentiate NVs of the
same orientation (since their ODMR spectra overlap), in which case the fluorescence
intensity (compared with the fluorescence of a single NV) is also considered. Hence,
the number of NV centers in each implantation spot is estimated unambiguously
using the two methods.
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Figure 4.3: Estimation of NV creation yield. A.Measured intensity autocorrelation function
from a single NV center in the implanted region. The photon counts measured from a single
NV center are used to estimate the number of NVs in each implanted spot. B. ODMR spectra
of the four NV orientations in an arbitrary magnetic field. C. ODMR spectra obtained from
fluorescent spots containing two and three NV centers. The number of NVs is estimated from
the number of Zeeman splittings and their relative contrast. The data is shifted vertically for
clarity.
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Figure 4.4: Estimation of NV formation probability. Distribution of number of NV centers
per implantation spot. Number of samples is 118 fluorescence spots and the data is fit with a
Poisson distribution, which yields the average number as λ = 1.17. Results are presented in
Ref. [203].†

In Figure 4.4, we plot the distribution of the number of NV centers in each im-
plantation spot, which ranges between zero to six in the investigated region. This
fluctuation could stem from the probabilistic nature of NV formation, which depends
on the number of nitrogen ions in each lattice site and the subsequent association of
vacancies during annealing. The plot shows that the NV centers are created in 70%
of the implanted lattice site, and about 40% of the spots hosted single NV centers.
The solid line in Figure 4.4 represents the fit of the NV number distribution with
a Poisson function, which yields the average number as λ = 1.17. The average
number of implanted nitrogen ions per spot is 16,2; hence, the conversion yield from
the implanted nitrogen atoms to the NV center is 7.3%(1.17/16). A more precise
calculation of the conversion efficiency is given by the total number of NV centers
divided by the total number of the implanted ions, which is evaluated to be 7.6%
(143/1888). The high creation yield for the present sample could be attributed to
the high quality of the CVD diamond.

4.3 Determination of NV depth
The depth of the NV centers created using the ion implantation technique depends

on the implantation energy. The most sensitive and robust method for determin-

2Ion fluence: 1× 1012 N/cm2 aperture diameter: ≈ 43.5 nm
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ing the depth of individual NV centers is by measuring the NMR signal of proton
ensembles on the diamond surface [211]. The proton spins located within the nano-
meter sensing volume of the NV centers exist in statistical polarization due to the
incomplete cancellation of randomly oriented spins. This spin polarization generates
a fluctuating magnetic field at the NV center’s position, with the frequency centered
around the Larmor frequency of the proton spins. The oscillating magnetic field can
be detected using quantum lock-in detection technique, such as XY8-N type pulse
sequences. Note that the net magnetization of the proton spin ensemble is negli-
gible during the timescale of the experiment; however, its variance is non-zero and is
proportional to the density of the proton spin bath. The description of the sensing
scheme is detailed in Appendix A.4.
To determine the depth of the implanted NV centers, we detect the NMR signal

from the proton spins in the immersion oil3 placed on top of the diamond surface.
The individual Fourier components of the NMR signal is measured using the XY8-N
pulse sequence. The pulse scheme consists of an initial π/2-pulse, followed by peri-
odic free evolution and π flips using resonant MW field. At the end of the sequence, a
final π/2-pulse converts the accumulated phase into a measurable population differ-
ence. The phase accumulation during the free evolution time of such pulse sequence
is governed by the time-dependent component of the external magnetic field. Hence,
the NV probe can be made sensitive by matching the free evolution time with the
half Larmor period of the proton spins.
For the present experiment, we use an external magnetic field of 432 G, aligned

parallel to the corresponding NV axis. At this field configuration, the proton spins
precess at a Larmor frequency of ωL = 1.84 MHz, hence the spacing between the
π-pulses are swept around τ = 271 ns to match the resonance condition ωL = 1/2τ .
The corresponding echo decay signal is measured using different orders of the XY8
sequence. The signal at the end of each measurement is acquired using two consecut-
ive near-identical experiments which project the NV spin state onto the ms = 0 state
(measured fluorescence F0) and then onto the ms = 1 state (measured fluorescence
F1). This is accomplished through the proper choice of the final π/2-pulse phase.
The fluorescence signal is then normalized4 to reject any common-mode noise like

3Nikon Type NF, proton density ρ = 68 ± 5 nm−3

4C = F0 − F1

F0 + F1
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Figure 4.5: Example of proton NMR spectra measured with NV centers. A. Proton
NMR spectra measured with NV 1 using XY8-16 and XY8-32 pulse sequences. B. Proton NMR
spectra measured with NV 3 using XY8-4 and XY8-8 pulse sequences. Both the measurements
are recorded at an external magnetic field of strength 432 G. Note that the NMR signal strength
depends on the NV depth and the duration of the applied pulse sequence.

laser fluctuations. The depth of the NV center is evaluated by fitting the power
spectrum in the frequency domain obtained by deconvolution of the time domain
spectrum using the filter function of the sensing sequence. Example of proton spec-
tra measured using different NV centers and the corresponding Lorentzian fit with
the estimated depth is presented in Figure 4.5A (NV 1) & B (NV 3).
The depth estimation is performed on 255 single implanted NV centers using the

technique mentioned above, and the depth distribution is presented in Figure 4.6.
The histogram shows that almost 50 % of the NV centers are located at a depth of 2 -
4 nm from the surface. In Figure 4.6, we also show the results of SRIM and Crystal-
TRIM (C-TRIM) simulations. For the SRIM simulation, the diamond is assumed to
be amorphous, C-TRIM however, assumes the crystalline diamond structure; hence,
the channeling effect is included in C-TRIM simulations. As seen, the experimental
NV depth distribution is in good agreement with the C-TRIM simulated profile
for a [100]-oriented diamond surface. This observation suggests the contribution of
channeling effects to the observed depth distribution of the implanted NVs.
In addition to the estimation of the NV depths, the presented experiment demon-

strates the sensitive detection of external proton spins using the implanted NVs.
Thus, the NV centers produced through the nanohole implantation, show optical

5Two of the 25 employed NV centers did not exhibit proton NMR signals, which are presumably
located at a greater depth (> 12 nm). The histogram of the depth for the other 23 NV centers
is shown in Figure 4.6.
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Figure 4.6: Depth distribution of implanted NV centers Histogram of the depth of the NV
centers measured using the XY8-N sensing protocol. The experimental data is also compared
with the simulations result from SRIM and C-TRIM. In the SRIM simulation, the diamond
is assumed to be amorphous; however, in C-TRIM, the diamond is crystalline; hence the
channeling effect is also taken into account. The results are presented in Ref. [203].†

and charge stability with sufficient coherence properties to be utilized as sensitive
probes for the NMR signal detection from nanoscale detection volumes. As the
detection volume depends on the z-localization of the sensors, the depth-calibrated
NV centers in a regular array with the address marker are advantageous in providing
repeated access to the desired NV centers of suitable depths.

4.4 Dependence of coherence time on NV depth
As shown in the previous section, the nanohole implantation technique offers

remarkable accuracy in the three-dimensional positioning of NV centers. However,
the applicability of these NV quantum probes depends on their coherence properties.
In general, the coherence time of shallow NVs is severely degraded due to surface
noise from unpaired electron spins. It is also speculated that NVs implanted through
such nano-aperture will suffer an additional noise from the implantation damages
which are confined within the aperture diameter. To gain a better knowledge of
the noise source, we investigate the role of surface-related decoherence on the NV
centers.
Therefore, the depth dependence of the NV’s spin properties is investigated using

spin-echo and multipulse dynamical decoupling protocols. In Figure 4.7A, we plot
the measured spin-echo coherence time of 19 depth-calibrated NV centers. For the
present sample, the T2 of NVs within depths 2 - 4 nm is around 3 - 8 µs and NVs at
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Figure 4.7: Depth dependence of NV coherence time. A. Spin-echo coherence time of the
depth-calibrated NV centers. The measured values show a strong dependence on the proximity
of the NV centers to the diamond surface. B. The depth dependence of the coherence time
measured using the XY8-16 (N = 128) decoupling sequence. The coherence time is measured
only on few randomly selected NV centers owing to the long measurement duration, hence the
difference in the number of data points compared to A. The results are published in Ref. [203].†

depths > 5 nm exhibits considerably longer coherence time of around 10 - 30 µs. It
can be seen from the plot that the coherence time is drastically reduced for shallow
NV centers, hence to isolate the noise contribution further, we apply higher-order
dynamical decoupling sequences. The coherence time (TN2 ) measured using the
XY8-16 sequence is shown in Figure 4.7B. By employing the multipulse decoupling
scheme, the coherence time of the NVs is improved; however, the coherence enhance-
ment factor TN2 /T2 is smaller for shallow NVs (between 2 - 3.5) compared to NVs
at depths > 5 nm (between 6 - 10). This reduced decoupling efficiency for shallow
NV centers suggests the depth-dependent change in the nature of the dominant spin
bath. The presented result is consistent with a similar study on shallow NV centers
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Figure 4.8: Coherence time scaling as a function of number of pulses N. A. Coherence
decay measurement on NV 1 using different orders of DD sequence. For comparison, we also
present the spin-lattice relaxation time (T1) of the NV center. B. Measured coherence time
(TN2 ) as a function of number of DD pulses for NVs of different depths (NV1: d = 7.8 nm,
NV2: d = 4.4 nm, NV3: d = 3.2 nm). The solid line represents the power-law dependence of
the coherence time enhancement, as described in Eq. 4.1. The last point of each data set
corresponds to the measured T1 times of the NVs. Part of the presented results are published
in Ref. [203].†

[113] and indicates the dominance of magnetic noise originating from the fluctuating
surface spins, whose effects are not refocused at longer time scales.
In Figure 4.8A, we plot the measured spin coherence of NV 1 using different orders

of XY8 sequences. It is evident from the figure, that by increasing the number of
decoupling pulses, the coherence decay time of the NV increases. For comparison,
we also plot the measured spin-lattice relaxation time (T1) of the NV centers. The
improvement in the measured coherence time using the DD sequence depends on
the number of refocusing pulses (N) and follows a power law as

TN2 (N) = T2 × Nk (4.1)
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where the scaling factor k depends on the spectral properties of the environmental
noise. For a Lorentzian spectral function, k = 2/3. The scaling of T2 for an
increasing number of π-pulses for different depth-calibrated NVs is presented in Fig-
ure 4.8B. The scaling factor k for the NV centers in the present sample is extracted
from the fit (as given in Eq. 4.1) with values ranging between 0.4 - 0.5. This value
is considerably below the scaling factor expected for a simple Lorentzian spin bath
(k = 2/3) and hence suggests either a different noise source or a Lorentzian bath
with shorter correlation times. Further, we observe saturation of coherence times at
values much below the measured T1 times of the NV centers.

4.5 Spectral decomposition
To gain further insight into the microscopic origin of decoherence, we exploit the

implanted NV centers to probe the characteristics of their local spin environment.
This is done by measuring NV’s spin coherence, which decays over time due to its
interaction with the spin environment. The resulting decoherence profile depends
on the noise spectral function S(ω), which can be reconstructed using the spectral
decomposition technique. Here, we employ multipulse decoupling protocols whose
filter function determines the region of the noise spectrum that couples to the NV
spin. We sample the complete spectrum of the environmental noise by tuning the
inter-pulse spacing (τ) and the number of pulses (N). The theoretical description
of the spectral decomposition procedure is detailed in Appendix A.3.
In Figure 4.9, we plot the reconstructed power spectral densities of three NV

centers of varying depths. The presented noise spectrum is extracted from CPMG
and XY8 decay measurements using spectral decomposition technique, where each
value is calculated using the known filter function of the corresponding pulse se-
quences. Since the shallow NV centers are prone to both the internal spin bath
(dominated by impurities from implantation damage, residual nitrogen atoms) and
the surface-related noise (surface modified phonons, surface spin bath), we expect
the noise spectral density to feature double Lorentzian functions. Hence, to encom-
pass the dynamics of both the surface and the bulk noise, we fit the reconstructed
noise spectrum with a double Lorentzian function of the form

S(ω) =
∑
i=1,2

∆2
i τc,i
π

1
1 + (ω τc,i)2 , (4.2)
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where ∆i is the coupling strength between the NV spins and the environment and
τc,i describes the correlation time of the spin bath

In order to elucidate the nature of the noise source, we compare the depth depend-
ence of the extracted noise parameters in Figure 4.10A for noise correlation time
τc,i and Figure 4.10C for NV-bath coupling strength ∆i. As seen in Figure 4.10A,
the correlation time of the noise source is independent of the NV depth, since it de-
pends only on the internal dynamics of the spin bath. Hence, the noise spectra are
refitted using a global fitting procedure, where all the individual spectrum are fitted
simultaneously with a shared correlation time (The noise correlation time extracted
from the global fitting routine is shown as dashed lines in Figure 4.10A). The noise
coupling strength extracted using the global fit is plotted in Figure 4.10B. Both the
coupling strengths ∆1 and ∆2 show inverse dependence on the depth (d) of the NV
centers. The values are fit to the function of the form

a/dn, (4.3)

where a and n are kept as free parameters. The depth dependence of ∆1 shows 1/d2

(n1 = 2.01 ± 0.06) scaling, which is consistent with the two-dimensional spin bath
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Figure 4.9: Noise spectroscopy of depth calibrated NVs. Comparison of spectral de-
composition result of three NV centers of varying surface proximity (NV1: d = 7.8 nm, NV2:
d = 4.4 nm, NV3: d = 3.2 nm) and the associated double Lorentzian fit. The colored region
indicates the 1σ confidence interval. The results are published in Ref. [203].†
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originating from the unpaired spins on the diamond surface. Using this value, we
estimate the density of surface electron spins (g = 2) as σsurf ≈ 0.05 spins/nm2.
We note that a similar surface density (σsurf ≈ 0.04 spins/nm2) was observed by
Myers et al. [112] with the bath correlation time of τc ≈ 5(3)µs. Further, using
the estimated spin density, we calculate the average separation between the surface
spins as ≈ 2.2 nm. Therefore, the low frequency noise component can be attributed
mostly to dipolar spin-spin interactions of the near-surface NV center and the surface
spin bath. The power law dependence of ∆2 gives n2 = 2.3± 0.16, with a correlation
time τc,2 of 80 ns. As reported by Romach et al. [113], this noise can be attributed to
the noise induced by the surface modified phonons. Note that the depth dependence
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Figure 4.10: Scaling of noise parameters as a function of NV depth. A. The bath
correlation time extracted from the noise spectrum of different depth-calibrated NVs. The
correlation times are independent of the depth of the NV centers. The values obtained from the
global fit procedure are shown as dashed lines and the corresponding values are τc,1 = 10±1µs
and τc,2 = 80 ± 22 ns. B. The depth dependence of the noise coupling strength extracted
using the global fitting procedure with shared correlation times. The values show an inverse
scaling with the depth of the NV centers. The solid line shows the fit-function of the form
a/dn. Part of the presented results are published in Ref. [203].†
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parameter Nanohole implantation (this work) Broad-beam implantation ([113])
n1 2.01 1.75
τc,1 10 µs 11 µs
a1 11.5 7.7
n2 1.3 0.9
τc,2 80 ns 146 ns
a2 5.6 2.2

T2,echo 3.5 - 26 µs 7 - 51 µs

Table 4.1: Comparison of the fitting parameters used in the noise analysis. Table taken
from Ref. [203].†

of the NV - spin bath coupling strength (ai and ni) and the noise correlation times
(τc,i) of the NV centers created by nanohole implantation in the present work are
similar to those of shallow NV centers created by broad-beam implantation, which
has been reported in Ref. [113] and compared in Table 4.1.

Thus, the shallow NV centers created by nanohole implantation, with an average
of 16 nitrogen ions per implantation spot of diameter ≈ 45 nm, does not show
any significant noise source from the spatially confined implantation. Similar to
previous reports by Myers et al. [112] and Romach et al. [113], the noise spectra
of the implanted NVs, shows a double Lorentzian shape, with an electronic spin
bath (with slow correlation time) and a fast noise due to surface-modified phonon
interactions.

In this chapter, we demonstrate the three-dimensional spatial accuracy of the
low-energy, masked implantation technique. The implanted NV centers show good
photo-stability and spin coherence properties. The NVs are characterized and re-
peatedly accessed using the alphanumeric markers. Such samples with well charac-
terized NV centers hold promises for microfluidics sensors, robust solid-state optical
markers for calibrating super-resolution microscopes, and towards the realization of
scalable solid-state quantum devices. Note that the potentiality of such architec-
ture with an array of NV centers goes beyond quantum computing. For example,
magnetically coupled spin dimers would inherently boost the quantum sensor’s per-
formance through entanglement-based sensing schemes [212]. They are also prom-
ising platforms for the elucidation of complex biological structures through spatially
correlated spectroscopic measurements. In this regard, the major limitation is the
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short coherence time and the small (or negligible) dipolar coupling between the
NVs. While the coherence time of the shallow NVs can be improved through various
post-annealing treatments, the mean separation between the NVs with the masked
implantation technique is limited by the resolution of the e-beam lithographic tech-
nique and ion straggling.

† Published under the Creative Commons Attribution licence 3.0 (CC BY 3.0,
https://creativecommons.org/licenses/by/3.0)
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5 dc magnetometry with
engineered nitrogen-vacancy
spin ensembles in diamond

The previous chapter demonstrates how dynamical manipulation of the NVs could
be utilized for decoupling the probe from the noisy environment while enhancing its
sensitivity to oscillating magnetic fields. However, many signals of fundamental and
practical relevance are either static or have a low frequency. Examples include mag-
netic fields of biological origin, like the firing of action potentials in neurons, fields
from magnetic materials, such as edge currents in topological insulators, magnetic
imaging of rocks and meteorites and magnetic anomaly detection. This chapter
presents the characterization of a potential diamond magnetometer with depth con-
fined NV ensembles and explores its applicability in precision sensing technology.
One of the main constraints of the presented sample is the short dephasing time of
the ensembles, where the magnetic field fluctuations from the precursor substitu-
tional nitrogen impurities dominate the spin environment of the sensors. Therefore,
we study the spin bath dynamics of the NV centers and utilize proper DD schemes
to improve the magnetometer’s sensitivity.

Ensemble magnetometer employing N parallel NVs provide a striking advantage
over the nano-magnetometer with single-NV sensors. In an ensemble configuration,
the magnetometer’s sensitivity is enhanced due to improved signal-to-noise ratio
(SNR) by averaging over multiple sensors [38]. Hence, in contrast to the nano-
magnetometry technique detailed in Chapter 4, a bulk diamond crystal hosting
dense ensemble of NVs can be employed as a sensitive imaging magnetometer with
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optical wavelength-limited spatial resolution. The volume normalized sensitivity of
an ensemble magnetometer is given as [85]

ηV ≈
√
V

γ C
√
N τ

(5.1)

where γ is the gyromagnetic ratio, C the measurement contrast, N the number of
NV centers in the detection volume V and τ the field interrogation time. While
ensemble magnetometry with NV centers have already demonstrated sensitivities of
15pT/

√
Hz for DC [146] and 0.9pT/

√
Hz for AC sensing fields [189], these values are

several orders of magnitude above the predicted sensitivity limit. Thus, translating
the full potential of NV centers into competitive magnetometers require careful
optimization of all the relevant parameters limiting the magnetic field sensitivity
[165]. See Chapter 3 and Ref. [165] for detail discussion on the critical parameters
affecting the sensitivity.

One of the critical advantages of NV magnetometers is the controlled fabrication
of defects in the diamond lattice. Recent experiments demonstrate the deterministic
production of shallow NV centers through intentional nitrogen doping during the
CVD growth of diamonds. This technique can also be adapted for engineering
high-dense NV samples suitable for bulk sensing applications. Additionally, through
proper selection of growth substrate, the method also offers the intriguing possibility
of producing NV centers along a preferred crystal axis. Preferential alignment of NV
centers is the key to retain the full measurement contrast while maintaining the high
SNR for improved magnetic sensitivity. In this chapter, we present the fabrication
and characterization of such a diamond sample with dense preferentially-aligned
NV ensemble, with a special focus on utilizing the sample for DC magnetometry
applications. Section 5.1.1 details the fabrication method for NV-rich diamond
sample through in-situ nitrogen doping during CVD growth on a (111) diamond
substrate. The density and the distribution of the NVs in the overgrown sample are
inferred from SIMS and confocal fluorescence microscopy, which are presented in
Sections 5.1.2 & 5.1.3. Further, the alignment ratio of the NV ensembles is studied
using the ODMR technique, and the results are discussed in Section 5.2.

The ultimate limit on the maximum achievable sensitivity is set by the total avail-
able field interrogation time τ . For sensing DC magnetic signals, this time is limited
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by the inhomogeneous dephasing time (T ∗2 ) of the NV ensemble. Extensive research
focuses on improving the ensemble coherence through material engineering; how-
ever, the complexity of NV formation presents an inherent trade-off between the NV
density and its coherence time, which is limited by the residual nitrogen impurities.
In samples with high-density ensembles, the sensor coherence is further degraded
due to the inhomogeneous interaction between NVs. Therefore, in Section 5.3 and
Section 5.4 we investigate the dominant dephasing mechanism responsible for the
fast dephasing of the NVs in the present sample. Protecting the sensor from these
deleterious interactions is an essential step towards the progress of broadband NV
magnetometer with high sensitivity. In Section 5.5, we show that by combining spin
bath control and homonuclear decoupling sequences, the ensemble coherence time is
substantially improved by eliminating the two dominant dephasing channels. The
presented decoupling technique is also compatible with Ramsey magnetometry, and
in Section 5.6 we demonstrate sensing of DC magnetic fields.
The main results discussed in this chapter are published in Ref. [213]. The sample

studied in this work was prepared by Christian Osterkamp. The experiments were
performed together with Yu Chen,1 with a Multi-Pixel Photon Counting module
(MPPC Hamamatsu, C13366-1350G) which consists of a dense matrix of APDs.
MPPC offers a wide dynamic range and enables signal accumulation using total
fluorescence without compromising the detector’s linearity.

5.1 Sample Engineering and Characterization
Nitrogen-doping during chemical vapor deposition (CVD) growth of diamond has

shown reliable production of shallow isolated NV centers with promising coherence
times [214, 215]. Compared to the low-energy nitrogen implantation techniques,
nitrogen doping during crystal growth provides a facile route for the incorporation of
defects without damaging the diamond lattice. The key advantage of this technique
is the flexibility to tailor NV centers’ density and distribution within the diamond
sample. These are primarily achieved by tuning the growth conditions and the
nitrogen concentration during the deposition process. Over the past few years,
several works have explored the prospects of optimizing this fabrication technique

1State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai
200062, China
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for producing a high-density of NV centers suitable for magnetometry applications
[216–218]. In this work, we use the Plasma Enhanced Chemical Vapor Deposition
(PECVD) technique to engineer diamond samples with high-density of NV centers
that are confined within a few ten nanometers of the surface.

5.1.1 Fabrication of dense NV ensembles

The diamond layer studied in this work is fabricated in house using a home-built
PECVD system. The sample is grown homoepitaxially on a IIa type (111)-oriented
diamond substrate (Element Six Ltd), which contains natural abundance of carbon-
13 (13C ≈ 1.1%) isotope. For the overgrowth process, we use carbon-12 (12C)
enriched methane gas (CH4) with an isotopic purity ratio of 0.01%. The source gas
also contains nitrogen-14 (14N) impurities of concentration > 1019 cm−3, which is
intentionally utilized for creating NV centers. The diamond substrate is exposed
to a hydrogen plasma for 5 minutes, before the inclusion of methane gas. The gas
mixture during deposition consists of 0.005% of CH4 in hydrogen with a total flow
rate of 600 sccm. The microwave power is kept constant at 1.2 kW, and the chamber
pressure is maintained at 25 mbar. The substrate’s temperature during deposition
is 760 ◦ C, and the growth process is continued for 120 minutes. The CVD growth
conditions (MW power, pressure, substrate temperature, gas-phase composition,
and growth time) are optimized to produce a thin layer of as-grown NV centers
[219]. Since the nitrogen incorporation efficiency is higher in a (111) substrate [220],
a high-density of nitrogen related defects is expected in the overgrown layer.

5.1.2 Characterization of the overgrown diamond layer

The thickness and the impurity composition of the overgrown diamond layer are
investigated using secondary ion mass spectrometry (SIMS) technique. Figure 5.1A,
shows the measured SIMS profile of 13C and 14N content in the overgrown layer. The
13C isotopic ratio gradually increases up to 1.1% (natural abundance) at a depth of
≈ 100 nm. As the growth process is performed in a 12C enriched atmosphere, the
13C isotope is probably introduced through plasma etching of the diamond substrate
and other carbon products that are absolved in the CVD chamber. From the carbon
SIMS profile, the thickness of the overgrown layer is estimated to be ≈ 100 nm. Note
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that the initial kink in the SIMS data (< 3 nm) could be attributed to the surface
contamination and hence excluded from further analysis.

Nitrogen composition is one of the critical parameters which govern the forma-
tion of NV centers (and, by extension, its properties) during crystal overgrowth.
Figure 5.1A also shows the distribution of 14N isotope in the overgrown layer. Al-
though the source gas for the nitrogen impurity was present throughout the growth
process, a steep variation is seen in the nitrogen density within the overgrown layer.
This disparity could be attributed to the dependence of nitrogen incorporation on
the nitrogen to carbon (N/C) ratio in the gas phase. CVD growth is a complex
combination of two competing processes: substrate etching and overgrowth. As the
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Figure 5.1: Characterization of the overgrown diamond layer. A. SIMS measurement
showing the 13C and 14N content in the overgrown diamond layer. High nitrogen density of ≈
65 ppm is observed up to a depth of ≈ 30 nm. B. Confocal image showing the cross-section
of the sample recorded with a neutral density (ND) filter of optical density (OD) ≈ 1.5. Note
that the color bar shows the attenuated photon rate (P ). The actual fluorescence rate (P0)
is estimated from the OD as P = P0/10-OD. The actual fluorescence rate is used in the
estimation of the NV density. Modified from Ref. [213].�
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growth proceeds, the N/C ratio in the gas phase is gradually stabilized, leading to
higher nitrogen incorporation. Assuming the N to NV conversion efficiency remains
constant during the overgrowth, we expect the NV centers also follow a similar trend
as the 14N isotope, i.e., there are at least 3× more NVs confined in the first 30 nm
of the overgrown diamond layer.

5.1.3 Estimation of NV density

The optical characterization of the overgrown diamond sample is performed using
a standard home-built confocal microscope. Figure 5.1B shows the cross-sectional
(XZ) confocal image of the sample. The NV centers are excited using a 532 nm laser,
and the resulting fluorescence is recorded using an avalanche photodiode (APD). The
detector’s linearity is ensured by placing sufficient neutral density (ND) filters in the
detection path to attenuate the high photon flux. The recorded fluorescence rate
from each diffraction-limited confocal spot is used to estimate the number of NV
centers. This is done by comparing the ensemble fluorescence rate (≈ 180×106cts/s)
with the fluorescence from a single NV center (≈ 250 × 103 cts/s).2 For the present
sample, we calculate the presence of about 800 - 1000 NV centers in each confocal
spot. In order to determine the effective NV density, the 14N depth distribution
profile is used to estimate the thickness of the NV layer. As seen in Figure 5.1A, the
concentration of nitrogen is at least three times more within a sample depth of ≈
30 nm. Assuming a constant N to NV conversion, the thickness of the NV rich layer
is estimated to be ≈ 30 nm. Hence, the NV density in the present sample is between
2 - 4 ppm (effective confocal volume is taken as 220 nm × 220 nm × 30 nm).
As stated earlier, the magnetometer’s performance is improved by acquiring the

signal from N parallel sensors. Although N can be increased by increasing the in-
terrogation volume, maintaining high SNR requires a homogeneous bias and control
field over the entire detection volume. Such field homogeneity requires installing
sophisticated bias magnets and MW antennas to ensure the field uniformity over
the entire interrogation volume. Furthermore, for practical magnetometry applic-
ations, the proximity of the NV sensors to the diamond surface is crucial, as the
field amplitude from the magnetic target decays with the inverse cube of the dis-

2Single NV center in a (111) oriented diamond crystal. The fluorescence is measured under similar
experimental conditions as the ensemble measurement.
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tance. Hence engineering of such a diamond sample, with depth confined, dense NV
ensembles, is imperative for futuristic bulk magnetometry applications.

5.2 Orientational polarization of as-grown NV cen-
ters

Magnetometry in an ensemble configuration is also influenced by the orientation
of NV centers in the diamond lattice. As discussed in Section 2.2.1, NV centers
can be aligned along one of the four possible 〈111〉 crystal axes. In high-dense NV
samples, each of these crystallographic directions is equally probable, and the NV
centers are statistically distributed along the four 〈111〉 axes. Often ensemble-based
sensing schemes rely on signal acquisition from one NV orientation, and hence the
background luminescence from the other three NV orientation deteriorates the spin
readout contrast (by a factor of 1/4). This reduction in the measurement contrast
can be recovered using diamond samples with preferentially aligned NV centers,
which give a four-fold improvement in the magnetometer’s sensitivity. Several ex-
periments demonstrate the possibility of engineering NV centers along a predefined
crystal direction through proper choice of growth surface [216–219, 221, 222]. Stud-
ies on synthetic diamond grown via CVD on (111)-diamond substrates report perfect
preferential alignment (> 99%) of NV ensembles, which potentially benefit ensemble
magnetometry both by increasing the signal contrast as well as by utilizing the total
NV population within the detection volume.

The atomistic mechanism responsible for the high orientational polarization of NV
centers on certain growth surfaces is a topic of ongoing research. The high degree
of preferential alignment of NV centers during CVD growth on a (111)-substrate is
commonly attributed to the morphology of the growth surface and the deposition
condition. Recent quantum chemical simulations explain the NV formation mechan-
ism in terms of step-wise growth, which proceeds in an energetically favorable route
with N atoms incorporated in the surface first followed by the occasional association
of vacancy when the subsequent layer is deposited [223, 224]. Hence, NV centers
are formed as a single unit rather than through vacancy migration, thus ensuring
the defects’ preferential alignment. Alignment of defects is another advantage of the
nitrogen doping technique over the ion-implantation counterpart, where the prob-
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abilistic association of vacancy during annealing leads to the statistical distribution
of NV orientations.

5.2.1 Estimation of NV alignment ratio

The alignment of the NV center in the diamond lattice can be identified using
optically detected magnetic resonance (ODMR) technique. The ODMR spectra
under an arbitrary external magnetic and electric field can be simulated by the
exact diagonalization of the spin Hamiltonian,

HNV = DS2
z + γ ~B · ~S − ε⊥[Ex(S2

x − S2
y)− Ey(SxSy + SySx)] (5.2)
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Figure 5.2: Preferential alignment of as-grown NV centers. A. Schematic representation
of the two possible spectral class of NV defects in the presence of an external magnetic field
aligned parallel to the [111] crystal direction. B. Upper trace: Simulated ODMR spectrum
with an equal population of NVs along the four 〈111〉 crystal axes. The amplitude of the
transitions is proportional to the relative population of NV in each spectral class. Lower trace:
The measured ODMR spectrum (dots) and the corresponding double Lorentzian fit (solid line)
of the NV ensembles in the overgrown layer. The measured ODMR contrast is ≈ 30 %. Part
of the results are presented in Ref. [213].�
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where ~S = (Sx, Sy, Sz)T is the spin operator, D is the zero-field splitting of the ms =
0 and ms = ±1 spin sublevels, ~B is the magnetic field vector, γ is the gyromagnetic
ratio of the NV electron spins, and the last term describes the interaction with an
external electric field with transverse components Ex and Ey. In the absence of an
external electric field, the ODMR spectrum is given by the Zeeman interaction term
and the transition frequencies are given as

ν± = D ± γ B Cos[θ] (5.3)

where θ is the angle between the NV symmetry axis (along the line joining N -
V) and the direction of the external magnetic field (see Figure 5.2A for pictorial
depiction).

The alignment ratio of the NV centers is investigated by performing the ODMR
experiment with the aid of the confocal microscope. The microwave (MW) field re-
quired to manipulate NV’s spin state is applied through the MW antenna fabricated
on the diamond surface. A small external bias field of B ≈ 50 G is applied parallel
to the [111] crystal direction. At this configuration of the magnetic field, the NV
centers can be spectrally distinguished into two groups depending on the relative ori-
entation of the NV axis to the direction of the external field. As seen in Figure 5.2A,
NVs that are aligned along the [111] crystal axis is parallel to B (θ = 0◦) and have
maximum Zeeman splitting between the ms = ±1 spin states. However, the other
three NV class i.e., NVs directed along [1̄11], [11̄1] and [111̄] axes have the same
projection of the field with θ = 70.5◦ and hence have smaller Zeeman splitting. In
samples hosting all four NV directions, the ODMR spectrum will feature two pairs
of resonance lines with amplitude matching their relative abundance. The upper
trace of Figure 5.2B shows the simulated ODMR spectrum with equal distribution
of NVs along the four 〈111〉 crystal axes. This is markedly different from the ob-
served ODMR spectrum (plotted in the lower trace of Figure 5.2B), which features
only two dominant resonance lines with near-full measurement contrast (≈ 30%).
By comparing the measured ODMR signal with the root mean square (RMS) of
the background noise, we estimate an alignment ratio of > 99%. Thus, the ODMR
measurement confirms the orientational polarization of the as-grown NV centers
along the [111] crystal direction. Such high preferential alignment in an ensemble
configuration is essential for retaining the full measurement contrast while main-
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taining the high SNR for improved magnetic sensitivity with short accumulation
times.

5.2.2 Orientation of aligned NV centers

The NV formation mechanism described in the previous section also predicts the
correct order of impurity incorporation during CVD overgrowth on a (111)-diamond
substrate. During the deposition process, the nitrogen atom is incorporated first in
threefold coordination, followed by the occasional association of vacancy above. This
atomistic formation mechanism is confirmed through electrometry experiments by
Milch et al. [222] on single as-grown NV centers in a CVD diamond layer. They
report that in addition to the preferential alignment, the NV centers also had pref-
erential orientation with a ratio of 74% V-N to 26% N-V.
In an ensemble with preferentially aligned NV centers, the orientation of the

defects is statistically distributed along the two anti-parallel directions, as shown in
Figure 5.3A. The exact ordering of the impurities can be elucidated from the Stark
shift in response to a transverse external electric field. In the absence of an external
magnetic field, the frequency shift depends on the angle (defined as φ) between the
electric field and the direction of the nearest carbon atom adjacent to the vacancy
cite (f±1 ∝ ∓Cos(φ)). As the two orientation class differ in φ by π rotation, their
frequency shift is antisymmetric, hence the sign of the frequency shift is sufficient
to distinguish them.
The orientational polarization of the NV ensemble is investigated using the pulsed-

ODMR technique to detect the sign of the Stark shift through the change in photon
counts. The experiment is performed at B ≈ 0G, where an additional coil is placed
closer to the diamond sample to compensate for the Earth’s magnetic field. The
pulsed ODMR spectrum at zero external magnetic field is plotted in Figure 5.3B.
The electric field is generated by applying a controlled voltage between electrodes
fabricated on the sample surface. The adapted measurement scheme is shown in
Figure 5.3C, where the MW π-pulse is applied on the sensitive part of the lower
spin transition,3 followed by the laser pulse to read and initialize the NV spin state.
The fluorescence is accumulated for n repetitions of the pulse sequence, and the

3Similar pulsed ODMR signal is simultaneously accumulated by applying MW π-pulse on the
sensitive part of the higher spin transition to differentiate line shifts due to temperature change.
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Figure 5.3: Orientation of the aligned NV centers. A. Schematic representation of the
two possible orientation of the [111] oriented NV defects, where the blue, black, and green
balls represent nitrogen, vacancy, and carbon atoms, respectively. B. Pulsed ODMR signal
at zero external magnetic field. The red dot marks the frequency of the π-pulse used in the
single-frequency pulsed ODMR experiments. C. Single frequency pulsed ODMR sequence. The
fluorescence is accumulated for n repetitions of the sequence. D. Histogram of the photon
count for voltages +20 V and −20 V. Adapted from Ref. [213].�

measurement is repeated for ≈ 105 times. The histogram of the measured photon
counts for voltages +20 V and −20 V is plotted in Figure 5.3D.

In ensembles with equal distribution of N-V and V-N orientations, only the abso-
lute frequency change is detectable, which depends on the magnitude of the applied
electric field. However, we observe a clear shift in the photon counts on reversing the
electric field direction, strongly suggesting the preferential orientation of the NVs.
Although the measurement does not reveal the exact orientation of NVs, our res-
ults show that even in high-dense samples, the NV centers are incorporated along
a preferred orientation. Such preferential orientation of the NV ensemble would
immensely benefit NV electrometry applications, which otherwise record only the
absolute value of the Stark shift.
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5.3 Ensemble spin coherence properties
The transverse decay time of the sensor coherence (dephasing time, T ∗2 ) is critical

for DC magnetometry as this limits the maximal interrogation time of the magne-
tometer. Hence, to assess the prospects of DC magnetometry with the engineered
sample, we measure the dephasing time of the NVs using the Ramsey sequence. The
experiment is performed at B ≈ 600 G to assist the excited state level anti-crossing
(ESLAC) mediated optical polarization of the NVs nuclear spin state. This config-
uration leads to a three-fold increase in the measurement contrast and eliminates
the hyperfine induced frequency detuning of the MW control pulses. The measured
free induction decay of the NV ensemble is shown in Figure 5.4A. The observed
signal modulation is due to the intentional detuning of the MW frequency of the
control pulses. The measured signal exhibits a mono-exponential decay with the
characteristic time T ∗2 ≈ 210 ns. Both the decay envelope and the short dephasing
time suggests the electronic nature of the spin environment. In high-dense samples,
the paramagnetic impurities usually outnumber NV centers and produce fluctuat-
ing magnetic environment, which leads to dephasing of the NVs on a timescale
T ∗2 ∝ 1/(2π Γe−e), where Γe−e ∝ 9.1 kHz/ppm is the interaction strength between
electron spins. The measured ensemble dephasing time is comparable to the deph-
asing time expected from an electronic spin bath of density ≈ 60 ppm. Note that
this value is inferred from the SIMS 14N profile, where the density in the first 30 nm
of the overgrown layer is ≈ 60 - 70 ppm.
The quasi-static interaction between the NVs and the magnetic bath is elimin-

ated in a spin-echo sequence with a refocusing π-pulse, which decouples the NV
from bath fluctuations that are slow compared to the free evolution time. The spin-
echo sequence extend the decay time to T2 ≈ 2.6 µs and the measured signal is
plotted in Figure 5.4B. The coherence time of the ensemble could be improved by
employing higher-order dynamical decoupling protocols like CPMG or XY8 type
sequences [225, 226]. Applying additional refocusing pulses protects the NVs from
higher frequency bath fluctuations. For the present sample, however, the XY8 type
sequences show only marginal improvement in the coherence time, suggesting that
the T2 could be limited by the NV-NV interactions, which are not refocused by the
π-pulses. Hence, to improve the sensitivity of the NV ensemble magnetometer, de-
coupling the quantum probe from these detrimental environmental noises is crucial.
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Figure 5.4: Measurement of NV ensemble coherence properties. A. Measured dephasing
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ϕ] (solid line). B. Coherence time of the NV ensemble measured using spin echo and XY8-N
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5.4 Spin bath characterization

CVD growth on a (111)-diamond substrate notoriously favors the incorporation
of numerous defects, impurities, and other lattice imperfections. The most pre-
dominant impurities in high-dense samples are nitrogen-related defects (substitu-
tional and interstitial nitrogen defects, nitrogen aggregates, and nitrogen-vacancy-
hydrogen complexes). Nitrogen spins are precursors of NV defects and are essential
for the formation and stability of the NVs. However, owing to the sub-optimal N to
NV conversion efficiency, the nitrogen spins exceed the NV defects. These optically
inactive, paramagnetic defects cause random magnetic field fluctuations in the local
environment of NV spins, which degrade the sensor coherence [99, 227]. Addition-
ally, other defects like neutral NV, di-vacancies, NVH complexes are also intractably
introduced during crystal overgrowth. Hence, to efficiently protect the NV centers,
it is essential to identify the bath spin species and quantify their interaction strength
to the NV spins. To this end, we use NV centers as sensitive quantum probes to in-
directly study the spin bath dynamics. The spin bath characterization is performed
using the Spin-Echo Double Resonance (SEDOR) protocol [228], which is composed
of a spin-echo sequence on the NVs and resonant manipulation of the spin bath.
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Figure 5.5: Schematic representation of the paramagnetic spin bath. The predominant
paramagnetic impurities in the diamond lattice are substitutional nitrogen impurities called P1
centers. The P1 defects also adopt a trigonal C3v symmetry; however, due to the Jahn-Teller
effect, the defects constantly reorient itself along 〈111〉 crystal axes. The Jahn-Teller distortion
determines the quantization axis of the P1 centers and, consequently, the hyperfine interaction
parameters. The orange and red spheres represent the P1 and NV centers. For the magnetic
field configuration in the following experiments, the P1 centers can be distinguished into two
classes; one with the quantization axis parallel (α = 0◦) to the external magnetic, other with
a tilt of α ≈ 109.5◦ from the direction of the field. These two orientations are also highlighted
in the figure.

5.4.1 Bath spectrum

To identify the spin environment of the NV centers, we use the frequency-swept
SEDOR sequence shown in Figure 5.6B. The central π-pulse of the spin-echo se-
quence on the NV spins effectively decouples it from the surrounding spin bath.
However, synchronous inversion of the bath spins re-introduces the dipolar interac-
tion, causing a noticeable decrease in the NV center’s coherence. By sweeping the
frequency of the bath π-pulse, the NV centers are made to recouple to bath spins
of a particular spectral group. Figure 5.6C shows the measured frequency-swept
SEDOR spectrum of the spin bath at an external magnetic field B = 666 G aligned
parallel to the [111] crystal direction. The recorded spectrum reveals five sharp dips
with frequency separation matching the characteristic anisotropic hyperfine splitting
of substitutional nitrogen (14N) impurities called P1 centers. As illustrated in Fig-
ure 5.5, for the present experimental configuration, the P1 centers can be spectrally
distinguished into two classes based on the orientation of the Jahn-Teller axis relat-

98



5.4 Spin bath characterization

ive to the external field. The energy level scheme of the P1 centers in the presence of
an external field is depicted in Figure 5.6A. As shown, there are three allowed spin
transitions for each P1 orientation. Therefore for the experimental configuration,
six resonance lines are expected in the P1 spectrum. However, we observe only five
as the transition frequency of the mI = 0 for α = 0◦ and α = 109.5◦ are not resolved
due to inhomogeneous and/or power broadening of the spectral lines.
As observed in the P1 spectrum, the P1 transitions are several linewidths apart;

hence, the energy exchange is only allowed for spins belonging to the same spectral
group. Therefore, we classify the P1 spin bath into different spectral groups (labeled
A to E in Figure 5.6C) depending on their hyperfine interaction with the host nuclear
spin. The resonance lines have an approximate amplitude ratio of 1:3:4:3:1 propor-
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Figure 5.6: Spin bath characterization. A. Level scheme of substitutional nitrogen impurity.
The Hamiltonian of P1 spin system is composed of electron spin (S = 1/2) Zeeman interaction
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spin bath spectrum. Spin echo sequence with a fixed free evolution time (τfixed) of 400 ns is
applied on the NV ensemble and the echo signal is monitored while sweeping the frequency of
the bath control pulse. The control pulse on the bath is optimized to flip the spins by 180◦.
C. Measured spin bath spectrum at B = 666 G aligned parallel to the [111] crystal direction.
Labels A - E denote different P1 groups depending on the nuclear spin projection mI and the
angle α between their quantization axis and the external field. A,E: mI = ±1 for α = 0◦, B,D:
mI = ±1 for α = 109.5◦, C: mI = 0 for α = 0◦ and 109.5◦. Modified with permission from
Ref. [213].�
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5 dc magnetometry with engineered nitrogen-vacancy spin ensembles in diamond

tional to the relative abundance of each P1 spectral group. Note that the center dip
(labeled C ) is composed of two P1 subgroups that appear indistinguishable in the
spectrum. The solid line in the figure corresponds to the simulated P1 spectrum
with a common linewidth of 5 MHz, and amplitude reflecting the spectral abund-
ance of each group. The assumption of common linewidth for all P1 transitions is
justified since all the bath spins suffer from the same dephasing channel formed by
the spins of other P1 subgroups.

Other than substitutional nitrogen impurities (P1 centers), nitrogen-vacancy-
hydrogen complexes (NVH) are also typically observed in nitrogen-doped samples
with a concentration ratio of 300:30 (P1:NVH) [221]. These defects are spectrally
indistinguishable in 14N doped samples due to the overlap of the NVH and the P1
mI = 0 transitions [229]. However, the abundance of NVH manifests in peak C’s
amplitude, which we do not observe in the measured spin bath spectrum. The
strong correlation between the modeled and the observed spectrum suggests that
other spin impurities besides P1 are significantly low in the present sample.
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Figure 5.7: Coherent control of substitutional nitrogen impurities. A. Modified SEDOR
sequence for the coherent manipulation of the P1 bath spins. Spin echo sequence with a fixed
free evolution time (τfixed) of 400 ns is applied on the NV ensemble, and the echo signal is
monitored while sweeping the duration of the bath control pulse (τRF). B. Measured Rabi
oscillations of P1 Group-B bath spins using a control pulse of frequency 1786 MHz.
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5.4 Spin bath characterization

With the transition frequencies known, we coherently control the spin state of the
P1 impurities. The modified SEDOR sequence for the coherent manipulation of the
P1 bath spins is shown in Figure 5.7A. In Figure 5.7B, we show the measured Rabi
oscillation of the Group-B P1 spins. The observed NV echo amplitude shows periodic
revivals as a function of bath pulse length (τRF). Also, the frequency of the NV echo
revivals increases with bath pulse amplitude. This is the characteristic behavior of
coherently driven oscillations (Rabi oscillations), demonstrating the quantum control
of the spin bath. Similar Rabi flops are also observed for all other P1 subgroups.
Also, several or all of the P1 groups can be simultaneously rotated by using a multi-
frequency control field. In Section 5.5.1, we implement the quantum control of the
spin bath to prolong the dephasing time of the NV ensemble.

5.4.2 Characterization of inter and intra bath dynamics

In order to suppress the paramagnetic spin noise, it is essential to investigate
the spectral properties of the spin bath. As described in Appendix A.3, the power
spectral density of an electronic spin bath can be parameterized using the noise
coupling strength and its correlation time. For the present sample, the noise coup-
ling strength denotes the average interaction strength between the P1 and the NV
centers, and the correlation time quantifies the coupling strength between the P1
spins. The inter- (P1-NV) and intra- (P1-P1) dynamics of the P1 spin bath are
investigated using different SEDOR sequence adaptations.

Figure 5.8A shows the pulse sequence adapted for measuring the average coupling
strength between different P1 groups and the NV sensors. The scheme consists of
a standard spin-echo sequence on the NV sensors, synchronized with a resonant
π-pulse on a particular subgroup of P1 spins. As the P1 transitions are spaced
several MHz, it is possible to address only a particular P1 subgroup by optimizing
the control pulse width. This selective manipulation opens an exciting possibility to
directly probe the influence of a particular noise channel on the dephasing of NVs
while refocussing all other noise sources. The measured SEDOR signal is plotted in
Figure 5.8B, where the solid lines are simple exponential fit to the measured data.
The blue data set and the fit corresponds to the spin-echo signal of the NV ensemble.
As seen from the measurement, the sensors decay faster when a particular dephasing
channel is switched on. The corresponding decay time is a sensitive measure of the
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Figure 5.8: Characterization of NV-P1 bath dynamics. A. Measurement protocol for Spin
Echo DOuble Resonance (SEDOR) experiment. The pulse on the bath spins is calibrated
to rotate the selected P1 group by an angle π. B. The recorded SEDOR data with the fit
∝ C exp[−(2τ ΓP1)]. Adapted from Ref. [213].�

ensemble-averaged dipolar coupling strength between the sensors and the particular
spin bath[227]. The extracted values for different P1 groups are : ΓA = (1.01 ± 0.02)
µs−1, ΓB = (1.45 ± 0.05) µs−1, ΓC = (2.16 ± 0.07) µs−1, ΓD = (1.96 ± 0.06) µs−1,
ΓE = (1.05 ± 0.02) µs−1. The measured interaction strength resembles the relative
abundance of each P1 subgroup. The estimation of the NV-P1 coupling strength is
crucial for both understanding and decoupling the sensor-bath dynamics.
Another parameter of relevance is the correlation time (or memory time) of the

spin bath. As discussed above, it quantifies how fast the noise fluctuates and hence
is the measure of the average coupling strength of the bath spins. For the present
sample, we estimate the bath correlation time by measuring the inhomogeneous
linewidth of the P1 subgroups. As mentioned above, flip-flop interactions are only
facilitated for P1 spins belonging to the same spectral group. However, the mutual
dipolar-dipolar interaction of the rest of the P1 bath leads to a fluctuating magnetic
field, which broadens the spectral lines. In the present sample, we measure the
inhomogeneous dephasing time of the P1 groups using the pulse sequence presented
in Figure 5.9A. The sequence resembles a conventional correlation measurement
scheme where the bath evolution is monitored through correlation of the phase pick
up during subsequent sensing times (τs).
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Figure 5.9: Characterization of P1 intra bath dynamics. A. Pulse sequence for the
measurement of the inhomogenous linewidth of the P1 spin bath. The two sensing stages
τs are fixed to 200ns. B. The measured data is presented along with the fit of the form
y0 + C exp[−(τ/T ∗2[P1])] cos[2πfτ + ϕ]. The observed oscillation is due to the intentional
detuning of the bath pulses from the resonance frequency. Modified with permission from
Ref. [213].�

In the pulse sequence, we employed the XY4 sequence to make the NVs insens-
itive to the magnetic environment temporally, and the center π-pulse preserves the
refocusing action of the sequence. During the two sensing times (τs), the NV ac-
cumulates phase proportional to the dipolar field of the bath spins, hence the NV
echo signal is the measure of the correlation of the two dipolar fields. To measure
the FID of the P1 groups, we apply Ramsey sequence symmetrically placed with
respect to the central π-pulse. The measured FID signal for P1 subgroups C and E
are shown in Figure 5.9B. Note that the signal modulation is due to the artificial
detuning4 of the P1 control pulses [227]. The solid lines in the figure represent fit
to the experimental data (details in figure description). From the fit, we extract the
dephasing times T ∗2[C] ≈ 137 ns and T ∗2[E] ≈ 160 ns. The shorter dephasing time of
Group-C can be attributed to the partial overlap of two P1 subgroups. The meas-
ured dephasing time of different P1 subgroups concurs with the previous assumption

4Instead of applying frequency detuned control pulses, we change the phase (ϕ) of the second
π/2-pulse as a function of pulse separation time (τ) as ϕ = 2πfτ where f is the artificial
detuning frequency.
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that all the bath spins suffer from the same dephasing channel formed by the spins
of other P1 subgroups. The inhomogeneous linewidth can also be used to infer the
local density of the spin bath. The extracted P1 dephasing time corresponds to a
local P1 density of ≈ 60 - 70 ppm [227]. Note that this value is comparable to the
N14 density in the first 30 nm of the overgrown sample, as inferred from the SIMS
data in Figure 5.1A.

5.4.3 Magnetic versus non-magnetic dephasing mechanisms

A recent study by Bauch et al. [99] discusses the role of non-magnetic noise5 on the
ensemble dephasing time in high-dense samples. More precisely, spatial variation in
the local strain field, temperature fluctuations, and electric field noise also causes
considerable line broadening when sampled over an inhomogeneous sensor volume.
Hence, it is crucial to elucidate the contribution of magnetic and non-magnetic noise
to the dephasing of the NV ensemble. This information provides valuable insight to
both diamond engineering and strategies for mitigating these dephasing noises.
The double quantum transition (DQT) basis (-1,+1 basis) of the NV system,

measures the energy difference between the |+1〉 and |−1〉 states. Hence, any
common-mode shifts in the |±1〉 states are eliminated. Therefore, dephasing due
to non-magnetic noise can be suppressed (to first order) by measuring in the DQT
basis. On the other hand, magnetic noise originating from an electronic spin bath
can be effectively mitigated through quantum control of the bath spins. Applied
independently or in combination, these techniques help identify the dominant de-
phasing mechanism in the sample. Hence for the present sample, we measure the
dephasing time of the NV ensemble in the single quantum transition (SQT) and
DQT basis while decoupling the P1 bath through the continuous driving protocol.
The detailed description of the P1 decoupling method is given in Section 5.5.1, and
here we only summarize the relevant results. In Figure 5.10A (bottom plot), we plot
the measured SQT and DQT coherence of the NV ensemble while driving the P1
spin bath at a Rabi frequency of 10 MHz. We observe that the oscillations decay
much faster (2×) in the DQT basis compared to the SQT signal. This outcome is
expected when the ensemble dephasing is dominated by the magnetic noise, which

5By non-magnetic noise we refer to those that do not cause fluctuating magnetic environment
but instead manifests due to spatial inhomogeneities.
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is twice pronounced in the DQT basis. Based on these results, we conclude that the
magnetic spin noise dominates dephasing in the present sample.

5.5 Multipulse dynamical decoupling

The most ingenious trick adapted in solid-state NMR for high-resolution spec-
troscopy is selective averaging. The scheme relies on a set of unitary operations to
inflict time-dependence to a particular undesired part of the system Hamiltonian.
This explicit time-dependence can efficiently average-out the selected interaction
while leaving the rest of the system Hamiltonian unaffected. Selective averaging re-
lies on the design of pulse sequence or unitary operations to counteract the system’s
undesirable Hamiltonian, which in the present case is the dipolar interaction between
the NVs and the surrounding P1 spin bath. The most straightforward technique to
decouple the NV-bath interaction is to rotate either of the spins faster than their
mutual coupling strength. While it is tempting to rotate the NV spins using DD
protocols, the pulse scheme limits sensing to narrow frequency bandwidth. Hence,
we use the spin bath driving scheme for extending the NV spin dephasing time.

5.5.1 CW Hetero-Spin Decoupling

The quantum control of the spin bath is an effective strategy to eliminate the
deleterious effects of the P1 bath on the free evolution dynamics of the NV centers.
One of the direct approaches is to flip all the bath spins simultaneously midway
through the free precession time of the NVs such that the NV-P1 interaction (ΓP1)
is time-averaged to zero. This method is analogous to the spin-echo sequence on
NVs; however, the refocusing pulse is replaced by the π-pulse on the bath spin.
Alternatively, a continuous-wave (CW) driving protocol, as shown in Figure 5.10A,
can also be employed for mitigating the NV-P1 interaction. The scheme relies on
continuous driving the P1 bath spins at a rate (ΩP1) exceeding its average coupling
strength to the NV sensors (ΓP1). Thus, motional − averaging regime is reached,
upon satisfying the condition ΩP1/ΓP1 � 1. As a result, the dipolar interaction
between the NV and the P1 bath is incoherently averaged. Both the strategies
described above are efficient in suppressing the NV-P1 interaction and thus improve
the dephasing time of the NVs.
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Figure 5.10: NV line-narrowing by P1 spin bath control. A. The adapted pulse sequence
and the measured dephasing time of the NV spins in the SQT basis (blue), and DQT basis
(red) is shown along with the fit. The pulse on the spin bath comprises of five frequencies for
each P1 group with a Rabi frequency (ΩP1) of 10 MHz. The observed oscillation is due to the
intentional detuning of the NV pulses from the transition frequency. The solid lines are fit to
the measured data. B. Measured dephasing time is plotted as a function of P1 Rabi frequency
ΩP1. Spin bath driving yields a four-fold improvement over the bare dephasing time of the
sensor spins. Modified from Ref. [213].�

In Figure 5.10A, we show the pulse scheme adapted for decoupling NV spins
through continuous driving of the P1 spin bath. The sequence measures the free
induction decay time of the NVs while applying a multifrequency control pulse ad-
dressing all five P1 transitions. Note that each frequency of the bath control pulse is
optimized to drive a single P1 group with a Rabi frequency of 10 MHz. An example
of Ramsey measurement with P1 decoupling is shown in Figure 5.10A (bottom plot,
in blue). The observed signal modulation is due to the intentional detuning of the
NV control pulses. From the data, we extract the dephasing time of the NV en-
semble as T ∗2 ≈ 720 ns, which is 3× longer than the bare dephasing time (without
P1 driving) shown in Figure 5.4A. Further, we investigate the decoupling efficacy of
the P1-bath driving scheme for the present sample. Figure 5.10B shows the meas-
ured ensemble dephasing rate as a function of P1 Rabi frequency ΩP1. Although
dephasing time increase rapidly in the beginning, it saturates at T ∗2 ≈ 850 ns for
ΩP1 ≈ 5 MHz. A plausible explanation for this behavior is the emergence of other
line broadening mechanisms that are not suppressed by P1 driving, which include
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Figure 5.11: Multipulse homonuclear decoupling protocol. The four pulse WAHUHA
sequence is effective in suppressing the dipolar interaction between identical spins. The average
Hamiltonian description for spin-1/2 dipole-dipole interaction is shown below. A similar analysis
can also be made for heteronuclear interactions (dipolar coupling between different spin species)
where the coupling strength is scaled by a factor of 1/

√
3.

the influence of other dark paramagnetic spins, 13C nuclear spins, NV-NV interac-
tion as well as other non-magnetic noise sources like strain gradient, electric field
noise, and temperature fluctuations. However, based on the DQT experiment de-
scribed in Section 5.4.3, we eliminate the contribution of non-magnetic sources to
the NV dephasing.

5.5.2 Multipulse homonuclear (identical spin species) de-
coupling

The four pulse WAHUHA sequence shown in Figure 5.11 is another example of
selective averaging commonly employed in solid-state NMR for decoupling homo-
nuclear (identical spins) dipolar interactions. The series of π/2-pulses6 rotates the
system Hamiltonian, cycling it equally through all three spin components, thereby
suppressing the unwanted dipolar interactions. The dynamics of the system subjec-
ted to such periodic control fields are evaluated using Average Hamiltonian Theory
(AHT). In the AHT formalism, the system’s time evolution is governed by an average
Hamiltonian, which is the weighted sum of the system Hamiltonian in the toggling
frame of the control pulses [230]. The average Hamiltonian analysis of dipolar inter-
action Hamiltonian is also presented in the Figure 5.11. For spin-1/2 dipole-dipole
interaction, WAHUHA sequence fully cancels the interaction, giving the leading or-
der average Hamiltonian Ĥ(0)

dd = 0 [231, 232]. Note that the sequence also reduces

6The π/2-pulses are phase-shifted, and the corresponding rotation axis is denoted inside each
pulse in Figure 5.11
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the heteronuclear interactions by a factor of 1/
√

3, thus partially protecting the
system from a broader spin environment.

In Figure 5.12A, we show the homonuclear Ramsey decoupling sequence, where
the WAHUHA sequence is applied during the free evolution time of the Ramsey ex-
periment. The sensor coherence is stroboscopically measured ones every WAHUHA
sequence. The observed signal for τc = 120ns is plotted in Figure 5.12B. The signal
oscillation is due to the intentional detuning of the MW pulses. We observe that
the oscillation in the measured signal persists for τtot = 550 ± 33 ns. This value is
marginally higher than the estimated value (≈ 330 ns) based on the scaling term
associated with the WAHUHA sequence. However, we anticipate a better improve-
ment as the coupling within the P1 bath remains the same, while its interaction
strength to the sensors is reduced. This scenario leads to a regime close to motional
narrowing, which is not observed in the present experiment.
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Figure 5.12: Multipulse dynamical decoupling. A.WAHUHA pulse sequence for decoupling
spin-spin interactions. The series of phase-shifted π/2-pulses are applied during the free evol-
ution time of the Ramsey measurement. B. Coherence time of the spin ensemble stroboscop-
ically measured using the homonuclear Ramsey decoupling sequence. C. The pulse sequence
for the combined homo- hetero- spin decoupling sequence. Here, the P1 spins are flipped
during the long window of the WAHUHA sequence. This basic pulse block is repeated twice
to account for the finite duration of the pulses. D. The measured coherence time of the spin
ensemble using the combined decoupling protocol and the corresponding fit. The experiment
is performed at 600 G, and the observed oscillation is due to the intentional detuning of the
control pulses. The results presented here are published in Ref. [213].�

108



5.6 Multipulse DC magnetometry

5.5.3 Combined Decoupling

The moderate improvement in the NV linewidth can be improved through active
manipulation of the P1 bath spins. As described in Section 5.5.2, WAHUHA se-
quence does not fully eliminate the NV-P1 (heteronuclear) interaction, but rather
scale it down by a factor of 1/

√
3 [232]. This enhancement is futile when applied for

sensing external signals, as the relevant Zeeman interaction is also scaled down by
the same factor. Hence in order to further improve the linewidth of the NV sensors,
we resort to the combined homo- hetero- spin decoupling sequence shown in Fig-
ure 5.12C. We measure the coherence time of the NV spin ensemble by combining
the WAHUHA sequence and the P1 bath rotation. The multi-frequency π-pulse
on the P1 bath (addressing each P1 transitions) is applied midway through the
WAHUHA sequence. Repeating this basic unit twice achieves effective averaging of
NV-P1 interactions (applied twice to account for the finite duration of the pulses)
[231]. This combined homo- hetero- spin decoupling sequence shows better sensor
isolation and prolongs the dephasing time of the NV ensemble up to T ∗2 ≈ 10 µs
(data shown in figure 5.12D). This value could potentially improve by suppressing
pulse imperfections through robust control sequences using optimal control.

5.6 Multipulse DC magnetometry

One of the primary interests of the present work is to employ the engineered NV
sample for sensing DC magnetic fields as many signals of fundamental relevance are
static or have a low frequency. With the improvement in the ensemble dephasing
time, we perform DC magnetometry using the presented multipulse decoupling se-
quence. As the WAHUHA pulse sequence is composed exclusively of π/2-pulses, it
preserves static Zeeman interaction, hence can be adapted for sensing DC magnetic
field albeit with reduced Zeeman strength and contrast(explained below).

In order to assess the performance of the combined homo- hetero- spin decoupling
scheme for DC magnetic field sensing, we measure the DC field sensitivity of the
quantum probe using the decoupling protocol. Therefore, we apply an external DC
magnetic field (BDC) and measure the fluorescence change as a function of BDC

amplitude, which is plotted in Figure 5.13. From the slope of the obtained data,
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we extract the DC magnetic field sensitivity7 as ηWHH ≈ 31 nT/
√

Hz ( ηVWHH ≈
1.2 nT µm3/2/

√
Hz). Taking the total fluorescence into account (values given in

left x-axis of figure 5.13), the estimated DC sensitivity is ηWHH,est ≈ 9 nT/
√

Hz (
ηVWHH,est ≈ 370 pT µm3/2/

√
Hz). Note that the sensitivity without homo- or hetero-

spin decoupling is estimated as ηest ≈ 26 nT/
√

Hz (ηVest ≈ 1 nT µm3/2/
√

Hz).
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Figure 5.13: DC magnetic field sensitivity. Measured fluorescence as a function of BDC
amplitude. Here, the field interrogation time τtot = 4000 ns is composed of four WAHUHA
sequence each with a cycling time of τc = 1000 ns. The right y-axis shows the measured
fluorescence (with ND filter of OD = 1 in the detection path) and the left y-axis shows the
estimated fluorescence (total fluorescence accounting for the attenuation of the ND filter).
The purple line corresponds to the linear fit used in the measurement of the maximum slope
max

∣∣∣ ∂S∂B ∣∣∣. The presented results are published in Ref. [213].�

Although with the decoupling sequence, the field interrogation time is signific-
antly extended (≈ 45× improvement over the bare NV ensemble dephasing time),
the sensitivity is only slightly improved due to the intrinsic limitation of the decoup-
ling scheme. To elaborate further, consider the dynamics of the system subjected
to periodic control fields as in the WAHUHA sequence. AHT analysis for Zeeman

7The sensitivity of the magnetometer is calculated as η = δBmin
√
tm, where δBmin is the smallest

resolvable magnetic field and tm is the interrogation time (see Figure 5.13 description). δBmin

can be expressed as δS

max
∣∣ ∂S
∂B

∣∣ , where δS is the signal uncertainty and max
∣∣ ∂S
∂B

∣∣ is the maximum

slope which is determined from the Ramsey magnetometry curve (purple line in Figure 5.13).
When the uncertainty in signal is dominated by photon shot noise, then δS can be approximated
as
√
Nph - the average number of photons detected per measurement (can be inferred from the

vertical axes of Figure 5.13).
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interaction shows that in the toggling frame of the control pulses, the spins precess
around the effective magnetic field ~Beff = BDC [1/3, 1/3, 1/3] [231, 233]. Therefore,
the WAHUHA sequence projects the Zeeman interaction equally onto all three spin
axes, thus reducing the Zeeman strength by a factor of (1/

√
3). Additionally, special

initialization pulses are required to initialize the spin state orthogonal to ~Beff, which
otherwise leads to reduced signal contrast (2/3) as observed in our experiment. The
sensor is most sensitive to field changes at the maximum slope, which for Ramsey
magnetometry is ∝ γτC. Thus improvement in sensitivity is only observed if the im-

proved dephasing time T ∗2,WHH � T ∗2

(
3
√

3
2

)2

. This scaling factor can be improved

using proper initialization pulse to maximize the signal contrast [231, 234, 235].
Further, with robust control pulses and improved isotopic purity, the increase in T ∗2
could compensate for the sensitivity reduction factor of the WAHUHA sequence.
The present chapter’s key results are the fabrication of a thin layer of preferen-

tially aligned NV ensembles and the demonstration of DC magnetometry with the
engineered sample. Because of the surface proximity of the NVs, such samples are
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Figure 5.14: Reported ensemble DC and AC magnetic field sensitivities. DC and AC
magnetic field sensitivities as a function of sensing volume reported in this study and in previ-
ous literature. Balasubramanian (2019) [213], Barry (2016) [146], Chatzidrosos (2017)[183],
Clevenson (2016) [236], Farfurnik (2018) [237], Fescenko (2019) [187], LeSage (2012) [238],
Masuyama (2018) [190], Pham (2012) [226], Wojciechowski (2018) [239], Wolf (2015) [189],
Zheng (2019) [240], Zhou (2019) [235]. The green shaded region represents the targeted
sensitivities for reliable biosensing applications.
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useful for realizing nanoscale NMR, magnetic imagers, and other niche sensing ap-
plications. The sample hosts ≈ 2 - 4 ppm of NV defects with the dephasing time
of ≈ 210 ns, which is limited by the electronic spin bath of the substitutional ni-
trogen defects. The dephasing time is substantially extended (≈ 45 × over the
bare dephasing time) using DD protocols (WAHUHA + spin bath control), and we
reach a sensitivity of few nT/

√
Hz for DC magnetic fields. In Figure 5.14, we plot

the reported DC and AC magnetic field sensitivities and the corresponding sensing
volumes. For the present sample, the critical limitation is the sub-optimal N to
NV conversion, which can be improved by optimizing the diamond growth paramet-
ers or through irradiation schemes at the cost of reduced contrast [169, 219, 241].
Furthermore, the decoupling sequence’s performance can be improved using optimal
control techniques, which enable robust sensing schemes [242, 243]. Hence, the sens-
ing prospects of NV centers rely on advances in diamond material engineering and
developing pulsed schemes to enhance sensitivity.

� Adapted with permission from Ref. [213]. Copyright (2019) American Chemical
Society.
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6 Observation of ST1 color center
in natural diamond

In the previous chapters, we have explored the exquisite properties and applications
of NV defects in diamond. Often NV centers in the diamond lattice are coupled
with 13C nuclear spins, forming an exotic hybrid quantum system. Such coupled
electron-nuclear spins are promising quantum resources, where their complementary
functionality can be utilized to form a sophisticated quantum system with superior
properties [244]. In this architecture, the nuclear spin with its long coherence times
emerges as a natural choice for memory qubit, and the interactions between the sub-
systems are mediated through the coupled electron spin. Several essential quantum
operations required for quantum computing have already been demonstrated with
hyperfine coupled NV center - 13C spin platforms [29, 42, 45, 245]. One of the critical
limitations of this hybrid system is the electronic ground state of the NVs, which
causes decoherence of the coupled nuclear spins [42, 246]. Efforts have been made
to protect the nuclear spins through dynamical decoupling sequences [181] or by
electronically switching off the NV into a spinless charge state [247]. Both methods
are technically challenging and would be futile in a large scale architecture.
The recently identified defect, known as Stuttgart-1 (ST1) center, is a promising

candidate to overcome this issue by limiting the electron-nuclear interaction through
transient spin states. This system benefits from the separation of control and storage
qubit states, where its singlet electronic ground state provides long nuclear spin
coherence, and the photoexcited triplet state can be utilized as a quantum bus.
Additionally, the spin readout contrast of the ST1 centers is higher than the NV
defects, making them a promising candidate for the next generation of diamond
hybrid quantum technologies [248, 249].
Despite the advantages, there has been limited progress in utilizing the ST1 center

for quantum technology, as it is challenging to produce these defects on demand. Its

113



6 Observation of ST1 color center in natural diamond

structure and chemical composition are unknown and until recently have only been
detected twice [248, 249]. As the defect is observed mostly on synthetic samples, its
formation is attributed mainly to the diamond manufacturing process, and hence
its long-term stability is unknown.
In this chapter, we report the first observation of ST1 centers in a natural dia-

mond sample. This confirms the stability of the defect on geological timescales.
Section 6.1 gives a brief overview of the known properties of the ST1 center. The
optical and spin properties of the ST1 defects found in the natural diamond sample
are presented in Section 6.1.1 & 6.1.2. Further, we investigate the defect’s magnetic
and optical dipole orientations, with a particular focus on elucidating the struc-
ture and symmetry of this unknown defect. The corresponding experiments and
results are discussed in Section 6.2 & 6.3. The defects also show anomalous satur-
ation behavior at high excitation powers, which leads to an impressive optical spin
readout contrast of up to 80%. This observation indicates the presence of additional
electronic levels, therefore in Section 6.4, we revisit the photodynamics of the ST1
center. The results presented here provide significant insight into the nature of the
defect and enable future studies to be more targeted and lead more rapidly to the
precise identification of the defect.
The low temperature photoluminescence and the optical characterization experi-

ments were performed together with Mathias H. Metsch and the main results of this
chapter are published in Ref. [250].

6.1 ST1 center
Here, we briefly summarize the optical and spin properties of the ST1 color center

reported so far. As stated earlier, the defect has only been detected twice: first
by Lee et al. [248] in ultrapure single-crystalline HPHT diamond after fabrication
of vertical nanowires through reactive ion etching and later, in an ion-implanted
single crystal CVD diamond by John et al. [249]. The photoluminescence spectra of
ST1 or L2 defects in both the samples shows a sharp zero-phonon line (ZPL) around
550 nm (2.25 eV) and broad phonon sideband (PSB) extending out to 750 nm. These
features indicate that the optical transition occurs between two discrete levels deep in
the diamond bandgap. Further, the photon autocorrelation measurement confirmed
the single emitter nature of the defects with the characteristic antibunching dip at
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Figure 6.1: Electronic structure of ST1 center. S0 and S1 are the ground and the excited
singlets respectively. The shelving state is determined to be a triplet, which are denoted as |0〉,
|−〉 and |+〉. The solid arrow represents the optical zero-phonon line (ZPL). The lower ISCs are
labeled by their corresponding depopulation time τ|0〉, τ|−〉 and τ|+〉 , where τ|0〉 > τ|−〉 > τ|+〉.
The population rate (upper ISC rates) of the triplet states is assumed to be constant.

zero-delay. The autocorrelation also showed pronounced bunching-shoulders, which
strongly indicated the presence of a long-lived shelving state. Thus the proposed
electronic structure of the ST1 consists of singlet ground and excited states with at
least one shelving state in between. The proposed electronic structure of ST1 defect
is shown in Figure 6.1.

The ST1(Stuttgart-1) and L2 (Leipzig-2) centers both report the signature of
electron spin resonance (ESR) in the optical fluorescence with three distinct peaks
at frequencies 2E = 278(1) MHz, D − E = 996(1) MHz, and D + E = 1274(1) MHz
[248]. Such enhanced fluorescence under the influence of the resonant microwave is a
well-studied phenomenon for fluorescent molecules, with singlet ground and excited
states and additional triplet shelving states [251]. Further measurements on the
shelving state’s lifetime confirmed its triplet nature, where three distinct exponential
terms dominate the decay. The reported triplet spin lifetimes are τ|0〉 ≈ 2500 ns,
τ|−1〉 ≈ 1000 ns and τ|+1〉 ≈ 250 ns [248]. The key feature responsible for the positive
and relatively high ODMR contrast is attributed to the unequal lifetime of the
triplet sublevels, which leads to the polarization of the long-lived triplet state and a
subsequent increase in fluorescence when the population is driven out of this state.
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6 Observation of ST1 color center in natural diamond

6.1.1 Optical characterization

The optical characterization of the ST1 centers is performed using a home-built
confocal fluorescence microscope. The defects are excited using a 532 nm laser and
the resulting fluorescence is detected using either an avalanche photodiode (APD)
or a spectrometer. For the spin state manipulation, the microwave field is applied
through a copper wire positioned on top of the sample, and the external magnetic
field is applied using a permanent magnet in a three-axis stage placed close to the
sample. The autocorrelation function from single sites is measured in a Hanbury
Brown and Twiss configuration [210], where the fluorescence is split by a 50:50
beamsplitter and detected using two APDs.

Figure 6.2A shows the room temperature confocal fluorescence image of the nat-
ural diamond sample. As seen, the sample host a variety of fluorescing sites, and
several spots show spectral and ESR signatures similar to the ST1 defects. These
centers are marked using the solid circles in Figure 6.2A. We note the ST1 centers
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Figure 6.2: Optical characterization of the ST1 defects in the natural diamond sample.
A. Confocal image of the natural diamond sample, where the white circles mark the spots with
spectral and spin properties similar to the ST1 centers. B. Second-order photon correlation
measurement. The antibunching dip at τ = 0 reaches well below 0.5, confirming the defect’s
quantum nature. C. Measured room temperature ESR spectrum at zero magnetic field.
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are abundant in the sample and did not show any particular spatial preference. The
brightness of the center was comparable to that of NV centers between laser power
≈ 100 µW to 200 µW. The centers show high photo-stability and do not exhibit
blinking. We further study the quantum nature of the defects using the second-
order photon autocorrelation experiment. The recorded g2(τ) function is plotted in
Figure 6.2B, where the observed antibunching dip goes well below 0.5 at zero time
delay (τ = 0), thus establishing its single emitter character. The defects also show
the characteristic positive ODMR spectrum at the known ST1 spin transitions, part
of which (D + E spin transition) is shown in Figure 6.2C.
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Figure 6.3: Optical properties of the ST1 center. A. Confocal image of the natural
diamond sample. B. “ESR-assisted” confocal image of the same region shown in 6.3A. The
ST1 centers are identified by circles, which indicates that the center can be spatially isolated
from other fluorescing defects. C. Fluorescence emission spectra of the ST1 center at 5 K,
with a prominent ZPL at 555 nm and PSB extending to 750 nm. D. Histogram showing the
distribution in the position of the ZPL. Modified from Ref. [250].‡
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6 Observation of ST1 color center in natural diamond

To isolate the ST1 centers from other fluorescing defects, we monitor the in-
tensity of the fluorescence while applying the microwave field resonant with the
ST1 spin transitions. More precisely, the difference in the fluorescence response is
accumulated while applying on- and off-resonant MW frequencies. The resulting
“ESR-assisted” confocal image is shown in Figure 6.3B. The solid circles highlight
the centers that show a positive response to the applied microwave frequency, and
the confocal reference image of the same region is shown in Figure 6.3A.

The photoluminescence properties of the ST1 centers in the natural diamond
sample is studied by recording its fluorescence emission spectrum at 5 K. To elimin-
ate background fluorescence and the Raman transition of the diamond, we acquire
the PL spectrum of the ST1 center while applying on- and off-resonant microwave
frequencies. The difference between the two measurements is plotted in Figure 6.3C.
The recorded spectrum shows a prominent ZPL around 555 nm (2.23 eV) and a broad
phonon sideband (PSB) extending out to 750 nm. The PL spectra of other ST1 cen-
ters in the sample show a spread of ≈ 20 nm in the energy of the ZPL. The ZPL
frequency distribution is shown as a histogram in Figure 6.3D. Since all the meas-
ured defects show similar zero-field splitting parameters (shown in Figure 6.5C & D),
we attribute the distribution of ZPL to the strain in the local environment of the
defects. The established electronic configuration of the ST1 center also supports this
observation, since the optical transition is driven between the singlet states, while
the ESR is observed by manipulating the photoexcited triplet state.

6.1.2 Positive-ODMR spectroscopy

Before investigating the spin properties of the ST1 defect, we briefly summarize
the optical dynamics responsible for the positive contrast in the observed ODMR
spectrum. Such behavior is commonly encountered in systems consisting of singlet
ground and excited state with a triplet shelving state. Under optical illumination,
the population is cycled between the ground and the excited states. The population
can also cross to excited triplet states due to a small degree of spin-orbit interaction.
However, in the triplet state, the population is trapped for a long time since the
de-excitation to the singlet ground state is spin-forbidden. Consequently, the decay
to the ground state is determined by the lifetime of the triplet states. In the case
of defects with low symmetry, the three-fold degeneracy of the triplet state is lifted
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Figure 6.4: Schematic illustration of the positive ODMR spectroscopy. Model of the
ST1 center’s optical cycle in the absence and presence of a resonant microwave field. The
substantial difference in the lifetime of the triplet sublevels leads to the optical polarization
of the long-lived triplet state. In the presence of a resonant microwave excitation, the ground
state population is significantly enhanced when the spins are driven out of the long-lived triplet
state. This mechanism is responsible for the observation of the positive ODMR effect.

by the spin-spin interaction of its unpaired electron spins. The resulting triplet
sublevels (labeled as |0〉, |−〉 and |+〉 in Figure 6.4) have different population and
de-population rates determined by the defect’s symmetry. The difference in these
rates ultimately favors the accumulation of population in the long-lived triplet state,
thus leading to its optical polarization.
The steady-state population distribution under continuous optical excitation is

illustrated in Figure 6.4. In the considered example, the population rates for the
triplet sublevels are assumed to be similar (γ|+〉 = γ|−〉 = γ|0〉), while the decay
times are taken as τ |0〉 � τ|−〉 � γ|+〉. In the absence of resonant microwave fields,
the steady-state population of the triplet sublevels are N|0〉 � N|−〉 � N|+〉 and
the overall triplet population is higher than the ground state population. Applying
resonant microwave between the sublevels leads to a redistribution of the population.
If the microwave frequency corresponding to the transition between the |0〉 and |+〉
is switched on (the blue arrow in Figure 6.4 represents the microwave field), the field
transfers the population from the more populated (slow decaying) |0〉 level to the
less populated (fast decaying) |+〉 level. The transferred population quickly decays
to the ground state, which increases the ground state population. The increased
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6 Observation of ST1 color center in natural diamond

ground state population causes an increase in fluorescence due to enhanced ground-
state absorption.
The electronic triplet states being paramagnetic serve as an intrinsic spin probe

of the system, and its interactions with the environment. The spin-Hamiltonian
describing the fine structure of the triplet level is of the form [24],

Ĥ = D
[
S2
z −

1
3S(S + 1)

]
+ ~S · γe · ~B + E

(
S2
x − S2

y

)
(6.1)

where ~S = (Sx, Sy, Sz) are the usual dimensionless spin operators, ~B is the mag-
netic field vector, γe is the free-electron gyromagnetic ratio (the observed g-factor
is g ≈ 2.0(1)) and both D and E are zero-field splitting parameters. Note that
the Hamiltonian is written in the defects coordinate system where the crystal field
tensor D is diagonalized. The measured zero-field ODMR spectrum is plotted in
Figure 6.5A, where the observed peaks are assigned to the transitions |+〉 ⇐⇒ |−〉
(2E), |−〉 ⇐⇒ |0〉 (D−E) and |+〉 ⇐⇒ |0〉 (D+E), respectively. From the ODMR
spectrum, we measure the zero-field splitting parameters as D ≈ 1126(6) MHz and
E ≈ 138(3) MHz. The power dependence of the ODMR contrast for the spin projec-
tion D+E is also presented, where we observe an increase in contrast with increased
laser power. This effect is highlighted for the D+E spin transition in Figure 6.5A.
As stated earlier, the zero-field splitting arises due to the spin-spin interaction

between the unpaired electrons of the triplet state and provide insight into the spa-
tial distribution of its unpaired spin density. Hence, the ZFS parameters reflect on
the structural symmetry of the defects. Specifically, D is sensitive to the asymmetry
along the defect’s z-axis, while E measures the deviation of the axial distribution
about the z-axis. The ZFS parameters are also sensitive to the local electronic dis-
tortions introduced by the environment. The observed large E parameter could
originate either from a considerable crystal strain or due to the defects’ low sym-
metry. In Figure 6.5B & C, we plot the distribution of the observed ZFS parameters
of 70 isolated ST1 centers. The measured values are reasonably constant over several
defects, reflecting the defects’ low structural symmetry.
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Figure 6.5: Optically detected electron spin resonance spectroscopy of ST1 center.
A. Measured room temperature ESR spectrum at zero magnetic field. The observed spin
transitions are indicated by their zero-field splitting parameters D = 1136 MHz and E =
136 MHz. The readout contrast of the D+E spin projection at two different excitation power
is shown in the left. With sufficient laser power, we observe an exceptionally high ODMR
contrast of ≈ 45%. B. & C. Histogram showing the distribution in the observed D and E
parameters, respectively. The total sample size is ≈ 70.

6.2 Magnetic dipole orientation
In order to elucidate the structure of the ST1 defect, we investigate the magnetic

dipole orientation of the defects present in the natural diamond. To this end, we first
measure the ESR transition frequencies as a function of axial magnetic field strength.
The magnetic field is aligned to maximize the observed Zeeman splitting between
the spin projections D+E and D−E. The measured spin transition frequencies are
plotted in Figure 6.6A. The expected resonant frequencies (νD+E,D−E) are calculated
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6 Observation of ST1 color center in natural diamond

from the spin Hamiltonian given in Eq. 6.1 and shown as solid lines in the figure.
From the ODMR spectra, we determine the electronic g-factor of ge ≈ 2, close to
the g-factor of the free electron spin.

To identify the orientation of the defects’ magnetic axes, we record the spin trans-
ition frequencies while rotating the magnetic field of magnitude ≈ 120 G, in the
plane perpendicular to [001] direction. The external field orientation in the crystal
coordinate system is simultaneously measured using nearby NV centers [138]. The
measured spin transition frequencies as a function of the external field angle are plot-
ted in Figure 6.6B (dots). The solid lines in the figure correspond to the simulated
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Figure 6.6: Orientation of the defect’s symmetry axes. A. Electron spin resonance fre-
quencies as a function of axial magnetic field strength. Solid lines correspond to a fit of the
experimental results using the spin Hamiltonian described in Eq. 6.1, leading to g-factor of
ge ≈ 2. B. Angular dependence of the ODMR peak positions when the magnetic field is
rotated in the (001)-plane. The solid lines are theoretical expectations calculated using the
Hamiltonian in Eq. 6.1 with the measured ZFS parameters for a 〈110〉 oriented defect. Adapted
from Ref. [250].‡
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curves calculated by the numerical diagonalization of the spin Hamiltonian given in
Eq. 6.1 for a triplet state with 〈110〉 orientation. The simulated curves reproduce the
major features of the experimental results well, suggesting that the major symmetry
axis of the defect is along the 〈110〉 crystal direction. The presence of large E sug-
gests that the defect also has a minor spin axis in the plane orthogonal to the 〈110〉
direction (e.g., x ‖ [100], y ‖ [011], z ‖ [011]) and hence has a C2v or lower symmetry.
The apparent deviation between the measurement and simulation, especially when
the magnetic field is perpendicular to the defects’ major symmetry axis, strongly
suggests a possible (small) tilt from the predicted direction of the defect’s minor
axis. The estimation of this projection angle is hindered by the broad linewidth of
the ODMR lines. The measured direction of the center’s major symmetry axis and
predicted low symmetry is consistent with the reported ST1 center [248]. We stress
that none of the measured defects showed intrinsic hyperfine coupling. The absence
of intrinsic hyperfine splitting excludes nitrogen from the defect structure, which is
the dominant impurity in most diamond crystals. Since the defect’s major symmetry
axis is along the 〈110〉 direction, it seems likely that the defect structure involves
impurity atoms and vacancies occupying several lattice sites coplanar in the (110)
plane. The role of oxygen as an impurity in the defect structure is highly probable,
with a possible structure of O-C-O v-O-v in the (110) plane. Alternatively, the ab-
sence of hyperfine could also be due to the next-to-nearest neighbor substitution, as
the electron spin density would be local to the vacancy and thus unlikely to couple
to a nuclear spin that is two atom sites away.

6.3 Optical dipole orientation
Next, we study the orientation of the transition dipole moments of the ST1 center.

The centers’ polarization emission properties are investigated by exciting them with
a linearly polarized laser light. The effective excitation and emission rate depends
on the projection of transition dipoles along the linearly-polarized laser field, in this
case, the diamond surface. The information is essential in understanding the spatial
orientation of the defect’s optical axis in the crystal lattice.

The defect’s optical dipole orientation is characterized by placing a half-wave
plate (HWP) and a linear polarizer in the detection path. The angular dependence
of the fluorescence emission is measured by rotating the HWP. This configuration
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Figure 6.7: Orientation of optical dipoles. A. Fluorescence intensity as a function of detec-
tion polarization for the (001) surface. The ST1 centers show four distinct linear polarization
states separated by 45◦. Figure modified from Ref. [250].‡ The polarization states are arranged
in a manner corresponding to the projection of the six 〈110〉 crystal vectors, as is shown in B.
for 〈101〉, C. for 〈110〉, and D. for 〈011〉 crystal vectors. E. Distribution of the orientation of
the emission dipoles of 20 ST1 centers showing the relative abundance of each 〈110〉 vectors.

eliminates the polarization dependence of the measuring optics. Further, to minimize
the background fluorescence from other defects, we use resonant microwave fields to
enhance the emission from the ST1 defects selectively.

In Figure 6.7A, we show the polarization dependence of the fluorescence emission
of the ST1 center. The solid lines in the figure represent the fit to the measured
data with the function sin(θ+ϕ), where θ denote the angular parameter representing
the rotation of the fluorescence, and ϕ the orientation of the emitter relative to the
crystal axis. The measured data shows the existence of four linear polarization states
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6.4 Photodynamics

defined as ϕ1 = 0◦, ϕ2 = 45◦, ϕ3 = 90◦ and ϕ4 = 135◦. This four-fold symmetry
on the projected (001) plane strongly suggests that the optical dipoles are oriented
along the 〈110〉 crystal direction. Figure 6.7B,C and D shows the projection of the
six 〈110〉 vectors on the (001) crystal plane. Note that the two 〈101〉 axes have
the same projection on the (001) crystal plane. The same argument also holds for
the 〈011〉 axes. In Figure 6.7E, we show the distribution of the orientation of the
emission dipoles for 20 ST1 centers. The histogram captures the relative abundance
of ST1 centers with emission dipoles along the four non-equivalent 〈110〉 axes. Note
that the spin quantization axis and the transition dipole moments are along the
〈110〉 crystal direction, however it is not clear if they are co-aligned.

6.4 Photodynamics

The photodynamics of the ST1 centers show an unusual power dependence. Between
laser powers of ≈ 100 µW and 200 µW, the defect did not show blinking and had a
brightness comparable to that of the NV centers. However, as the excitation power
is increased (up to 800 µW), the defects exhibited peculiar saturation behavior.
This unusual photoluminescence is further characterized in Figure 6.8B, where we
plot the measured background-corrected fluorescence1 as a function of laser power
(measured in front of the objective lens). As seen in the figure, the fluorescence
steadily increases initially; however, for laser powers > 100 mW, the fluorescence
starts to decrease. We observe, for very high laser powers (> 500 mW), the color
center goes completely dark. Similar behavior is also observed in NV centers due
to the photoionization into the neutral charge state. The steady-state photodynam-
ics of the system described in Eq. 6.2 would exhibit saturation of fluorescence and
hence cannot explain the observed anomalous saturation effect. We also observe
that increasing laser power leads to an impressively high ODMR contrast of up to
≈ 80%, which is plotted in Figure 6.8C. Based on these observations, we revisit the
photodynamics of the ST1 center.

1background fluorescence is measured in the vicinity of the color center
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Figure 6.8: Anomalous saturation of photoluminescence observed in ST1 centers. A.
Proposed extended level scheme accounting for the anomalous saturation behavior of the ST1
center. B. Measured fluorescence count as a function of laser power (measured in front of the
objective). The solid line corresponds to the fit modeled using the extended level scheme. C.
Measured ODMR contrast of transitions D+E and D−E as a function of laser power. With
high laser power, we observe an impressive spin readout contrast of ≈ 80% for the D + E
spin transition. Modified from Ref. [250].‡

6.4.1 Rate equation model
We start with the simplest rate equation model that describes the established

electronic structure of the ST1 center. This is given by [248]

Ṡ0 = −kexS0 + kfS1 + k0T0 + k−T− + k+T+

Ṡ1 = kexS0 − kfS1 − kISCS1

Ṫ+ = kISC
3 S1 − k+T+

Ṫ− = kISC
3 S1 − k−T−

Ṫ0 = kISC
3 S1 − k0T0

(6.2)
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where excitation from the ground to the excited state is parameterized by kex, kf is
the excited state’s fluorescent lifetime, and the parameters k+, k−, and k0 are the
depopulation rates from the respective triplet sublevels. For simplicity, we ignore
the differences in the upper intersystem crossings rates for each triplet, assuming
that they are all kISC . The level scheme corresponding to the given rate equation is
depicted in Figure 6.8A. The system described using such a model exhibits saturation
of fluorescence depending on the upper and lower ISC rates, contrary to the ST1
center.

In order to gain further insight into the power dependence of the defect’s optical
dynamics, we measure the second-order correlation function using Hanbury Brown
and Twiss setup at different excitation powers. The recorded coincidence rate c(τ) is
first normalized according to the formula CN(τ) = c(τ)/(N1N2wT ), where N1,2 are
the counts on each APDs, w is the bin width and T is the total signal accumulation
time. The g2(τ) is obtained from the normalized coincidence rate CN(τ) as g2(τ) =
(CN(τ)− (1− ρ2))/ρ2, where ρ is the signal to background ratio. The experimental
results were fitted with the function

S1(τ)
S1(∞) = 1−

4∑
i=1

αi e
−t/τi (6.3)

where τi and αi are the fit parameters. The measured g2(τ) function fitted with
the expression given in Eq. 6.3 is shown in Figure 6.11A & B. The extracted fit
parameters as a function of laser power is plotted in Figure 6.11C & D.

The power dependence of the rate equation parameters (ki) are extracted from the
fit parameters of the g2(τ) function as described in Section 6.5.2. In Figure 6.9A, we
plot the depopulation rate of the triplet sublevels, and the solid lines correspond to
the measured triplet lifetimes using the method described in Ref. [248]. The figure
shows that the lifetime of the triplet states is independent of the pump power. Hence,
it eliminates the possibility of an intensity-dependent depopulation channel from the
triplet sublevels to the ground state. Figure 6.9B depicts the power dependence of
kex (green). As expected kex increases linearly with pump power, as described by
the equation

kex = λ

hc
σ(λ)I (6.4)
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Figure 6.9: Power dependence of ST1 rate equation parameters. A. Depopulation
rates of the triplet sublevels extracted from the fit of the g2(t) measurements. The solid
line represents the measured triplet lifetimes using the method described in Ref. [248]. B.
Extracted excitation rate kex and the upper intersystem crossing rate kISC . The solid line
corresponds to the linear fit function from which the corresponding absorption cross-sections
are estimated. Adapted from Ref. [250].‡

where I is the applied focal irradiance,2 σ(λ) is the corresponding absorption cross-
section at excitation wavelength λ. By fitting the slope of kex we extract the ab-
sorption cross-section as σ ≈ 10−17 cm2 which is comparable to that of NV centers.
Figure 6.9B also shows an unexpected linear dependence of kISC on pump power

(purple). Since the upper intersystem crossing rate should be independent of pump
power, it suggests another channel for population transfer from the excited state to
the triplet manifold. The pump-dependent population transfer could be facilitated
either by an internal transition to an excited manifold of defect levels or photoion-
ization of either an electron to the conduction band or a hole in the valence band.
In either case, there needs to be an accompanying preferential decay to the triplet
state. Otherwise, the ODMR contrast would also reduce with increasing excitation
power, instead of the observed increase. In the case of an internal manifold, this
would require an ISC to the triplet state. In the case of photoionization, preferential
return to the triplet level could occur via cascaded recapture of the ionized particle,

2I = P
π
2 (FWHM)2 , where P is the power and FWHM is the full-width half maximum of the

excitation beam.
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where the particle is captured at a higher rate into the triplet level rather than the
ground state because of the emission of fewer phonons.

The observed intensity dependence of kISC is phenomenological included in the
extended rate equation as

Ṡ0 = −kexS0 + kfS1 + k0T0 + k−T− + k+T+

Ṡ1 = kexS0 − kfS1 − kISCS1 − kex β S1

Ṫ+ = kISC
3 S1 − k+T+

Ṫ− = kISC
3 S1 − k−T−

Ṫ0 = kISC
3 S1 − k0T0 + kex β S1

(6.5)

Note that we have included an additional pump-dependent population transfer
(kex β) from the excited state (Ṡ1) to the triplet sublevel (Ṫ0). For simplicity, we
have added the intensity-dependent population transfer pathway only to the long-
lived triplet sublevel. An extended level scheme corresponding to the modified rate
equations is presented in Figure 6.8A. Using the modified rate equations, we obtain
kISC = Cn

kex
+ βkex, where β describes the absorption cross-section. This second ab-

sorption cross-section is estimated from the slope of kISC which is σ ≈ 10−18 cm2. To
elucidate the mechanism responsible for the intensity-dependent population trans-
fer to the triplet states, further polarization measurements are needed. As mention
above, if the second excited states are internal to the defect, they exhibit polariza-
tion. On the other hand, if they are ionized states, the excitation will not exhibit
polarization dependence.

The phenomenal drop in the steady-state fluorescence of the ST1 defect is also
manifested in the confocal images. In Figure 6.10A & B we show the high-resolution
confocal image of the ST1 center at low (100 µW) and high (500 µW) excitation
powers. We observe that for high excitation power, the confocal scan shows a
doughnut-shaped fluorescence pattern, due to the Gaussian profile of the laser beam,
which only saturates fluorescence as the center of the laser spot passes over the de-
fect. In Figure 6.10C, we show a schematic illustration of a Gaussian excitation
beam scanning over an atomic-sized defect (not to scale). Depending on the intens-
ity of the laser beam, the fluorescence pattern of the ST1 center changed from a
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Figure 6.10: Anomalous saturation of behavior of ST1 centers. A. & B. High-resolution
confocal image of a single ST1 center at low (100 µW) and high 500 µW excitation powers
(measured in front of the objective). At high laser power, the ST1 centers show a remark-
able doughnut-shaped fluorescence pattern, which is also visible in Figure 6.2 Modified from
Ref. [250].‡ C. Schematic illustration of Gaussian laser beam scanning over an atomic-sized
defect. Depending on the intensity of the excitation beam, the fluorescence pattern of the ST1
center changed from a normal Gaussian profile to a doughnut shape. D. Modeled fluorescence
profile using the extracted rate equation parameters.

normal Gaussian profile to a doughnut shape. Fluorescence profile modeled with
the extracted rate equation parameters for low and high laser intensities is shown
in Figure 6.10D.
In this chapter, we report the first discovery of ST1 defects in a natural diamond

sample. The studied defects did not show intrinsic hyperfine structure, suggesting
that the defect’s chemical constituents do not possess spin. The observed large E
parameter suggests that the defect has a C2v or lower symmetry. We also investigated
the orientation of the defect’s magnetic and optical dipole axes, which are along
the 〈110〉 crystal direction. However, it is not clear if the spin quantization axis
and the transition dipole moment are co-aligned. The defects also show unusual
saturation behavior at high excitation powers. This observation strongly suggests an
additional excited state manifold or excitation pathway, which selectively populates
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the metastable triplet states. Further optical polarization experiments are suggested
to elucidate the nature of the selective excitation pathway. The ST1 centers show
higher spin readout contrast (≈ 80%) and are promising for realizing hybrid quantum
systems.

6.5 Supporting material

6.5.1 Five level system: Theoretical model

The analytic form of the transient solution of the system described in Eq. 6.2 is
found using Laplace transform. The autocorrelation function is written as [252]

S1(τ)
S1(∞) = 1−

4∑
i=1

e−λit
λj λk λl
k0 k− k+

(λi + k0) (λi + k−) (λi + k+)
(λi − λj)(λi − λk)(λi − λl)

(6.6)

where λi are the roots of the characteristic equation of the form Ax4 +Bx3 +Cx2 +
Dx+ E = 0 with,

B = kex + kf + 3kISC + k0 + k− + k+

C = (kex + kf + 3kISC)(k0 + k− + k+)

+ 3kexkISC + k0k− + k0k+ + k−k+

D = (kex + kf + 3kISC)(k0k− + k0k+ + k−k+)

+ 2kexkISC(k0 + k− + k+) + k0 k− k+

E = (kex + kf + 3kISC)(k0 k− k+)

+ 2kexkISC(k0k− + k0k+ + k−k+)

(6.7)

Additionally, we define the rate of detected photons as,

R = kf kex k0 k− k+ η

E
(6.8)

where η is the collection efficiency of the optical setup.
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Using Vieta’s formula [253], we can relate the coefficients of the polynomial to
sums and products of its roots as,

−B = λ1 + λ2 + λ3 + λ4

C = (λ1λ2) + (λ1λ3) + (λ1λ4)

+ (λ2λ3) + (λ2λ4) + (λ3λ4)

−D = (λ1λ2λ3) + (λ1λ2λ4) + (λ1λ3λ4)

+ (λ2λ3λ4)

E = λ1 λ2 λ3 λ4

(6.9)

6.5.2 Extraction of ki parameters

Using Eq. 6.7 and 6.9, the rates kT+ , kT− and kT0 can be expressed as a combination
of the decay rates and their pre-exponential terms. The extracted triplet depopula-
tion rates are shown in Figure 6.9A. After some straightforward substitutions, kex
can be expressed as

k2
ex −Bn kex + Cn +Rn = 0

where,

Bn = B − k0 − k− − k+

Cn = C − (k0k− + k0k+ + k−k+)

−Bn(k0 + k− + k+)

Rn = R E

k0 k− k+η

(6.10)

Thus kex can be written as,

kex = 1
2(Bn −

√
Bn

2 − 4(Cn +Rn) (6.11)

The extracted values of kex as a function of the measured excitation power is plotted
in Figure 6.9B. The other rates are expressed similarly,

kf = Rn

kex
, kISC = Cn

kex
(6.12)
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Figure 6.11: Determination of population rates. Measured g2(τ) function at excitation
powers ≈ 50 µW (A.) and ≈ 600 µW (B.). The solid line corresponds to the fit and the
inset shows the antibunching dip at τ = 0. Pronounced bunching shoulders are seen at high
excitation power. Dependence of the τi (C.) and αi (D.) parameters as a function of excitation
power. The points correspond to fit parameters of the measured g2(τ) function using Eq. 6.3.
Adapted from Ref. [250].‡

‡ Published under the Creative Commons Attribution licence 4.0 (CC BY 4.0,
https://creativecommons.org/licenses/by/4.0)
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7 Conclusion and Outlook

The current study focuses on the prospects of NV magnetic field sensing with en-
gineered diamond samples. In this context Chapter 2.2 & 3 discusses the physical
aspects of NV centers and magnetometry with these color centers in diamond.
Nanoscale magnetometry with lithographically engineered NV centers is demon-

strated in Chapter 4. The low-energy, mask implantation technique shows good
spatial positioning of single NV centers. Further study of the spin coherence prop-
erties and the spin environment of the implanted NVs using spectral decomposition
technique reveals that the noise spectral function of the implanted NVs were sim-
ilar to those produced through broad-beam implantation. The results strongly imply
that the decoherence of the implanted NVs originates from the surface spins and not
from an additional noise due to the spatial confinement of implantation damages.
Furthermore, the results show the effectiveness of the mask implantation technique
for producing tailored arrays of NV spins for enhanced magnetometry with nanoscale
spatial resolution.
In Chapter 5, high-sensitivity DC magnetometry is demonstrated with high-

dense, preferentially-aligned NV ensembles in an optimized diamond sample pro-
duced through in situ nitrogen doping. Further, it is shown that sensitive magnetic
field detection requires the elimination of dominant decoherence mechanisms in such
high-dense, nitrogen-rich samples. Therefore, we perform DC magnetic field sens-
ing by combining spin bath control and multipulse decoupling sequences to extend
the dephasing time of the NV ensemble. This work presents the first experimental
realization of a multipulse decoupling protocol compatible with DC magnetometry.
These results show the potential of magnetic field sensing with high density NV
ensembles.
The two experimental demonstrations presented here highlight the properties and

applicability of the engineered NV centers for different magnetometry schemes. The
scope of coupled NV systems is numerous. Coherently coupled spin systems are
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promising architecture for building quantum networks, simulators [254], repeaters
[255], and improve the performance of the quantum sensor [212, 256]. Particularly,
quantum sensing with entangled states like spin-squeezed states or Schroedinger cat-
like states are a valuable resource for interaction-enhanced sensing schemes that can
reach sensitivity beyond the standard quantum limit [256, 257]. The main caveat
of the present samples is the sub-optimal conversion of N to NVs. This limits both
the number of available quantum resources and hinders their coherence. Hence, to
harness the full potential of the NV spin system, it is essential to optimize the vast
parameter space of the NV production conditions [169, 219, 241].
Chapter 6 reports the discovery of ST1 color centers in a natural diamond sample.

The presented results show the variation in the ZPL over many such individual cen-
ters due to the effects of local strain. Furthermore, the orientation of spin quantiz-
ation and transition dipole moment axes of the ST1 defects are investigated. The
results show that both the axes are along the 〈110〉 crystal direction. We further
study the photodynamics of the defect with particular attention to its anomalous
saturation behavior at high excitation powers. Our preliminary analysis hypothes-
izes an additional excited manifold which selectively populates the triplet states at
high pump laser powers. These observations show significant advances in our funda-
mental understanding of the defect and provide crucial information for elucidating
the defect’s structure and composition.
In addition to NV centers, the ST1 spin system is the only other color center

in diamond until now to show optically measurable magnetic resonance signals at
room temperature. The spin-free ground state of the defect results in long coherence
time for the nuclear spin of a coupled electron-nuclear spin system. Such architec-
ture benefits from the separation of control and storage qubits and holds promises
for applications in integrated hybrid quantum systems. However, the prospect of
engineering ST1 centers for quantum technology is limited due to its unidentified
structure and chemical composition. Ab initio simulations and systematic implant-
ation schemes are required for the precise identification of this defect.
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A.1 Generation of NV centers

Many industrial and research applications of diamond rely on synthetic produc-
tion using high pressure and high temperature (HPHT) or chemical vapor deposition
(CVD) technique. HPHT, as the name suggests, produces diamonds from a seed
crystal under high pressure (> 50 kbar) and high temperature (> 1400◦ C) condi-
tions, similar to the geological conditions under which natural diamonds are formed.
CVD is another viable method for synthesizing diamonds, in which carbon source
gas energized to form plasma deposits carbon atoms onto a substrate. CVD growth
process occurs at lower temperature and pressure where graphite is thermodynamic-
ally stable than diamond. However, diamond is grown even under these metastable
conditions by combining hydrogen gas (H2) to the carbon source gas to selectively
and rapidly etch graphite deposits. For research applications, CVD synthesis is pre-
ferred as it provides more control over the inclusion of chemical impurities [34, 258],
and hence tailor the material properties according to the scientific need. Nitrogen is
one of the most common impurities found in both natural and synthetic diamonds.
Nitrogen impurities are accommodated in the diamond lattice in different forms like
substitutional nitrogen atoms, as a part of NV and NVH defects, and as nitrogen
aggregates with multiple nitrogen atoms [259]. Over the past few decades, a fair
amount of research has been dedicated to optimizing the controlled production of
NV defects in diamonds. A recent review by Achard et al. [169] summarizes the cur-
rent trend and the advances in the field of diamond material synthesis for quantum
applications. In this section, we briefly summarize the conventional techniques for
producing NV centers.
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A.1.1 Nitrogen ion implantation and annealing

Nitrogen implantation, followed by high-temperature annealing, is one of the com-
mon techniques for producing on-demand NV centers. Ion implantation simultan-
eously provides both nitrogen impurities and vacancies combined into NV defects
during subsequent annealing treatment. Often ion implantation is performed on
isotopically pure CVD diamond substrates that are devoid of nitrogen impurities
(<1 ppb). Further, in order to distinguish the native NVs from the implanted ones,
isotopic tagging is done by implanting 15N isotopes whose natural abundance is only
0.3% [196]. Other implantation parameters that are varied include implantation en-
ergy, which determines the depth and straggle of the impinging ions, fluence, and
implantation time, which controls the total nitrogen dose and the substrate temper-
ature during implantation. Optimizing these parameters for the production of stable
NVs with high positional accuracy and N to NV conversion has been the topic of
numerous studies and remains an area of active research [260]. Here, we discuss the
key aspects and recent advancements of the nitrogen ion implantation technique.

One of the primary concerns of the ion implantation technique is the positional
accuracy of the formed defects. With ion implantation, the nitrogen atoms that
penetrate the diamond lattice suffer a series of collisions with the lattice atoms and
deviate from the original trajectory until they reach the final resting position. Hence
the projected range of the implanted ions consequently suffers due to this intrinsic
uncertainty, which is imprinted on the spatial accuracy of the created NV defects.
Therefore the mean depth and straggle of the implanted ions depend on the im-
plant ion species, target material, and the implantation energy. With high energy
(≈ MeV) nitrogen implantation, deeper NVs (≈ µm) are formed with a high form-
ation yield of up to ≈ 50% [117, 208, 261]. However, the implanted ions create a
large spatial distribution of lattice defects along its path. Hence the optical and spin
properties of the created NVs are similar to the natural ones [262]. Additionally,
such high implantation energy shows broad positional uncertainty of the implanted
NVs. For many realistic magnetometry applications with NV centers, the defect
must be placed directly below the diamond surface (within a few nanometers) to
maximize its coupling to the magnetic specimen. This is achieved through low en-
ergy implantation. Analysis with Stopping and Range of Ions in Matter (SRIM)
[206] software predicts that for implantation energies < 10 keV, NVs can be created
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within a depth of 5-10 nm. The main limitation of low energy implantation is the
low creation yield of the NVs. Pezzagna et al. [208] reports a creation efficiency of
0.1% for implantation energy of 2.5 keV. The NV creation yield can be improved
by increasing the ion fluence. However, this also increases the density of paramag-
netic spin impurities in the vicinity of the NV centers, thus degrading its coherence
properties.

The scalable creation of high-quality NVs with nanoscale positioning accuracy
is central to several envisioned applications in quantum information processing like
coupled quantum registers for quantum error correction, quantum repeater networks,
and scalable room-temperature quantum computing. The common requirement for
all these applications is the production of magnetically coupled NVs colocalized
within a few tens of nanometer such that their mutual dipolar coupling is larger
than the coupling of the individual spins to the environment. The ion implantation
technique offers a direct viable method for engineering such arrays of NV centers.
Serial implantation using focused ion beam (FIB) [117, 196] or through scanning
probes [119] are flexible methods for engineering NVs in a predetermined location.
Parallel implantation through patterned masks also provides similar placement ac-
curacy and high throughput [118, 120, 263]. For example, magnetically coupled
pairs of NVs are successfully created using 1 MeV 15N+ implantation through nano-
channels in a mica mask of diameter ≈ 20 nm [49]. NV pair creation efficiency is
improved using 30 keV nitrogen ion implantation through a resist mask of diameter
≈ 50 nm [202]. With these methods, the NV-NV separation is determined by the
diameter of the aperture. Alternatively, high throughput of coupled NV fabrication
is also demonstrated by ion implantation through a thin gold mask of aperture sep-
aration ≈ 40 nm with an implantation energy of 10 keV [201]. Maskless implantation
of molecular nitrogen (N2) or more recently using C5N4Hn has also been employed
to create NV pairs with strong dipolar coupling [264, 265]. In this case, the NV-NV
separation is determined by the mean straggle of the implanted molecule, which
increases with implantation energy.

Following ion implantation, the samples are annealed at temperatures above 600◦

to mobilize the created vacancies. The mobile vacancies tend to be trapped next to
a substitutional nitrogen impurity to relieve crystal strain due to the slightly larger
atomic radius of the nitrogen atom. Similar to the implantation process, a number
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of annealing parameters can be varied to optimize the NV creation efficiency which
are discussed in section A.1.3.

There are also several disadvantages of the ion implantation technique. Often im-
planted NVs show poor optical and spin properties compared to native NV centers.
More precisely, NVs formed through ion implantation show photo-instability [266–
268], experience photochromism [269] and shorter spin coherence times [45, 270].
Possible reasons for these issues include collateral damage of the lattice during im-
plantation, surface effects, and formation of other defects.

A.1.2 Nitrogen doping during CVD synthesis

Nitrogen impurities may also be incorporated into the diamond lattice through
nitrogen doping during CVD synthesis. This results in the formation of substitu-
tional nitrogen impurities and a small fraction of NV defects in the diamond lattice.
Nitrogen doping during diamond growth is one of the cleanest and simple means
of producing NV defects without damaging the crystal lattice. The creation effi-
ciency of NV defects (NV/N) is rather low (typically 1/300) for as-grown NVs and
is determined by a number of growth factors. In general, the concentration of nitro-
gen impurities and NV defects incorporated into the diamond, growth rate, growth
mode, and surface morphology are governed by a combination of growth parameters
like the concentration of gas-phase nitrogen, substrate temperature, and the cham-
ber pressure. Understanding the interdependence of these growth parameters is the
central goal of numerous current CVD diamond research [167, 169].

NV centers in this CVD nitrogen delta-doped diamond layers have shown less
axial (depth) dispersion and better spin coherence properties compared to those
created through ion implantation. Furthermore, this method is also suitable for
producing high-density NV ensembles. Depth confined NV ensembles of densities
108 − 1017 cm−3 have been achieved on high purity diamond substrates with long
spin coherence times [93, 214, 217–219, 271, 272]. Such geometry of thin high dense
NV layer on top of a high purity diamond substrate has numerous quantum sensing
applications like NMR imaging of large magnetic samples. In situ nitrogen doping
also offers the unique possibility of engineering NV defects along a predetermined
crystal axis through proper choice of diamond substrates. CVD growth on 〈111〉
[217–219], 〈110〉 [221], 〈113〉 [273, 274] substrates have shown a high degree of NV
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preferential orientation along the growth direction. One of the critical limiting
factors of this method is the poor N to NV ratio explored in the next section.

A.1.3 N to NV conversion

The main caveat with both of the NV production techniques discussed above is
the poor N to NV ratio in the diamond. Despite many efforts, the substitutional
nitrogen impurities outnumber the NV centers and limit the broad applicability of
these samples. Numerous research has focused on improving the NV creation effi-
ciency through optimizing the crystal growth parameters [169]. A study by Chou-
aieb et al. [274] shows the growth temperature dependence on the NV incorporation
efficiency on a 〈113〉 diamond substrate. Recent work by Osterkamp et al. [275] re-
ports the role of gas-phase nitrogen on the growth rate and the concentration of NV
defects during CVD growth on a 〈111〉 diamond substrate. Despite these attempts
to optimize the CVD growth conditions, the NV creation efficiency for as grown
NVs are typically very low. On the other hand, optimization of the ion implanta-
tion techniques is quite successful with efficiency ≈ 50% has been achieved for high
energy nitrogen implantation. For the much desired shallow NVs created using low
energy implants; however, the creation efficiency is still < 10% [208].

The ideal N to NV conversion efficiency for most NV applications is expected to
be ∼ 50% such that the substitutional nitrogen impurities can donate their extra
electron to produce stable negatively charged NV defects. For both these tech-
niques (nitrogen-doped CVD growth and ion implantation), the yield is believed to
be limited by vacancies’ concentration. Hence a variety of processing techniques
have been proposed to improve the concentration of vacancies and by extension the
number of NV centers. The two most frequently explored techniques are irradiation
of electrons (also protons and neutrons) [276, 277] and implantation of additional ion
species like He, Ni, C, and Ga [121, 278]. In particular, co-implantation with carbon
atoms create sufficient vacancies without introducing additional lattice impurities
[120, 264, 279]. The critical challenge with these post-treatments is optimizing the
vacancy concentration without forming other defects.

Another important post-implantation treatment is sample annealing, which is es-
sential for vacancy migration and relieving crystal stress. Vacancies become mobile
at ≈ 600◦C [280], but often high-temperature annealing is used to break up complex
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defects to improve the spin coherence properties of the NV centers [219, 270, 281].
Note that poor N to NV conversion efficiency directly affects the NVs spin coher-
ence due to strong magnetic noise from the paramagnetic substitutional nitrogen
impurities.

A.2 Dynamical decoupling

As discussed in Section 2.3.2, the spin coherence of the NVs is strongly influenced
by its mesoscopic spin environment, especially the interaction with the paramagnetic
spin bath. Coherence is one of the most frequently exploited quantum resources in
quantum sensing and quantum information processing; hence, efforts to mitigate
these interactions have to be explored. One of the direct approaches is to improve
diamond purity through advanced material engineering like CVD growth of high
purity (low N and low 13C isotope) samples [34]; however, the intricacy of NV
formation and the incorporation of spin impurities makes the elimination of all spin
impurities via diamond growth intractable. Alternatively, the electronic spin bath
can be polarized by cooling the sample and applying high magnetic fields, which
reduces the effect of spin bath induced decoherence. In a nitrogen-rich diamond
sample, this method has demonstrated an order of magnitude improvement in T2 by
freezing the electronic spin bath dynamics at T = 2 K and B = 8.5 T [33]. However,
this technique is experimentally challenging and cannot be applied to a nuclear spin
bath due to its small gyromagnetic ratio.

Dynamical decoupling (DD) is another powerful approach to suppress spin de-
coherence. The central idea of DD schemes is to dynamically average out the en-
vironment interactions through periodic flipping of the quantum probe. Hence DD
is an extension of the spin-echo sequence with multiple π-pulses to suppress en-
vironmental decoherence. DD is highly effective in mitigating decoherence when
the spin-flip by the control pulse is much faster than the environmental noise’s
correlation time. Thus DD efficiently retrieves the lost phase coherence before its
irreversible dissipation into the environment.

Before analyzing how DD works, we first introduce the basic concept of envir-
onmental noise induced decoherence of a simple quantum probe: a spin-1/2 sys-
tem. Under an external magnetic field, the spin is quantized along the direction of
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the magnetic field (along the z-axis) and its dynamics is governed by the Zeeman
Hamiltonian

H0 = γB Ŝz (A.1)

where γ is the gyromagnetic ratio and B is the external field amplitude. Together,
γB describes the energy splitting between the two eigenstates |↑〉 and |↓〉. The
system can also be prepared in a pure superposition state which is given as

|Ψ〉 ≡ cos
(
θ

2

)
|↑〉 + sin

(
θ

2

)
eiϕ |↓〉 (A.2)

where θ and ϕ are real numbers describing the quantum state. When the quantum
probe is isolated from the noisy environment, the prepared quantum state undergoes
deterministic unitary evolution according to its Hamiltonian in Eq. A.1. However, if
there is coupling to the environment, then the state undergo random collapses from
a fully coherent pure state into an incoherent mixture of distinct pure states leading
to decoherence.

Spin decoherence due to magnetic environment can be treated as a source of
classical noise b̃(t) with zero mean 〈b̃(t)〉 = 0. The system Hamiltonian in the
presence of the environmental noise can then be written as

H(t) = γB Ŝz + γb̃(t) ~S (A.3)

where b̃(t) = (b̃x(t), b̃y(t), b̃z(t)). Here, b̃z(t) describes the longitudinal noise, which
randomly modulated the spin precession frequency along the z-axis and causes pure
dephasing. The transverse noise b̃±(t) = b̃x(t) ± i b̃y(t) randomly tilt the precession
axis away from the z-axis and flip the spin between its unperturbed eigenstates,
hence induce spin relaxation.

Considering only the pure dephasing noise (i.e., b̃x(t) = b̃y(t) = 0 and b̃z(t) is
taken as b̃(t)), the system Hamiltonian is simplified as

H(t) = γB Ŝz + γb̃(t) Ŝz (A.4)
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The noise is often defined by its autocorrelation function which is given as [282]

S(t) = 〈b̃(t) b̃(0)〉 (A.5)

where 〈. . . 〉 is the average with respect to each realization of the noise. The Fourier
transform of this two-point correlation function is the spectral density of the noise

S(ω) = γ2
∫
eiωt S(t) dt (A.6)

For an electronic spin bath, the noise is described by the Ornstein-Uhlenbeck process
[48, 89, 283, 284] which is Gaussian and the autocorrelation is

S(t) = b2
rms e

− |t|/τc (A.7)

and the noise spectrum

S(ω) = 2 γ2 b2
rms

1/τc
π

1
ω2 + (1/τc)2 (A.8)

The noise spectrum has two important parameters, the noise correlation time τc
and the noise power b2

rms ≡ 〈b̃2(0)〉 ≡ 〈b̃2(t)〉. The correlation time τc describes
how fast the noise fluctuates and is the characteristic decay time of the correlation.
Furthermore, 1/τc describes the cutoff frequency above which the noise spectrum
decays considerably. The noise power is given by the area of the noise spectrum

b2
rms = 1

π

∞∫
0

S(ω)dω (A.9)

These two parameters completely characterize the noise spectrum. In Figure A.2, we
plot the power spectral density (S(ω)) of two commonly encountered spin baths in
a diamond. The bath spectrum is calculated using Eq. A.8 (where 2γ2b2

rms is taken
as ∆2), with experimentally determined values for parameters ∆ and τc [258]. The
quantum probe can be protected from such environmental noise using dynamical
decoupling protocols.

One of the most frequently employed DD is the N -pulse Carr-Purcell-Meiboom-
Gill (CPMG-N) sequences comprising of N instantaneous π-pulses applied at τn =
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Figure A.1: Pulse scheme for even and odd CPMG sequence. Microwave pulse timing
and the corresponding pulse modulation functions for even and odd CPMG sequences.

T (n− 1/2)
N

, where n = 1, 2, . . . , N and T is the complete sequence duration [282].
The pulse timing of the CPMG-N scheme is depicted in Figure A.1. The Hamiltonian
in Schrodinger picture for such periodic control field is given as

Hc(t) =
N∑
n=1

πδ(t− τn)Ŝx (A.10)

The total spin Hamiltonian is then composed of the external field termH0(≈ γBŜz),
DD control term Hc and the noise term γb̃(t)Ŝz. In the interaction picture of the
control Hamiltonian,

H̃(t) = f(t)b̃(t)Ŝz (A.11)

where f(t) is the DD pulse modulation function. It starts from f(0) = +1 and
changes the sign every time the π-pulse flips the quantum probe. With every pulse
in the DD sequence, the sign of the environmental noise switches between +1 and
-1. Similar to motional narrowing, when DD pulses are applied more frequently
than the noise fluctuations b̃(t), DD effectively accelerates the noise fluctuations,
thereby suppressing the decoherence. However, when the sign flips by DD matches
the characteristic fluctuations of the noise, it enhances the effect of the noise leading
to rapid decoherence.

As described in Section 2.3.2, for static and quasi-static noise,

ϕ(T ) = b̃

T∫
0

f(t) dt (A.12)
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vanishes whenever the sequence duration T satisfies the echo condition
T∫
0
f(t)dt = 0,

thus completely eliminating static noise. On the other hand, for Gaussian noise, the
dephasing is governed by the noise autocorrelation function and the decoherence
profile of the probe is given as

C(T ) = 1
2

[
1 + e

−〈ϕ2〉
2

]
(A.13)

where

〈ϕ2〉 =
∞∫

0

S(ω)F (ωT )
ω2

dω

π
(A.14)

Here, S(ω) describes the noise spectral function and F (ωT ) is the dimensionless filter
function of the DD sequence, which is the Fourier transform of the DD modulation
function f(t)

(
2F (ωT )
ω2 = F [f(t)]2

)
. Hence, the time dependence of the quantum

probe’s spin coherence (C(T )) is a convolution of the noise spectral function and
the filter function of the employed DD sequence. The filter function for the CPMG-
N sequence is [282]

F (ωT ) = 8 sin4
(
ωT

4N

)
sin2

(
ωT

2

)
/cos2

(
ωT

2N

)
(A.15)

where the filter function is given for even N , for odd N the sin
(
ωT
2

)
is replaced by

cos
(
ωT
2

)
. For N � 1, the filter function has a peak centered at ω = (πN)/T = π/τ

(T = N τ , where τ is the pulse interval) and the bandwidth ∼ π/T . Hence, in order
to protect the quantum probe from the environmental noise, the pulses must be
applied more frequently than the noise correlation time (τc). This is equivalent to
making the filter peak frequency of π/τ > 1/τc the noise cutoff frequency. The noise
filter formalism presented here, provides a physical description of how DD in the
frequency domain mitigates the effects of decoherence caused by Gaussian noise. In
this way, the quantum probe’s coherence can be effectively protected through proper
design of noise filter sequences to minimize the overlap of the integral in Eq. A.14.

In order to understand the efficacy of the multipulse dynamical decoupling schemes,
we plot the filter function of the CPMG-8 sequence in Figure A.2. For comparison,
we also show the filter function of the FID and spin-echo protocols. As seen in the
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Figure A.2: Decoupling efficacy of dynamical decoupling protocols. Simulated noise
spectra of low and high purity diamond samples (noise parameters taken from Ref. [258])
along with the filter function of different control sequences [282].

figure, the frequency response of FID is maximum for low-frequency noise (ω ≤ T )
and attenuates high-frequency noise (ω ≥ T ), i.e., FID acts like a low pass filter with
the cutoff frequency ∼ 1/T . Hence, for quasi-static noise (noises with correlation
time τc � T ), the noise spectrum is well within the filter’s low-pass regime, thus
causing rapid inhomogeneous dephasing. As stated earlier, the overlap of the noise
spectrum with the filter function of the corresponding sequence determines the NV
spin state’s decoherence. As shown in Figure A.2, the FID sequence shows max-
imum spectral overlap, which is reflected in the short dephasing time (T ∗2 ) for these
samples. On the other hand, spin-echo and DD sequences (here CPMG-8) shows
only partial (or negligible) overlap, thus prolonging the spin coherence of the NVs.
However, the efficiency of DD sequences in enhancing the coherence time depends on
the noise correlation time. When τc � T , i.e., for fast fluctuations, DD is inefficient,
and hence T2 is not improved with increasing the order of DD (T2 ∝ N0). On the
other regime, i.e., for long correlation times (τc � T ), decoupling by DD improves
with the number of π-pulses and short inter-pulse duration T/N . In such a case,
DD prolongs the spin coherence with an improvement of T2 ∝ N2/3.

One of the major drawbacks of higher-order DD with CPMG sequence is the
effects of pulse imperfections. In the microwave control field, phase error due to
incorrect calibration of pulse lengths, frequency detuning, or amplitude fluctuations
leads to improper spin manipulation. For the CPMG sequence with N control
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pulses, these pulse errors add up and decrease the fidelity of the spin manipulation.
The detrimental effects of pulse errors can be avoided using XY-N sequences shown
in Figure A.4. Here the subsequent pulses are alternately polarized along the x-
and y- axis of the Bloch sphere. This is achieved by shifting the microwave pulse’s
phase by 90◦, and hence the pulse errors are compensated, leading to an increase in
control fidelity [225, 285].

A.3 Spectral decomposition technique

In the previous section, we described how the filter function formalism provides
a physical interpretation of Gaussian noise dephasing and its control by DD in the
frequency domain. Apart from extending the spin coherence of the quantum probe,
these pulse sequences could also be used to gain insight about the environmental
noise. The time dependence of the qubit coherence subjected to such periodic con-
trol sequences is a powerful spectroscopic tool for investigating the noise spectrum
contributing to dephasing [286, 287]. Noise spectroscopy provides an understanding
of the physical processes of environmental noise and assists in designing control se-
quences for its active suppression and the optimization of decoherence-free subspace
conditions. In this section, we give a general description of the spectral decompos-
ition technique to characterize the dynamics of the composite spin bath of the NV
spin environment.

The decoherence profile of a quantum probe under the influence of the magnetic
noise environment has the general form C(τ) = 1

2

[
1 + e−χ(τ)

]
, where χ(τ) describes

the time dependence of the decoherence process. When the system is subjected to
periodic modulations as in DD, then the decoherence functional is given as [282]

χ(τ) = 1
π

∫ ∞
0

S(ω) F (ωτ)
ω2 dω (A.16)

where S(ω) is the noise spectral function describing the coupling of the quantum
probe to the environment and F (ωτ) is the filter function of the DD sequence in
the frequency space. Hence, S(ω) can be determined from the decoherence meas-
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urements using the spectral decomposition technique [287, 288]. Eq. A.16 can be
simplified when appropriate control sequence is applied such that,

F (ωτ)
ω2τ

= δ(ω − ω0) (A.17)

then

χ(τ) = 1
π
τ S(ω0) (A.18)

The spin bath spectrum at ω0 can then be extracted by measuring the time depend-
ence of the spin coherence C(τ) subjected to spectral δ-function modulations. This
is given as

S(ω0) = −π ln [2C(τ)− 1]
τ

(A.19)

Following this technique, the complete noise spectrum of the bath can be recon-
structed by repeating the procedure for different ω0.
Noise decomposition using CPMG-N type DD sequence [289, 290] is depicted

in Figure A.3. By changing the number of π-pulses, the spectral position of the
central peak is shifted, spanning a broad spectral region. However, as seen in the
figure, the filter function of CPMG is far from the ideal δ spectral function described
above. Hence one needs to apply deconvolution protocols to correct for the finite
width of the filter function. Additionally, the central frequency of the filter function
changes with the sequence duration and the number of pulses. Also, one might
notice the presence of feeble higher harmonics in the filter function. Therefore,
reconstruction of spin bath spectral function from the decoherence data requires the
solution of a Fredholm type equation to extract S(ω). As described in Ref. [258],
to accomplish this, we assume that the noise spectral function decays to zero at
high frequency and that the filter function of DD includes only high harmonics and
negligible low-frequency artifacts. Thus the reconstruction procedure starts with the
high-frequency components of χ(ω) and follows backward by subtracting the higher
harmonics artifacts using the reconstructed S(ω) and the analytical form of the filter
function. This algorithm is applied for the reconstruction of the noise spectra for
the implanted NVs in Section 4.5.
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Figure A.3: Spectral decomposition of environmental noise using multipulse sequence.
The pulse scheme for CPMG-N sequence and the corresponding filter functions for different
orders (N) of the CPMG sequence. The first-order sampling points of the filter functions are
illustrated along with a schematic spectral density function S(ω) shown in the lower plot.

A.4 NV depth calibration technique

In this section, we give a brief description of a robust and precise method for
determining individual NV centers’ depth. The method is based on the detection
of the NMR signal of proton spins on the diamond surface. These proton spins
from the microscope objective immersion oil have well documented nuclear spin
properties. Hence as shown in Ref. [211], the interaction of the NV centers with a
statistically polarized spin bath such as the surface proton spins can be well described
analytically, and the depth of the corresponding NVs can be determined by fitting
the measured NMR signal to the modeled expression. The detection scheme for the
NMR signal of proton spins is based on the noise spectroscopy technique using the
XY8-N dynamical decoupling sequence, as described in Refs. [57–59, 93, 211, 291–
293].
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Detection of NMR signal from the nanoscale spin ensemble is fundamentally dif-
ferent from the conventional NMR techniques [3, 294–296]. For a random spin-1/2
ensemble, the instantaneous polarization (the difference between ||↑〉〉 and |↓〉) fluc-
tuates on timescales depending on the flip rates of the spins. Hence, when the
number of spins in the ensemble is reduced, these random fluctuations in the total
polarization called spin-noise exceed the mean thermal polarization. Therefore, stat-
istical polarization arises due to the incomplete cancellation of magnetic moments
within the ensemble [297]. These statistical fluctuations have variance given as

∆Ns =
√
N (A.20)

where N is the number of spins. For nanoscale detection volumes, the statistical
polarization exceed the Boltzmann polarization ∆N = N hγnB

2kBT
, where γn is the

proton spin gyromagnetic ratio, B the external magnetic field and T is the tem-
perature. The dominance of statistical polarization over thermal polarization (i.e.,

∆Ns > ∆N ) occur when the sample volume V <
1
ρN

(
2kBT
hγnB

)2

, where ρN = N
V

is the spin density. The spin density of the proton spins in the immersion oil is
ρN = 5 × 1028 m−3. Assuming standard laboratory conditions of T = 300 K and
B = 400 G, the critical volume corresponds to V ≈ 4430 µm3. However, the
experimental detection volume is much smaller than V , thus the measured NMR
signal in the following experiments originate due to statistical polarization of the
surface proton spins.

The NV’s depth determination experiments presented in Section 4.3 are performed
by measuring the variance of the fluctuating NMR magnetic field of surface proton
spins using dynamical decoupling pulse sequences. Similar to conventional NMR
experiment, we apply an external magnetic field and hence the magnetic moment
of the nuclear spins start to precess around the axis of the magnetic field with
the Larmor precession frequency νL. Although the phase and amplitude of the
NMR magnetic field vary with every repetition of the pulse sequence, its frequency
remains centered around the characteristic Larmor frequency of the target nuclei.
Note that as described above, the net magnetization of the proton ensemble over the
measurement timescales is negligible at the experimental T and B, but the variance
is non-zero and proportional to the spin bath density.
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Figure A.4: NMR detection of surface proton spins using XY8-N sequence. XY8 pulse
sequence used in the detection of the NMR signal of surface proton spins. Note that the phase
of the subsequent π-pulses are shifted by 90◦ to compensate for the pulse errors. The Larmor
precession of the surface spins produces an effective AC magnetic field, which can be detected
by the NV centers by tuning the spacing between the pulses (τ).

The NMR signals presented in Section 4.3 are acquired using XY8-N pulse se-
quences, as depicted in Figure A.4. The pulse sequence is similar to CPMG-N
protocols, composed of periodic intervals of free evolution and resonant π-pulses,
where the phase of subsequent pulses is shifted by 90◦ to compensate for pulse er-
rors. The time-dependent external magnetic field component governs the NV’s state
dynamics during the free precession interval. As described in the previous section,
XY8-N type sequences effectively protect the quantum probe from static or quasi-
static noise fluctuations. However, for fluctuations whose consecutive zero crossings
coincide with the π-pulses, the effects of the magnetic field is not canceled but in-
stead leads to a net phase accumulation. This scenario is illustrated in Figure A.4,
where the second plot represents the time-dependent magnetic field of frequency ν.
Whenever ν = 1/(2τ), the π-pulses coincide with the nodes of the oscillating field,
then in the toggling frame of the control Hamiltonian, all the peaks of the external
field are oriented in the same direction for the complete duration of the sequence.
In other words, the DD sequence rectifies (straightens) the oscillating external field
(as shown in the third plot of Figure A.4), thus causing a net accumulation of
phase. Hence for the selective detection of the NMR signal, the free evolution time
τ should match the half Larmor period of the target nuclei; otherwise, the net phase
accumulation is not appreciable.
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The net phase picked up of the NV is measured using two consecutive alternating
XY8 sequences, where the final spin state is first projected onto the |0〉 state (with
the final π/2-pulse applied around the x- axis, resulting in the fluorescence F0)
and then onto the |1〉 state (with the final π/2-pulse applied around the y- axis,
resulting in the fluorescence F1). The fluorescence signal is then normalized as
S = F0 − F1

F0 + F1
to eliminate common-mode noise such as laser fluctuations. The

NMR spectroscopy is then performed by measuring the signal contrast over a range
of free evolution times, which shows a dip in signal for a specific value of τ that
matches the Larmor period of the proton spins. The shape of the NMR induced
dip is defined by the magnetic field fluctuations of the proton ensemble and the
corresponding DD sequence’s filter function. The signal contrast is then related to
the NV phase accumulation as [282, 293]

C(τ) = 1
2

[
1 + e

−〈ϕ2〉
2

]
(A.21)

where

〈ϕ2〉 = 1
π

∞∫
0

S(ω) F (ωτ)
ω2 dω (A.22)

where S(ω) represents the spectral density of the NV phase noise originating from
the time-dependent magnetic field which is given as

S(ω) = γ2
∞∫

0

〈b(t)b(0)〉eiωtdt (A.23)

and F (ωτ)1 is the corresponding filter function of the XY8 sequence given in Eq. A.15.
The reconstruction of the noise power spectral density then follows the deconvolu-
tion of the measured coherence decay with the corresponding filter function. As
mentioned in Appendix A.2, DD’s bandwidth is determined by the complete se-
quence duration T and hence dictates the linewidth at a given frequency ν. As
seen in Figure A.5, for a fixed inter-pulse spacing, the width of the filter function

1ω = 2πν
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becomes narrower for an increasing number of π-pulses. Hence, for large number of
pulses, the filter function can be approximated by a step wise function as [59]

F (ωτ) =

2N2 ν ∈
[

1
2τ −

1
2Nτ ,

1
2τ + 1

2Nτ

]
0 otherwise

(A.24)

where the filter function has the amplitude 2N2 which is centered at the frequency
ν = 1/(2τ) with linewidth ∆ν = 1/(T ).

1.70 1.75 1.80 1.85 1.90 1.95 2.0
ν (MHz)

F
(ω

)

N = 32
N = 64
N = 128
N = 256

Figure A.5: Filter function of XY8-N sequence. The filter functions of different orders
(N) of the XY8 sequence. The figure shows the scaling of the width of the filter function
with respect to the number of π-pulses. The filter functions are modeled using Eq. A.15 for
τ = 270 ns.

The noise spectral density is then calculated from the measured echo decay signal
which takes the form

C(τ) = 1
2
[
1 + e−χ(τ)

]
(A.25)

where C(τ) is the Rabi normalized echo decay signal and χ(τ) is the decoherence
functional that encodes the phase accumulation due to the time-dependent magnetic
field. The decoherence function can be written as

χ(τ) = −ln[2 C(τ)− 1] (A.26)
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Then by using the filter function approximation given in Eq. A.24,

χ(τ) = 4γ2Nτ

π2 S(ω) (A.27)

and the power spectral density is

S(ω) = π2

4γ2Nτ
χ(τ) (A.28)
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Figure A.6: Deconvoluted magnetic noise spectrum of the surface proton spins. A.
The measured decoherence profile of a shallow NV center using the XY8-32 pulse sequence.
The plot is centered around the half Larmor period of the proton spins. B. Filter functions of
different orders of the XY8 pulse sequence. C. The magnetic noise spectrum of the surface
proton spins is obtained by deconvolution of the filter function of the pulse sequence. Figure
based on Ref. [58].

Using the spectral decomposition technique described here, we calculate the power
spectral density S(ω) = S(2πν). The spectral decomposition technique is pictorially
depicted in Figure A.6.

The depth of the NVs can be determined from the calculated S(ω), whose inverse
Fourier transform gives the magnetic field fluctuations. That is

b2
rms = 2

∞∫
0

S(ω)dω (A.29)
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where ω = 2πν. Hence b2
rms can be obtained by fitting the noise spectral density

with the Lorentzian function of the form

L(A, ν,∆ν, ν0) = A

π

(∆ν/2)
(ν − ν0)2 + (∆ν/2)2 (A.30)

where ∆ν is the linewidth, ν0 is the frequency of the center peak and A is the area
bellow the peak. Therefore

b2
rms = 2A (A.31)

In order to calculate the depth of the NV centers, we first derive the expression for
the magnetic field fluctuations caused by proton spins on the diamond surface in
the vicinity of a shallow NV center.

b̃z(t) =
∑
j

Dj[3ujxujzIjx(t) + 3ujyujzIjy(t) + (3ujzujz − 1)Ijz (t)] (A.32)

where the NV is coupled to j proton spins at the position given by the distance rj
and the unit vector uj. Dj represents the coupling factor which is µ0~γn

4πr3
j

where γn
is the gyromagnetic ratio of the proton spins and rj is the distance between the NV
and the jth proton spin. Ijx,y,z are the nuclear spin operators. For brevity, in the
rest of the analysis we drop the superscript j. The correlator function of the NMR
magnetic field can then be written as

〈b̃z(0)b̃z(t)〉 =
(
µ0~γn
4πr3

)2 [(
3u2

z − 1
)2
〈(Iz)2〉+ 9u2

z

(
u2
x〈(Ix)2〉+ u2

y〈(Iy)2〉
)]

(A.33)

where 〈(Ii)2〉 = I
3(I + 1) = 1/4 for randomly oriented I = 1/2 nuclear spins. The

NMR magnetic field correlator can be separated into transverse and longitudinal
components with respect to the NV axis as

〈b̃z(0)b̃z(t)〉⊥ = 1
4

(
µ0~γn
4πr3

)2 [
9u2

z

(
u2
x + u2

y

)]
(A.34)
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and

〈b̃z(0)b̃z(t)〉‖ = 1
4

(
µ0~γn
4πr3

)2 [(
3u2

z − 1
)2
]

(A.35)

As given in Ref. [211], the longitudinal correlator does not contribute to the final
signal since the DD sequence is insensitive to static fields. For liquid samples as the
immersion oil, the position of the proton spins vary on the timescales much faster
than the DD sequence length. Hence, the proton spin density is assumed to be
continuously distributed on the diamond surface.

〈b̃z(0)b̃z(t)〉⊥ = 9ρn
4

(
µ0~γn

4π

)2 ∫ 2π

0

∫ π/2

0

∫ ∞
dNV/cos(θ)

u2
z (1 − u2

z)
r4 sin(θ)drdθdϕ (A.36)

where dNV is the depth of the NV below the diamond surface, θ and ϕ defines
the polar and azimuthal angle with arbitrary origin. The NV axis points along
a direction z = [sin(α)cos(β), sin(α)sin(β), cos(α)]. Evaluating the expression in
Eq. A.36 yields

b2
rms = 9ρn

4

(
µ0~γn

4π

)2 {
π [8 − 3 sin4(α)]

288d3
NV

}
(A.37)

The nuclear spins on the diamond surface is semi-infinite only laterally but vertically
has a finite height, then Eq. A.37 can be rewritten as

b2
rms = ρn

(
µ0~γn

4π

)2 {
π [8 − 3 sin4(α)]

128

}
×
[

1
d3
NV

− 1
(dNV + h)3

]
(A.38)

For a [001] diamond samples, the NVs are oriented at α = 54.7◦ then b2
rms simplifies

to

b2
rms = ρn

(
µ0~γn

4π

)2 ( 5π
128

)
×
[

1
d3
NV

− 1
(dNV + h)3

]
(A.39)
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In the case of sensing proton spins from immersion oil, the sample height h is
relatively large, hence

(
1

(dNV +h)3

)
can be neglected. The NV depth is then given as

dNV =
[

1
b2
rms

5
1536π (ν0~γn)2ρn

]1/3

(A.40)

The NV depth reported in Section 4.3 are calculated using this method.
Finally, in the above description of the decoherence functional, we have ignored

the contribution of nuclear spin dephasing on the lineshape of the NMR signal.
This is a valid assumption in the limit of infinite T ∗2n. The NMR signal strength
only depends on the NV properties and the applied pulse sequence. More precisely,
it is determined by the NV depth and the DD sequence duration T . The signal
strength depends inversely on NV depth and directly on T . Hence for deeper NV
centers, longer pulse sequences are necessary to extract the NV depth confidently.
The assumption of infinite T ∗2n is only valid if the pulse sequence duration is shorter
than T ∗2n. When the DD sequence duration increases, the detection bandwidth
decreases and for sufficiently long T , the NMR signal broadens due to nuclear spin
diffusion or dephasing and hence for proper depth estimation of deeper NVs, one
need to adapt the equation given in Ref. [211].
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B.1 Abbreviations

AC alternating current
AFM atomic force microscope
AHT average Hamiltonian theory
APD avalanche photodiode
CCD charge coupled device
CPMG Carr, Purcell, Meiboom, Gill sequence
C-TRIM Crystal-Transport of ions in matter
CVD chemical vapour deposition
CW continuous wave
DC direct current
DD dynamical decoupling
dd dipole-dipole interaction
DEER double electron-electron resonance
DQT double quantum transition
EB electron beam
EPR electron paramagnetic resonance
ESR electron spin resonance
ESEEM electron spin echo envelope modulation
ESLAC excited state level anti-crossing
fcc face-centred cubic
FFT fast fourier transform
FIB focused ion beam
FID free induction decay
FWHM full-width at half-maximum
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GSLAC ground state level anti-crossing
HPHT high pressure high temperature
HWP half-wave plate
IR infrared (0.7 - 1000 µm)
ISC intersystem crossing
LED light emitting diode
MRFM magnetic resonance force microscopy
MRI magnetic resonance imaging
MW microwave
NA numerical aperture
ND neutral density
NMR nuclear magnetic resonance
NV nitrogen-vacancy
NVH nitrogen-vacancy-hydrogen
OD optical density
ODMR optically detected magnetic resonance
P1 center substitutional nitrogen defects
PECVD plasma enhanced chemical vapor deposition
PL photoluminescence
PMMA polymethyl methacrylate
ppm parts per million
PSB phonon sideband
SEDOR spin-echo double electron resonance
SEM scanning electron microscope
SIL solid immersion lens
SIMS secondary ion mass spectrometry
SNR signal-to-noise ratio
SQT single quantum transition
SQUID superconducting quantum interference devices
SRIM Stopping and Range of Ions in Matter
ST1 Stuggart 1
STED stimulated emission depletion
UV ultraviolet (0.1 - 0.4 µm)
WAHUHA Waugh, Huber, Haberlen
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B.2 Symbols

ZFS zero-field splitting
ZPL zero-phonon line

B.2 Symbols

ge electron spin g-factor: -2.0023
for NV center spin: -2.0028

gn nuclear spin g-factor
µ0 vacuum permeability: 4π × 10−7 Vs/(Am)
µB Bohr magneton: 9.27400968(20) × 10−24 J/T
µn nuclear magneton: 5.05078324(13) × 10−27 J/T
γe electron spin gyromagnetic ratio

γe µB
~ : 2π 2.803 MHz/G

γn nuclear spin gyromagnetic ratio
DGS ground state ZFS: 2870 MHz
DES excited state ZFS: 1420 MHz
h Planck constant: 6.62606957(29) × 10−34 Js
~ h/2π : 1.054571726(47) × 10−34 Js
H Hamilton Operator
kB Boltzmann constant: 1.38064852(79) × 10−23 J/K
T1 relaxation time
T2 coherence time (measured with Hahn-Echo)
T ∗2 dephasing time

σx, σy, σz =
0 1

1 0

 ,
0 −i

i 0

 ,
1 0

0 −1



Sx, Sy, Sz = h√
2


0 1 0
1 0 1
0 1 0

 , ih√2


0 −1 0
1 0 −1
0 1 0

 , h


1 0 0
0 0 0
0 0 −1
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