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Abstract

In recent years negatively charged nitrogen-vacancy (NV) color centers in dia-
mond have garnered much interest as solid-state quantum sensors for magnetic
fields, electric fields, and temperature. These centers are described as two-
electron system, whose spin state can be optically initialized, read out, and
coherently manipulated, rendering it as an outstanding quantum sensor, even
at room temperature. In this work we explore the use of NV ensembles as
magnetometer platforms, which promises sensitivities exceeding those of single
centers. Our work covers both common optical readout techniques, i.e. record-
ing of the emitted fluorescence or measuring the absorption of infrared light,
with a focus on the latter. Furthermore, we investigate the enhancement in
sensitivity by multiple internal reflections of the optical fields within a two-
dimensional diamond waveguide which increases the interaction path length.
These monolithic waveguide structures have the advantage of simpler exper-
imental realization over cavity based setups. Additionally, the experimental
findings are corroborated by a semi-empirical rate equation model that takes
into account all available setup and sample parameters. In course of this work,
we demonstrate sensitivities ranging into the sub-nT/

√
Hz regime, being com-

petitive with state-of-the-art demonstrations.
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Zusammenfassung

In den letzten Jahren haben negativ geladene Stickstoff-Fehlstellen (NV) Far-
bzentren in Diamant viel Interesse als Festkörper-Quantensensoren für Mag-
netfelder, elektrische Felder und Temperatur geweckt. Diese Zentren wer-
den als Zwei-Elektronen-System beschrieben, deren Spinzustand optisch ini-
tialisiert, ausgelesen und kohärent manipuliert werden kann, was sie zu einem
hervorragenden Quantensensor macht, insbesondere auch bei Raumtemper-
atur. In dieser Arbeit untersuchen wir die Verwendung von NV-Ensembles als
Magnetometerplattformen, deren Empfindlichkeiten potentiell die von einzel-
nen NV-Zentren übertreffen können. In der vorliegenden Arbeit werden die
beiden gängigsten optischen Detektionstechniken verwendet, d.h. Messung
der emittierten Fluoreszenz oder der Absorption infraroten Lichtes, wobei der
Schwerpunkt dieser Arbeit auf der zweiten Technik liegt. Darüber hinaus un-
tersuchen wir die Verbesserung der Empfindlichkeit, durch mehrfache interne
Reflexionen der optischen Felder im zweidimensionalen Diamant-Wellenleiter-
Strukturen, was die Wechselwirkungslänge deutlich erhöht. Diese monolithis-
chen Wellenleiterstrukturen können im Vergleich zu Resonator-basierten Auf-
bauten wesentlich leichter experimentell implementiert werden. Zusätzlich wer-
den die experimentellen Ergebnisse durch ein semi-empirisches Ratengleichung-
smodell untermauert, welches alle verfügbaren Parameter der Proben und des
Aufbaus berücksichtigt. In dieser Arbeit zeigen wir Empfindlichkeiten für Mag-
netfeldmessungen, welche die bis in den sub-nT/

√
Hz-Bereich reichen und damit

konkurrenzfähig mit weiteren Experimenten auf dem aktuellen Stand der Wis-
senschaft sind.
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1 Introduction

Since the advent of quantum mechanics in the early twentieth century, it has
always been a pressing question whether this knowledge of atomic and sub-
atomic world can be put into concrete applications. On the one hand quantum
mechanics helped to enhance the understanding of atomic world, on the other
hand its primary applications were seen in the development of lasers, transistors
etc. These advances paved the way for the development of modern computers
as well as the information technology [1]. In fact, modern human society is
completely dependent on these technologies. In the recent years researchers are
pushing the boundaries of application of quantum mechanics. The most popu-
lar and sought after direction in which academic research and several industries
are going right now is the development of quantum computer, quantum com-
munication, and quantum information processing [1, 2, 3]. In this context, in
recent years researchers have realized that another most prominent and imme-
diate application of quantum mechanics is to use quantum mechanical systems
as sensors. The basic principle for using such systems as sensors lie in the fact
that these systems are highly sensitive to external fields. Any tiny disturbance
in the “environment” due to external fields affects the quantum mechanical
system.

These systems are named “quantum sensors” as they exploit the basic prin-
ciple of quantum mechanics to sense wide range of physical quantities such
as magnetic fields, electric fields, temperature, strain, pressure etc [4, 5, 6, 7].
This nomenclature is used exclusively to distinguish these class of sensors from
classical sensors [1, 4], where the quantum mechanical principles are not used.
Research in the field of atomic physics, nuclear magnetic resonance, and high
resolution spectroscopy over few decades in the twentieth century aiding the
present rapid development in this field [4]. The present state of the art research
is mainly focusing on the possibility to enhance the sensitivity and resolution
as well as miniaturization of these sensors such that it can be used in various
fields. For everyday use of quantum sensors in the field of medical sciences,
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1 Introduction

aviation industry, automobile industry or in space technology all these aspects
have to be taken care of [8, 9].

Quantum Sensing

By definition quantum sensing can be of three types. A system can be called
“quantum sensor” if the working principle of that sensor falls under any of the
following categories [4] : i) a quantum mechanical system is used as a sensor or
ii) fundamental quantum mechanical principle such as quantum entanglement is
used for sensing purpose or iii) inherent quantum coherence time of a quantum
system is used to measure a physical quantity. The quantum mechanical system
which is used as a sensor is characterized by quantized energy levels. When the
quantum coherence time is used to measure a physical quantity in the type iii)
quantum sensors, superposition states of the quantum mechanical system are
exploited. The physical quantity which is sensed by this class of sensors can be
classical or quantum in nature.

Degen et al. [4] have listed four necessary criteria for a quantum mechanical
system which can be used for quantum sensing. These set of criteria is analogous
to the DiVincenzo criteria for quantum computation [10]. Out of four, three are
original DiVincenzo criteria while the fourth one is specific to quantum sensing.
The criteria are as follows:

1. “The quantum system has discrete, resolvable energy levels. Specifically,
we assume it to be a two-level system (or an ensemble of two-level sys-
tems) with a lower energy state |0〉 and an upper energy state |1〉 that
are separated by a transition energy E = ~ω0.”

2. “It must be possible to initialize the quantum system into a well-known
state and to read out its state.”

3. “The quantum system can be coherently manipulated, typically by time-
dependent fields. This condition is not strictly required for all proto-
cols; examples that fall outside of this criterion are continuous-wave spec-
troscopy or relaxation rate measurements.”

4. “The quantum system interacts with a relevant physical quantity V (t),
such as an electric or magnetic field. The interaction is quantified by a
coupling or transduction parameter of the form γ = ∂qE = ∂V q which
relates changes in the transition energy E to changes in the external
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parameter V . In most situations the coupling is either linear (q = 1) or
quadratic (q = 2). The interaction with V leads to a shift of the quantum
system’s energy levels or to transitions between energy levels.”

Several quantum mechanical systems are being investigated as quantum sensors
which exploit the above mentioned properties such as, Atomic vapors [5, 11],
MRFM (magnetic resonance force microscopy) [12], Trapped ions [13], Rydberg
atoms [14], Atomic clocks [15], NMR (nuclear magnetic resonance) ensemble
sensors [16], NV (nitrogen vacancy) ensemble sensors [8, 9], Superconducting
circuits such as SQUID [17] and Superconducting qubits [18] etc. Among these
quantum sensors, in recent years nitrogen vacancy (NV) color centers in dia-
mond [9] have attracted lots of research interest as quantum sensors [19]. These
atomic size color centers can exist in three charge states; NV-, NV+, and NV0.
Out of these three charge states only the negatively charged NV centers (NV-)
are used as quantum sensors or in quantum information processing [20, 21, 22].
For convenience in this work we refer the NV- center as NV center unless stated
otherwise. NV centers in diamond qualify for all of the above mentioned crite-
ria for a quantum sensor. Interest in NV based sensors increased due to several
reasons such as its excellent spin properties at room temperature along with
its photostability [23, 24]. Due to the fact that single NV centers are of atomic
size (angstrom-scale), with these sensors ultra-high-resolution sensing is possi-
ble [25]. Apart from these reasons, research in the field of NV centers rapidly
over the last years increased as working with these systems does not require
much technical complexity. NV spin states can be optically initialized by a
single free-running solid-state green laser mostly at 532 nm wavelength. To
readout the NV spin state either the spin state dependent fluorescence signal
is collected or spin state dependent absorption of an infrared laser is mea-
sured. Apart from these optical detection methods photoelectric detection of
NV spin state is possible [26]. Other than the optical and the electrical spin
readout protocols, nuclear-assisted readout and spin-to-charge conversion read-
out techniques are also used to readout the NV spin state [27]. The spin state
is coherently manipulated by microwave signal. NV based sensors can operate
under ambient conditions therefore no cryogenics or vacuum system is required.

NV center as magnetometer

This work is focused on NV magnetometry therefore we discuss the historical
background of NV centers as magnetometer first before explaining the basics

3



1 Introduction

of NV physics. From the historical point of view, the NV color center in dia-
mond was first observed by du Preez in 1965 [28, 29]. In 1997 Gruber et al.
performed magnetic resonance experiments with individual NV centers at room
temperature by using scanning confocal microscope [30] and in 2000, Kurtsiefer
et al. proved that NV centers are single photon sources by measuring second
order autocorrelation function (g(2)(τ)) for a single NV center [31]. In 2004,
Jelezko et al. performed coherent manipulation and optical readout of NV spin
state [32, 33]. These experiments led the way for single electron spin resonance
(ESR) experiments with NV centers.

Around year 2008, the NV center was first proposed and demonstrated to be
used as magnetometer by Taylor et al. [34], Degen et al. [35], and Maze et al.
[36]. Following these experiments, NV magnetometer based on single NV center
or ensemble of NV centers became a prime research area [8, 9, 24, 36, 37, 38].
NV sensors can be employed to sense DC and AC signals. For DC signal sensing
it measure signals that are slowly varying with a bandwidth from DC up to 100
kHz [39, 40, 41]. Thus, due to broadband operation these sensors are called
broadband NV sensors. In the AC sensing protocol, it is possible to measure a
time-varying signal with frequencies up to GHz regime, in principle these signal
are narrowband in nature [42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56].

As stated before, the use of single NV centers as sensor may yield high spatial
resolution [25, 57, 58]. In contrast to that, using ensembles of NV centers can
enhance the signal-to-noise ratio thus increases the sensitivity by the virtue
of statistical average over multiple NV spins. In some applications where the
requirement does not demand high spatial resolution but high sensitivity, the
use of NV center ensembles is advantageous [59]. NV magnetometers with
high NV concentration can be used for high-sensitivity measurements as wide-
field magnetic imaging sensors or vector magnetometer [19]. In a diamond
sample the single NV center’s symmetry axis lies along one of the four <111>
crystallographic orientations. Therefore in an ensemble of NV centers there
is an equal probability to have NV centers whose symmetry axes distributed
along all four crystallographic orientations. Each of these classes of NV in
each orientation is sensitive to different magnetic field components. Due to this
fact magnetometers based on ensemble of NV centers can provide full vector
magnetic field sensing [34, 36, 41, 47, 60, 61, 62, 63].

Apart from the most common scheme for NV magnetometry which is based
on spin state detection by collection of NV fluorescence there is another optical
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detection protocol for NV based magnetometry. This scheme is based on the
spin state dependent infrared absorption measurement in a NV ensemble. This
technique was first demonstrated by Acosta et al. [64]. A high NV concentra-
tion is required to perform this protocol for NV magnetometry as the infrared
transition absorption cross section is very small. An improved version of this
protocol uses cavity based path length enhancement to increase the interaction
path length [65, 66, 67]. Other than employing an optical cavity an alterna-
tive way for infrared absorption magnetometry is to use diamond waveguide
structures. In these structures the optical path length is increased by means
of multiple total internal reflections of the optical beams inside the diamond
waveguide as shown by Bougas et al. [68]. This approach was adapted from the
work of Clevenson et al. [69], where they used a similar approach for enhanc-
ing the sensitivity by means of increasing the sensing volume for fluorescence
magnetometry.

NV center based quantum sensors have been used in many examples of ap-
plied or fundamental research, such as sensing temperature [70, 71], pressure
[7], strain [72], and electric fields [6]. They have been used to probe geological
samples [73], meteorite composition [74], and paleomagnetism [75]. Scanning
NV center magnetometry is used to explore fundamental problems of condensed
matter physics [76]. In biological applications NV based sensors stand out as
diamond is bio compatible [77, 78]. Magnetic imaging of single living cells or bi-
ological tissue with sub-cellular resolution has been performed with NV sensors
[46, 60, 63] as well as detecting single protein [79]. Barry et al. [40] performed
experiment to sense single-neuron action potentials by the use of ensemble NV
magnetometer.

There are several advantages of NV center based magnetometer compared to
other magnetometers. First, the NV center in diamond is an atom like defect
center embedded in the diamond lattice therefore localized on a sub-nanometer
length scale [8]. For this reason, magnetometers based on single-NV center
can achieve a spatial resolution of sub nanometer scale and a sensitivity in the
nT/

√
Hz regime [25, 58], in room temperature. Compared to NV based mag-

netometers, superconducting quantum interference devices (SQUID) [17] can
reach a sensitivity in the fT/

√
Hz regime in cryogenic temperature but not the

spatial resolution achieved in NV magnetometers. Quantum sensors such as
magnetic resonance force microscopes (MRFM) [12] can offer a spatial resolu-
tion and a sensitivity (nT/

√
Hz) in nanoscale regime. However it needs large
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1 Introduction

magnetic field gradient as well as cryogenic temperature [12]. An atomic vapour
magnetometer [11] can reach a sensitivity of 1 fT/

√
Hz in room temperature

but the spatial resolution is few mm.
Another advantage of NV magnetometers is, its high magnetic field sensitivity

with a small sensing volume. In the work of Le Sage et al. [37] a sensitivity of
100 pT/

√
Hz was achieved with a sensing volume of 10-4 mm3. Single-neuron

action potential has been detected by Barry et al. [40] with a sensing volume
of (13 × 200 × 2,000) mm3, where the achieved sensitivity was 15 pT/

√
Hz.

These characteristics of NV magnetometers to reach high sensitivity with small
sensing volume in room temperature paving the way for practical applications
[80]. Recently Stüner et al. [81, 82], demonstrated an integrated and portable
NV magnetometer.

This dissertation focuses mainly on infrared absorption based magnetometry
with NV centers. As stated in the previous paragraph, for infrared absorption
magnetometry it is necessary to use ensemble of NV centers. In our work
therefore we use bulk diamond samples enriched with NV centers. It is also
crucial to enhance the optical interaction path length which effectively increases
the sensing volume of the magnetometer. For our experiments we use diamond
waveguide structures where the optical beams undergo multiple total internal
reflections from the diamond sidewalls. With different interaction path lengths
and different NV concentrations we investigate the magnetic field sensitivity
of our magnetometers. We further investigate fluorescence magnetometry with
the same samples for bench marking of the absorption magnetometry.

Thesis Outline

In chapter 2 the discussion is mainly focused on diamond as a host material for
the nitrogen vacancy (NV) center and on the physical properties of NV centers
in sections 2.1 and 2.2 respectively. In section 2.3, a description of the spin
dynamics of NV centers is given. As quantum sensors NV center possess char-
acteristic quantum coherence times which are intrinsic to the NV spin system.
These characteristic coherence times play crucial roles to determine the sensi-
tivity of NV based sensors and we give a broad overview in the section 2.4. In
chapter 3, different magnetometry methods based on ensemble and single NV
center magnetometry are discussed to give an overview of NV magnetometry
and compare the advantages and disadvantages of the individual schemes. A
discussion regarding the sensitivity and the limiting factors for sensitivity is
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also provided in this chapter.
Chapter 4 is dedicated to the discussion of the semi-empirical NV center rate

equation model. This is used as a theoretical framework for the experimental
results presented in this thesis. It takes into account all the sample and setup
parameters used in our experiments.

The experimental method and the experimental set up are described in chap-
ter 5. In this chapter the discussion is focused on the experimental method we
use to measure magnetic fields which is continuous wave optically detected
magnetic resonance (CW-ODMR) for infrared absorption based magnetome-
try and fluorescence magnetometry. Along with the experimental method here
we also discuss the experimental setup and the choices of specific electronic
instruments and optical elements. In chapter 6 the discussion is on the ex-
perimental results obtained with fluorescence magnetometry on different sam-
ples with varying NV concentrations. Along with the magnetometry results
obtained with fluorescence magnetometry, in section 6.1 provides the magne-
tometer characterization results. These set of experiments were performed to
characterize our magnetometers in different phases of our experiments to op-
timize the magnetometry performances. Chapter 7 analogously provides the
results obtained from infrared absorption magnetometry. Future possible ex-
periments to enhance the magnetic field sensitivity are discussed in the chapter
8. Chapter Appendices provides the appendices where we discuss on the at-
tempt to build a monolithic ring cavity for infrared absorption magnetometry.
Other appendices are providing determination of beam waist with sharp knife
edge method and details regarding sample orientation for hyperfine coupling
experiments, and path length calculation.
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2 Nitrogen-Vacancy Centers in
Diamond

The experimental results, which are presented in this work have been performed
with nitrogen-vacancy (NV) color centers in diamond. The above mentioned
amazing properties of the NV center make this color center in diamond a very
good candidate for sensing of magnetic field, electrical field, temperature shift
and crystal strains [6, 24, 71, 83, 84]. In this chapter the discussion is about
the host material for NV center, which is diamond (section 2.1), how synthetic
diamond is grown for experimental purpose, creation of NV centers in synthetic
diamond and its properties (section 2.2), and finally the spin dynamics along
with characteristics times of NV center itself (section 2.3 and 2.4).

2.1 Diamond

Since long diamond has amazed humans due to its lustre as a beautiful gem-
stone. But, it is not just the lustre, which makes diamond a fascinating gem-
stone. The other physical properties such as extraordinary hardness or high
thermal conductivity makes it interesting for scientists and engineers. Because
of these physical properties, diamond has application in polishing, grinding, as
heat sink or in high power electronic devices [85, 86, 87].

To understand these physical properties of diamond we have to look into
the crystal structure of diamond. The sp3- hybridized carbon atom has four
valence electrons each, which form a covalent bond with the valence electrons of
neighboring atoms. This covalent bond has an angle of 109.5° and the distance
between adjacent atoms of 1.54 Å. These conditions result in a face centered
cubic (fcc) unit cell, which has a lattice constant of 3.57 Å and basis of {(0, 0,
0), (1/4, 1/4, 1/4)} (Refer to figure 2.1) [88].

This strong covalent bond, which forms the unit cell of diamond makes the
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Figure 2.1: Diamond Lattice and carbon phase diagram. In figure a)
the schematic diagram of diamond lattice is shown. The diamond
lattice constant 3.57 Å is shown with black arrow and text and the
distance of the two adjacent carbon atoms is shown in red arrow
and text. In figure b) the carbon phase diagram is plotted to show
the natural conditions for diamond growth as well as the stable and
unstable conditions to grow synthetic diamonds (both HPHT and
CVD grown diamonds). The graph in figure b) is recreated with
values adapted from [85]

material very rigid and hard. Diamond is the naturally occurring hardest ma-
terial available on earth. In Mohs scale of hardness diamond has the highest
rating of 10. Due to this strong covalent bond and the high energy phonons,
diamond also has high specific heat of 2240 K and very high thermal conductiv-
ity of 2200 Wm-1K-1. Diamond has a bandgap of 5.48 eV (wavelength of 226.25
nm), which makes the material a wide band gap semiconductor as well as op-
tically transparent for the entire visible range of light (wavelength in between
400 nm to 800 nm) [88]. The lustre of polished diamond comes from the fact
that it is transparent for the visible range of light as well as it has a very high
refractive index of 2.42 [88].

Natural diamond is formed near the earth’s mantle; which is around 200
km deep inside earth; in extreme temperature and pressure conditions. In this
condition, the pressure and temperature is typically in the range of 7 - 8 GPa
and 1400° C - 1600° C respectively [85], which is stable condition for diamond
in the carbon phase diagram (Refer to figure 2.1 b)). At ambient conditions
graphite is the stable allotrope of carbon and diamond is metastable allotrope
of carbon, as it can be seen in the carbon phase diagram 2.1. Still diamond is
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2.1 Diamond

considered stable at ambient conditions due to the fact that, the diamond to
graphite conversion is extremely slow under these conditions due to high energy
barrier of 728 kJ/mol [85].

Due to the fact that the diamond lattice is very rigid, it is unlikely for other
atom impurities to enter the lattice. However, depending on different growth
conditions, natural diamonds can have impurities of nitrogen or boron atoms,
which are of about the same size of carbon atoms. These impurities inside dia-
mond lattice lead to different color of the diamond, due to specific absorption
lines or bands [89]. While abundance of nitrogen impurities make the diamond
appear as yellow, boron impurities turn diamond more into blue colored stone.
The natural occurrence of nitrogen and boron and their difference in concen-
tration in a diamond has led to classification of diamond into sub-classes. This
modern classification of diamond was first done by Dyer et al. in 1965 [90].
Main four sub-classes of diamonds are following

1. Type Ia: This type of diamond has a high nitrogen concentration of
around 500 – 3000 ppm (non-paramagnetic aggregates of nitrogen).

2. Type Ib: This type of diamond has a nitrogen concentration of around
40 – 100 ppm (single substitutional nitrogen atoms).

3. Type IIa: This type of diamond has a low nitrogen concentration of ∼
1 ppm and lower.

4. Type IIb: This type of diamond has a low nitrogen concentration of ∼
1 ppm and lower, but boron is main impurity here (1017cm-3, in natural
diamond)

Synthetic Diamonds

Due to above mentioned special optical and physical properties of diamond,
there have been a special industrial effort to manufacture synthetic diamonds.
These efforts started since 1880 onward. Scientists, such as J. B. Hannay, Sir
Charles Parson tried to make synthetic diamonds by various means. The first
successful method to produce artificial diamond was demonstrated by F. P.
Bundy et al. of General Electric Company in 1955 [91]. These synthetic dia-
monds are used not only in scientific and technical research and applications but
also as gemstones. The techniques to produce artificial diamonds got perfected
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by the middle of twentieth century, from thereon more and more such artifi-
cial diamonds are being produced for several purposes. There are mainly two
way to produce synthetic diamonds, namely High Pressure High Temperature
(HPHT) synthesis and Chemical Vapour Deposition (CVD).

High Pressure High Temperature synthesis

Historically the first production of artificial diamonds was done by High Pres-
sure high temperature (HPHT) synthesis by Bundy et al. in 1955. In this
process, as the name suggests, high pressure and high temperature conditions
are used as it is present during natural growth of diamond. To reach the high
pressure high temperature conditions they used pressure vessels, which they
operated at pressures up to 10 GPa with temperatures more than 2000°C [91].
From the phase diagram of carbon (figure 2.1 b)), it is evident that at such
conditions, diamond is thermodynamically stable. The diamonds which are
grown under HPHT conditions are found to be enriched with nitrogen impuri-
ties thus leading to the growth of Ib diamonds. This happens due to less control
over the parameters during growth process and is one of the disadvantages of
HPHT growth of synthetic diamond [85]. In applications where the the purity
of diamond is not that critical, HPHT diamonds are typically still preferred
[92].

Chemical Vapour Deposition

Another popular method to grow diamond is the Chemical Vapour Deposition
(CVD) synthesis. Compared to stable regime of phase transition in HPHT
synthesis of diamond, in CVD synthesis the growth regime is metastable [85, 93].
Therefore, in the CVD synthesis, growth of diamond is governed by kinetics
rather than thermodynamics . In CVD process, first a diamond seed crystal is
placed on a heater inside a growth chamber. The surface of that seed diamond
serves as a growth substrate. The heater inside the growth chamber is heated
typically to the range of 700 – 1300°C, while the pressure is kept around 30 mbar
[92]. For this process of diamond growth, chemical activation of the gaseous
reactants (mainly hydrogen and a few percentage of methane) is required. This
activation process of the gaseous mixture is achieved by plasma activation. On
that account the reactants are irradiated with microwave radiation of several
hundred Watts, generating a plasma of the gas mixture. Therefore this synthesis
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2.2 Nitrogen-Vacancy center

process is often named microwave plasma-activated chemical vapour deposition
(MPCVD) [85, 86, 93].

The gas mixture which consists of mostly hydrogen (H2) and 0.5 % - 5 % of
methane (CH4) is heated up by the microwave radiation, eventually reaching
temperatures at which the gas mixture turns into a plasma. The hydrogen
in the plasma converts into highly reactive atomic hydrogen (H) which etches
graphite from the diamond surface. This step is crucial as the synthesis happens
in a regime where graphite is the stable allotrope of carbon instead of the
desired diamond. Etching of the diamond surface by the atomic hydrogen leads
to formation of dangling carbon bonds. These dangling bonds can be either
terminated by hydrogen atoms or the carbon atom of a CH3 radical, where
the latter is created from the CH4 in the plasma. By this process then the
diamond slowly grows in layers. It has been shown by Mizuochi et al. [94] that
using deuterium instead of hydrogen in the gas mixture can indeed improve the
sample quality even more.

As the quality of gas mixture can be highly controlled, the CVD process
leads to production of high quality pure diamond (mostly of Type IIa) com-
pared to HPHT process. CVD method can also provides the opportunity to
perform isotopically controlled growth. Samples consisting of up to 99.997%
12C atoms, with nitrogen content as low as 4 ppb [95] were produced by using
isotopically enriched methane. Recently diamond samples with 99.999% ,12C
enriched atoms have became available and were used in sensing experiments
with nitrogen-vacancy center [96].

2.2 Nitrogen-Vacancy center

The nitrogen-vacancy (NV) center in diamond crystal is a stable defect center
consisting of a substitutional nitrogen atom and a vacancy on an adjacent
lattice site [8, 9]. The defect has a symmetry of C 3v with the symmetry axis of
the defect oriented along one of the four possible body diagonals 〈111〉. Both
the substitutional nitrogen and the vacancy lie on the symmetry axis of the
nitrogen-vacancy center. Thus, depending on the crystallographic orientation
of the NV center it could be classified in four classes of NV for convenience
of description while working with ensemble of NVs in a diamond (e.g. Class
A, Class B, Class C, Class D of NV). These four classes of NV have the same

13



2 Nitrogen-Vacancy Centers in Diamond

Nitrogen

Carbon

Vacancy

Figure 2.2: NV center schematic diagram.This figure shows the simple
schematic diagram for NV center. Blue spheres represent carbon
atoms, red and brown spheres represents nitrogen atom and va-
cancy respectively.

spin and optical properties. In an ensemble there is equal probability to find
these four classes of NVs. The NV centers in diamond can exist in three charge
states namely NV-, NV0, and NV+[97]. Before we are going to further discuss
the properties of NV- center in more details, here the process of creating NV
centers in diamond is discussed briefly.

Nitrogen-Vacancy center generation

The nitrogen-vacancy (NV) centers in diamond can be found in natural dia-
monds, where the concentration of nitrogen impurity is high. In synthetic dia-
mond, during the growth of diamond in HPHT or in CVD process NV centers
can form inside diamonds. For industrial applications or in research these CVD
or HPHT grown diamonds with NV centers in it are used. There are mainly
two ways to form NV centers in synthetic diamond. One way is implantation
of nitrogen ions in CVD or HPHT diamonds, followed by an annealing pro-
cess and the other way is incorporating NV centers inside the diamond during
the growth process. The later process is mainly used in CVD grown synthetic
diamond. Both of these processes are discussed briefly in the following text.

Ion implantation and annealing process

NV centers can be created in diamond by implanting ions and successive an-
nealing of the implanted diamond. For ion implantation either N+ or N2

+ ions
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2.2 Nitrogen-Vacancy center

are used. In this process different parameters can be varied to create desired
diamond samples with desired NV vacancy concentration or to create NV im-
planted layer at different depths of the diamond samples depending on the
application. For example, depending on the implantation energy, implanted
layer is created at different depths of the diamond. NV layers can be created
very near (few nm) to the surface of the diamond, e.g. for applications in
quantum sensing [38, 42, 76]. In some application though it is more impor-
tant to have a specified concentration of NV centers in the diamond, which
can be achieved by varying the implantation time and ion fluence accordingly.
Naturally abundant isotope of nitrogen is 14N (99.6%), therefore to distinguish
the implanted ion species of nitrogen from the substitutional nitrogen which
was present during the diamond synthesis process often ions of 15N isotope is
implanted [98, 99, 100]. The optically detected magnetic resonance spectrum
gets influenced by the nuclear spin of the substitutional nitrogen; from these
experiments (see section 2.3.1) it is possible tell the nitrogen isotope which is
mostly present in the diamond sample. Therefore in many cases, isotopes of
nitrogen (14N and 15N) which is implanted is varied, to distinguish the natu-
rally abundant nitrogen isotopes from the implanted nitrogen in the diamond
samples.

The implantation process plays two major roles in forming NV centers in
diamond. First, it introduces the substitutional nitrogen in the diamond and
second, it creates vacancies by damaging the diamond crystal. After the im-
plantation process the diamond is annealed above 600°C. This annealing pro-
cess mobilizes the vacancies in diamond crystal, which were created during the
ion bombardment process. The mobile vacancies then get trapped adjacent to
substitutional nitrogen atoms, which yields the desired NV centers. Implan-
tation of nitrogen impurities create crystal strain in the diamond due to the
slight difference in the atomic size. Trapping of the vacancies adjacent to the
substitutional nitrogen atoms thus releases the crystal strain.

Creation of NV centers by ion implantation and subsequent annealing process
has some advantages as well as disadvantages. As stated before ion implantation
allows much control over implantation dosage, ion fluence, ion energy which
are varied to get desired NV concentration and the depth of resultant doped
layer. By masking the diamond surface, it is furthermore possible to laterally
position NV centers in desired position during the implantation process. NV
centers can be positioned laterally with high precision (~ 10 nm), which can
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2 Nitrogen-Vacancy Centers in Diamond

be used as qubit in quantum computation or quantum information, where NV
centers are positioned in desired array [98, 101].

The disadvantages of ion implantation process to create NV centers in dia-
mond can be summarized as follows. NV centers formed by ion implantation
often exhibit less photo-stability [23, 24], experience more charge instability for
NV-charge state or photochromism (conversion from NV- to NV0 charge state)
[102, 103, 104]. These NV centers tend to have even shorter spin coherence
times (T2 time, typical values are around 10µs) [105]. These inferior properties
might result from crystal damages, surface defects or formation of other defects
during the implantation process [99, 106].

CVD growth process

NV center can also be created by incorporating nitrogen impurities during
CVD growth process of diamond sample. It is done via controlled in-flow of
nitrogen gas into the growth chamber. In this process of creating NV centers,
the distribution of NV centers could be homogeneous throughout the grown
crystal or can be restrained to a narrow spatial distributions [107, 108]. In the
work of Ohno et al. [109] it has been demonstrated that approximately 2 nm
thick nitrogen doped layer was grown in CVD synthesis.

In this process they introduced a thin nitrogen doped layer (1–2 nm) by
reducing the growth rate to 0.1 nm/min. Nitrogen (N2) gas was introduced
in a controlled manner during plasma enhanced chemical vapor deposition
(PECVD) of high quality, single-crystal diamond. To create this thin nitro-
gen doped layer the timing and the duration of nitrogen inflow is controlled by
a mass flow controller. In previous discussion on ion implantation, it has been
stated that the ion implantation plays a dual role of creating vacancy as well as
implanting nitrogen ions. In contrast to the ion implantation process in CVD
synthesis of NV center, vacancies are created separately. Although during the
growth process some vacancies are created but the number of such vacancies
are much less than required to transform each nitrogen atoms to NV center.
Therefore the vacancies are created by electron irradiation and by subsequent
annealing the NV centers are created [107, 109, 110]. In this process of creating
vacancies the damage in the nitrogen-doped layer is very much less compared
to the ion implantation method. Therefore in CVD synthesis the crystal qual-
ity is high as the in-situ grown NV centers experience less strain compared to
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2.2 Nitrogen-Vacancy center

the implanted NV centers. CVD growth process provide depth localization of
NV center enriched layer. The depth localization can also be achieved by low
energy implantation but has some drawbacks. After low energy implantation
the NV centers are close to the surface. Due to the close vicinity to the sur-
face these NVs suffer from charge state instability also comparatively inferior
spin coherence to their counterparts which are deep into the diamond samples.
These can be improved by CVD diamond overgrowth on top of NV enriched
layer. In the same work the spin coherence time (T2 time varies from 70µs to
250µs) has been measured to be very high compared to the ion implantation
method [109]. The NV centers grown in nitrogen delta doping during CVD
growth shows more charge stability. The spin coherence time is limited only by
the presence of 13C nuclear spin, which could be also increased in 12C enriched
diamonds [109].

Charge states of NV centers

The NV center in diamond can exist in one of the three possible charge states
namely NV0, NV- and NV+[97]. These charge states can be understood by
the electronic structure of NV centers in diamond crystal. In diamond crystal
each carbon atom has four neighbors. During the formation of NV center
one of this carbon atom is replaced by a substitutional nitrogen atom and the
adjacent carbon atom is replaced by a vacancy. Both the nitrogen atom and
the vacancy therefore have three neighboring carbon atoms. For the nitrogen-
vacancy system, the three carbon atoms adjacent to the vacancy donate one
electron each while the nitrogen atom donates two electrons making a total of
five electrons for NV center. This configuration is called the neutral state of
the NV center, with the electron spin S = 1/2 and denoted by NV0. If there
is a donor nearby which donates one more electron to the NV system the total
number of electron becomes six and electron spin system S = 1. This charge
state is negatively charged NV state and denoted by NV-[111]. In case there
are acceptors present in the diamond crystal, then the neutral NV0donate one
electron and becomes NV+(with four electron) . To distinguish between the
NV0 and NV-charge states, one has to collect emission spectrum, where zero
phonon line for the two charge states (575 nm and 637 nm respectively) can be
identified (see Figure (2.3)).

Out of all these charge states, NV- charge state can be optically initialized and
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Figure 2.3: Nitrogen-Vacancy spectrum. In this spectrum the zero phonon
lines of NV0 and NV- charge states, respectively at 575 nm and
637 nm, can be seen. Note that the ZPL for NV- at 637 nm is not
very prominent in the obtained spectrum. The phonon sideband for
NV-is spread over 640 nm to 800 nm. The spectrum was measured
in our experiment.

read out along with microwave manipulation. It is sensitive to magnetic field,
electric field as well as crystal strain [8, 9]. Therefore the negatively charged
nitrogen-vacancy (NV-) color centers are employed as quantum sensors. As
this work solely focuses on the application of the NV- centers as a magnetic
field sensors, it is simply referred to as NV center in the following sections and
chapters, if not stated otherwise.

Energy level of NV center

From the above description we know that NV center has six electrons. Out of
these six electrons two electrons are unpaired electrons. The NV centers can
be described by triplet ground and excited states with two singlet intermediate
states. From group theoretical analysis the symmetry of these triplet and singlet
states have been described [111]. The ground and excited states have 3A2 and
3E symmetry respectively, whereas the intermediate states have 1A1 and 1E
symmetry (Please refer to figure 2.4).

In the triplet ground state, the ms = 0 and the ms = ±1 states experiences a
zero-field-splitting (ZFS) due to spin-spin interactions between the two unpaired
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2.2 Nitrogen-Vacancy center

electrons [111]. This ZFS has a value of 2.87 GHz [112]. A zero-field-splitting
is also observed in the excited state with a value of 1.42 GHz [113, 114].Accord-
ingly, transitions between the split ground and exited states can be conveniently
addressed using microwave frequencies. When an additional bias magnetic field
is aligned parallel to the NV axis (BNV ), the degeneracy of the ms = ±1 states
is lifted due to Zeeman shift. This Zeeman shift is given by ∆ = msγBNV .
Here γ = geµB/~ = 1.76× 1011s−1T−1, is the NV gyromagnetic ratio [69].

Optical properties

At room temperature the main optical transitions are characterized by a 637
nm Zero-Phonon-Line (ZPL) transition from the 3E excited state to 3A2 ground
state followed by a broad phonon sideband (640 - 800 nm) [115, 116]. This
transition is spin conserving and only a few percentage ( 4%) of the fluorescent
photons are emitted in the ZPL while the majority of fluorescence is emitted in
the phonon sideband. Another transition is present via the intermediate singlet
states (1A1 and 1E ) with ZPL value of 1042.5 nm [39]. The non radiative decay
from the triplet excited states to the singlet intermediate states is known as
intersystem crossing (ISC) [117, 118]. For optical excitation of the NV center,
an off resonant green laser can be used (mostly 532 nm wavelength).

The energy levels along with the main transitions can be seen in figure (2.4),
and the detailed physics is described in the following section. In principle,
when the NV center is off resonantly excited by a green laser, the excited state
gets populated. From the excited state, it can decay to the ground sate in two
different way. The first one is the above mentioned spin conserving transition
with the 637 nm ZPL. The alternative decay path involves a intersystem cross-
ing from the triplet excited states to singlet intermediate states and back to
ground states. The ms = ±1 states have much higher probability to undergo
the intersystem crossing (ISC) than the the ms = 0 state. In the intermedi-
ate singlet states there is another transition from the 1A1state to the 1E state,
which is in the infrared region (1042.5 nm). From the 1E singlet state, there
is higher probability that the NV state will decay back to ms = 0 state rather
than ms = ±1. Due to this preferential decay to the ms = 0 state, with con-
tinuous optical excitation the NV spin is polarized to the ms = 0 state. The
fluorescence lifetimes in the triplet system are 12 ns for ms = 0 and 7.8 ns
for ms = ±1, while it is below 1 ns in the singlet system. the singlet system
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Figure 2.4: Nitrogen-Vacancy optical transitions. In this diagram the en-
ergy level scheme and the optical transitions for NV-charge state
is shown. The green arrow refer to the off-resonant green pump
laser (532 nm). The red arrows shows the zero phonon line optical
transitions (637 nm) from the excited state to the ground state. In
between the excited state and the ground state NV center has an
intermediate metastable state. The orange arrow here depicts the
infrared transition in the metastable state. There is a strong prob-
ability of ISC from the ms = ±1 state than the ms = 0 state in the
excited state. From the lower metastable state the probability for
ISC is strong to ms = 0 state rather than ms = ±1.

ground state is metastable and relaxes with a time constant of 220 ns at room
temperature back to the triplet system [39, 119].

Given the facts, that the continuous optical excitation results in spin polariza-
tion into ms = 0 and the ISC mechanism is mostly non-radiative [39, 117, 118],
when NV centers are in ms = 0 state they have higher fluorescence compared
to when they are in ms = ±1 states. The difference between the fluorescence
of ms = 0 state and ms = ±1 state is quantified as the fluorescence contrast.
The fluorescence contrast between both states can be up to 30% for single NV
centers, but is reduced for ensembles [37, 83, 120, 121].
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Figure 2.5: Microwave transitions for NV center. In this figure the mi-
crowave transitions are shown for zero-field-splitting (far left), Zee-
man splitting of the ms = ±1 spin sublevel and the hyperfine cou-
pling with 14N and 15N nuclear spin. These transitions are experi-
mentally verified in optically detected magnetic resonance (see sec-
tion 2.3). Image adapted and modified from [120] and values for 15N
hyperfine coupling are taken from [123, 124]. P is the quadrupole
interaction for 14N nuclear spin. Values for 14N is taken from our
experimental results (see section 6.1). See text for more details.

Hamiltonian for NV center ground state

The Hamiltonian for the ground state of the NV center consists of three different
parts as described in the following equations (equations 2.1 to 2.4) [9, 122, 123].
In the Hamiltonian, HZFS describes the electronic part which consists of axial
zero-field-splitting and non-axial zero-field-splitting due to local strains and
electric field. The electron Zeeman splitting in the presence of a bias magnetic
field is described by the HZS part of the Hamiltonian. Finally, HHF describes
the hyperfine interaction in between and the nitrogen’s nuclear spin.

Hgs =HZFS +HZS +HHF . (2.1)

HZFS/h =DgsS
2
z + E(S2

x − S2
y). (2.2)

HZS =γNVBzSz. (2.3)

HHF/h =A‖SzIz + A⊥(SxIx + SyIy) + PI2z . (2.4)

The terms in the above equations 2.2 and 2.3 are as follows; Dgs is the
ground state zero-field-splitting as mentioned before with a value of 2.87 GHz,
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2 Nitrogen-Vacancy Centers in Diamond

E is the off-axis parameter arises from electric fields and local strain. The value
of E is much smaller than Dgs. With variation of temperature and pressure
the value of Dgs varies. For variation of temperature the rate of change is
dDgs/dT = −74.2 kHz/K, reported in the work of Acosta et al. [125]. The rate
of change with pressure (p), is dDgs/dp = 1.46 kHz/bar shown in the work of
Doherty et al. [7]. Sx, Sy, Sz are the spin-1 projection operators for the NV spin
system. γNV = geµB/~, is the NV gyromagnetic ratio where ge is the Lande´
g-factor, µB is the Bohr magneton. Bz is the z-component of the magnetic
field along the NV axis. A‖ and A⊥ are the parameters of the hyperfine tensor
describing interactions with local nuclear spin. IxIy, Iz are dimensionless spin
operators for the nitrogen nuclear spins. For 14N isotope, the values for A‖ and
A⊥ are around -2.14 MHz and -2.70 MHz respectively and for 15N isotope these
values are +3.03 MHz and +3.65 MHz respectively [123]. For 15N nuclear spin
(I = 1/2) there are no quadrupole interaction with the NV spin [124], whereas
for 14N (I = 1) this additional interaction is present which is given as parameter
P in the above equation, with a value of - 5.01 MHz 2.4 [123]. In the figure 2.5,
all the possible transitions which can be verified in experiment is shown with a
schematic diagram.

2.3 Spin dynamics of nitrogen-vacancy center

In this section we will go through the theory of continuous wave optically de-
tected magnetic resonance (ODMR) with fluorescence signal as well as infrared
laser signal used to probe the singlet spin states of NV centers. These methods
are extensively used in this presented work therefore we need to understand
the physics behind these methods. Before we delve into the magnetometry
results we also need to understand how NV centers can be be employed as a
sensor for magnetic field. For optical magnetometry a two level system [5] is
needed. In section 2.3.2, the discussion is centered around the fact that NV
center can be approximated as two level system hence can be employed as an
optical magnetometer.
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2.3 Spin dynamics of nitrogen-vacancy center

2.3.1 Continuous Wave Optically detected magnetic

resonance

The fact that fluorescence of NV center is spin state dependent and the tran-
sitions (ms = 0 to ms = ±1) can be driven by applying microwave (MW)
radiation, gives the opportunity to perform continuous wave optically detected
magnetic resonance (CW - ODMR) [30]. By performing CW - ODMR, NV
spin resonances are determined experimentally. To perform CW - ODMR, si-
multaneous green laser (mostly at 532 nm) excitation and microwave (MW)
radiation are applied on the NV spin. The continuous green laser illumination
polarizes the NV spin into ms = 0 state which results in high fluorescence. One
way to display the spin transitions is to simply sweep the frequency of the MW
field across the respective resonances. When the MW is off-resonant with the
possible transitions, which are ms = 0 to ms = +1 and ms = 0 to ms = −1, the
NV spin state stays at the high fluorescence ms = 0 state. On the other hand,
as soon as the MW is resonant with either of the above mentioned transitions,
spin state is transferred into one of those states (ms = ±1). This spin transfer
into one of the low fluorescent states (ms = ±1) results in reduced fluorescence
intensity due to the above mentioned reason of intersystem crossing [117, 118].

With no applied bias magnetic field along the NV axis, the only possible
transition is from ms = 0 to ms = ±1 and in the recorded fluorescence has
only one dip, which is observed at the frequency of 2.87 GHz (figure 2.6 b)).
This transition is at the ZFS as described in equation 2.2. In the presence
of a magnetic field, degeneracy of the ms = ±1 state is lifted and the two
possible transitions are observed in the ODMR spectrum. From the Zeeman
splitting part of the NV ground state Hamiltonian (equation 2.3), the transition
frequencies can be determined. One transition frequency is ν− = 2.87GHz
− geµBBz, for the ms = 0 to ms = −1 transition and the other transition
frequency is ν+ = 2.87GHz + geµBBz. The overall splitting of the states
ms = +1 and ms = −1 thus becomes ∆ν = 2geµBBz. However, this simple
case is typically only observed for single NV centers. In ensembles of many NV
centers all four possible crystallographic orientations occur and each one of them
is generally exposed to a different projection of the magnetic field. Therefore,
the ODMR spectrum of ensembles will display up to 8 distinct resonances, as
can be seen in figure 2.6 d).

With low laser and MW power the hyperfine interactions can also be resolved
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Figure 2.6: ODMR scheme and ODMR spectrum. In figure a), a
schematic for ODMR experiment is shown. In this scheme contin-
uous green laser excitation along with microwave manipulation is
done and simultaneously the fluorescence signal is recorded. Figure
b) shows an example ODMR spectrum without any bias magnetic
field. Contrast of the ODMR spectrum is approximately 17.5 %.
In figure c) Hyperfine coupling for 14N nuclear spin is shown. Fig-
ure d) depicts ODMR spectrum with a bias magnetic field. The
field strength is approximately 50 Gauss and the magnetic field is
arbitrarily aligned for ensemble measurement and here 8 dips are
visible from 4 classes of NV centers in the ensemble. All the ODMR
spectrum are obtained from our experiments.
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2.3 Spin dynamics of nitrogen-vacancy center

in the ODMR spectrum. The hyperfine interaction splits the transitions of
ms = 0 to ms = ±1 even further. For the 14N isotope, these transitions
get splitted into two triplets with ∆ν = 2.2 MHz (see figure 2.6 c)) and for
15N isotope this transition get splitted into two doublets with ∆ν = 3.1 MHz
[123, 124]. With all these transitions observed in an ODMR spectrum, therefore
confirms the above mentioned Hamiltonian (equations 2.1 to 2.4) for NV center
and the NV center’s energy level scheme in general.

Apart from ODMR measurements done with the NV fluorescence, it is also
possible to determine the NV spin polarization by applying an infrared (1042.5
nm) probe laser along with the green pump laser while scanning the microwave
frequency over a frequency range [64]. In fluorescence ODMR the NV spin
polarization is determined by reading the spin state dependent fluorescence.
In contrast to that, infrared absorption ODMR determines the NV spin polar-
ization by reading the spin state dependent infrared absorption of NV system.
The infrared laser probes the absorption on the on resonance transition of the
NV’s singlet states (refer to figure 2.4). With continuous green laser exciting
a NV center while there are no on-resonant microwave radiation applied to
the NV ground state, the NV spin state is polarized to ms = 0 state. In this
condition the applied infrared laser is not absorbed hence the transmission is
maximal. With an on-resonant microwave radiation the probability of the NV
spin state to be in the metastable state increases, therefore, in that situation
less transmission (more absorption) of infrared laser is observed. More details
regarding infrared absorption ODMR will be discussed in chapter 3. An ex-
ample of infrared absorption ODMR along with the schematic diagram for the
scheme is given in the figure 2.7 a) and b). The contrast of infrared absorption
ODMR shown in figure 2.7 b) is approximately 0.16 %. More details regarding
these values are discussed in chapter 7.

In general the linewidth of the observed transitions in ODMR spectrum for
single NV centers are limited by power broadening caused by the excitation
green laser power and microwave power [126]. However, the fundamental limit
for these linewidths is given by the dephasing time (T ∗

2 ) of the NV center for
single NV. For an ensemble of NV centers additional inhomogeneous broadening
is observed. This broadening occurs due to distribution of resonance linewidth
and distribution of resonance frequency of the individual NV spins of the en-
semble [127]. The inhomogeneous broadening of linewidth for ensemble of NV
spins and dephasing time (T ∗

2 ) is further discussed in section 2.4.3.
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Figure 2.7: Infrared absorption ODMR scheme and example graph.
Figure a), shows CW- ODMR scheme for infrared laser absorption
ODMR. Green laser and IR laser simultaneously addresses NV cen-
ter and the MW is swept over a frequency range. Figures b), shows
an experimental data of obtained infrared absorption ODMR spec-
trum.

2.3.2 Rabi oscillations

A two level system can be driven in resonance with to the transition frequency,
which leads to the coherent exchange in population of the two states. This effect
is known as Rabi oscillation [32]. In the figure 2.8 a) a simple schematic diagram
is shown for the Rabi oscillation measurement with laser and MW pulses. As
discussed in the previous section, when a bias magnetic field is applied, the
ms = ±1 state undergoes Zeeman splitting. In the ODMR experiment the
transitions from ms = 0 to ms = −1 or ms = +1 can be detected. Therefore,
with applied bias magnetic field the ground state of NV center can be considered
as a set of two level system. Each of these transitions in the ground state of NV
center can be driven as a two level system. When on-resonant MW driving is
applied to one of these transitions, it induces population oscillation in between
the two spin states (e.g. ms = 0 to ms = −1) [32].

To perform Rabi oscillation with NV center, first an excitation green laser
pulse is applied. This green laser pulse polarizes the NV spin state to ms = 0.
Then, a resonant MW pulse is applied, which coherently transfers the NV spin
population between ms = 0 and ms = +1 states. To detect the resultant NV
spin state another green laser pulse is applied and the fluorescence signal from
NV center is collected. From the collected fluorescence intensity the NV spin
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Figure 2.8: Rabi oscillation. In figure a), a schematic diagram for pulse se-
quence to measure Rabi oscillation (see text for detail explanation
of the pulse sequence) is shown. Figure b) depicts an example graph
for Rabi measurement performed with a single NV center. Data for
figure b) is adapted and modified from N. Oshnik, under the terms
of a CC BY-NC-SA license.

state is detected. Typically the pulse length of the green laser is 300 ns and
the MW pulse length τ is varied [128]. The pulsed scheme for Rabi oscillation
along with an example graph for Rabi oscillation measurement is given in the
figure 2.8.

By Plotting the collected fluorescence signal for different MW pulse lengths
τ one can see the Rabi oscillations as shown in figure 2.8. For a certain time
τ , population can be completely transferred from ms = 0 into the ms = +1

state, which is known as π- pulse. The population goes into the superposition
state of ms = 0 and ms = +1, which is |ψsp〉 = 1√

2
(|0〉+ |1〉) after half of the

time τ , is known as π/2- pulse. The Rabi oscillation frequency is given by the
following equation [129]:

Ω0 = γNVB1. (2.5)

In the above equation γNV is the NV center gyromagnetic ratio,which is
γ = geµB/~ = 1.76 × 1011s−1T−1, and B1 is the magnetic flux density of the
MW excitation perpendicular to the NV axis.
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2 Nitrogen-Vacancy Centers in Diamond

2.4 Characteristic coherence times for NV

centers

In the following section, a short introduction to the characteristics coherence
times for NV center is presented. The main purpose of this section is to discuss
briefly about the different characteristic coherence times such as spin-phonon
relaxation time (T1 time), coherence time (T2 time) and dephasing time (T ∗

2

time) and how those characteristic times are measured generally to character-
ize either single NV center or NV ensemble to know the limitations of NV
magnetometers.

2.4.1 T1 Relaxation time

As described in section 2.3.1, the NV spin state can be polarized into ms = 0

ground state by green laser. By applying MW π- pulse the NV spin can also be
transferred to ms = +1 or ms = −1 state (refer section 2.3.2). Such a prepared
spin state decays to a thermal equilibrium state due to the interactions with
phonons in the diamond lattice. This characteristic time of NV spin relaxation
is known as T1 relaxation time or sometime spin-lattice relaxation time. As
the spin-lattice relaxation happens mainly due to the phonons present in the
diamond lattice, T1 is sensitive to temperature [130, 131].

To measure the T1 relaxation time, first a green laser pulse is applied, which
polarizes the NV spin state into the ms = 0 state. After a certain waiting time
τ another laser pulse is applied to read out the fluorescence which is dependent
on the NV center spin state. After the spin state is initialized to ms = 0,
an optional MW π- pulse can transfer the state to ms = +1 or ms = −1

. By applying this optional MW pulse one can measure the decay from the
ms = +1 or ms = −1 states as well as mentioned before. The waiting time
τ in between the excitation pulse and the read out pulse is varied. When
the measured fluorescence intensity is plotted for different values of τ , and
a typical exponential decay is observed. The pulsed scheme for T1 relaxation
measurement is shown in the figure 2.9 along with an example plot for T1 time
measurement.
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Figure 2.9: Spin-phonon relaxation time. Figure a) shows schematic dia-
gram of the pulse sequence to measure T1 time measurement. In
figure b) an example graph for T1 time measurement with single NV
center is shown. Data for figure b) is adapted and modified from
N. Oshnik, under the terms of a CC BY-NC-SA license.

By fitting this plot with the following equation 2.6 one can extract the T1
relaxation time for NV centers [128]:

P (t) = P0e
−τ/T1 . (2.6)

In the above equation P (t) is the time dependent polarization, whereas P0

is the maximum polarization after initialization of the spin state into ms = 0

state. As described before τ is the variable time in between the initialization
and readout pulses and T1 is the spin-lattice relaxation time. Therefore, T1 is
the time taken for the population to decrease to the 1/e th value ≈ 37% of the
initial population [128].

2.4.2 T2 coherence time

Interactions with the spin impurities present in the diamond can cause deco-
herence of the NV spin. Most commonly the coherence time for NV spin is
referred as T2 time. The spin impurities which commonly interacts with the
NV spin are, nuclear spins of 13C isotope, electronic spins of donor nitrogen
present in the diamond and in some special cases other NV spins. Compared
to T1 time, which is a spin-lattice process T2 is spin-spin process and is often
referred as spin-spin relaxation time. As T2 is intrinsic to the NV center and
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Figure 2.10: Hahn echo pulse scheme and graph. Figure a) depicts
Schematic diagram for Hahn echo pulse sequence. In figure b),
an example graph for T2 time measurement with single NV cen-
ter is shown. Data for figure b) is adapted and modified from N.
Oshnik, under the terms of a CC BY-NC-SA license.

its local spin environment, therefore in a diamond sample depending on the
spin environment the T2 time for different NV centers can vary significantly
[132, 133, 134].

Typically the NV spin coherence time or the T2 is measured by using a Hahn
echo pulse sequence. The pulse sequence for Hahn echo is shown in figure 2.10.
First the NV spin is initialized in the ms = 0 state by applying a green laser
pulse. After the initialization, the NV spin is prepared in a superposition state
of ms = 0 and ms = +1, which is |ψsp〉 = 1√

2
(|0〉+ |1〉), by applying a MW

π/2- pulse. In this state the system then evolves freely for a time span of τ/2
[134]. Within this time period, the NV spin accumulates a phase, which is
caused by the local fluctuating magnetic field. This fluctuating magnetic field
is arising from the local spin bath. After the free evolution time τ/2, a MW
π-pulse is applied. If the magnetic field fluctuations due to the local spins are
slow on the time scale of τ/2,this MW π-pulse refocuses the phase after another
free evolution time period of τ/2. Another MW π/2- pulse is used to put the
NV spin state in a measurable state. Therefore, after these two free evolution
time of τ/2, which leads to a total free evolution time of τ , the NV spin gets
decoupled from the noise with a frequency corresponding to τ/2. There is a
second laser pulse in this scheme. From this second laser pulse, spin-dependent
fluorescence of the NV spin is read out. The pulse scheme for Hahn echo and
an example graph is shown in the figure 2.10.
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In experiment, this free evolution time is increased gradually and the spin
dependent fluorescence signal is collected. The collected fluorescence intensity,
when plotted, shows an exponential decay. This figure from Hahn echo is fitted
by the following equation [128]:

I(τ) = I(0).e−(τ/T2)p . (2.7)

where I(τ) is the collected fluorescence after time period τ , I(0) is the initial
maximum fluorescence, p is a free parameter which depends on the type of
noise and T2 is the coherence time. In the Hahn echo scheme the NV spin is
more efficiently decoupled from the local spin bath than the Ramsey sequence
(see section 2.4.3) due to the fact that in Hahn echo there is an addition of
refocusing MW π-pulse. Though the MW π- pulse can efficiently refocus the
NV spin, it is possible only when the field fluctuations are much slower than
the free evolution time. If the field fluctuations are much faster than the free
evolution time, then the refocusing does not work efficiently.

As mentioned before, the Larmor precession of 13C nuclei present in the
vicinity of the NV spin is the dominant source of local field fluctuations in
most samples. When the free precession time period τ is equal to a multiple
number of 13C Larmor precision periods, the phase contributions from each
individual 13C cancels out. This leads to collapses and revivals of the observed
decoherence curve. Therefore, from this plot the true NV spin decoherence is
extracted by the decay of the envelope of Larmor-resonant peaks in the 13C-
induced revivals, which in a 13C-dominated sample arises from dipole-dipole
coupling [135, 136].

2.4.3 T ∗
2 dephasing time

T ∗
2 time is the time scale referred in nuclear magnetic resonance techniques, over

which dephasing occurs for one spin or an ensemble of spins. In general, this
dephasing occurs due to inhomogeneities present in the environment; for the
particular case of the NV spins, the dominant inhomogeneities are variations in
the local spin bath experienced by each NV center and temporal fluctuations
in each NV center’s local magnetic field due to dynamics in the surrounding
spin bath [23, 123, 135, 137].

To measure the T ∗
2 dephasing time, the a Ramsey pulse sequence is used. In

comparison to Hahn echo sequence, Ramsey pulse sequence does not have the
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2 Nitrogen-Vacancy Centers in Diamond

refocusing MW π-pulse in between the MW π/2-pulses. In Ramsey sequence,
after the first laser pulse initialize the NV spin in its ms = 0 state, a MW π/2-
pulse puts the NV center spin into its superposition state.The superposition
state is as described before |ψsp〉 = 1√

2
(|0〉+ |1〉) . In the superposition state,

then the NV spin evolve for time period of τ. Another MW π/2-pulse put the
NV spin state in a measurable state, which is then read out by second laser
pulse as shown in figure 2.11 a). The free evolution time is gradually increased
and the collected fluorescence is plotted to extract the dephasing time.

Generally this plotted curve has a exponential decay characteristics and
known as free induction decay (FID) curve. The FID curve contains the beating
from the nitrogen hyperfine transitions (three in the case of 14N, two in the case
of 15N) [138]. In figure (2.11) b) these beatings are seen, which arose from the
14N hyperfine transitions. The T ∗

2 time is extracted from characteristic time of
the decay envelope. In case of ensemble of NV centers the same method does
not yield efficient extraction of the dephasing time. As depicted in figure (2.11)
c), the three hyperfine transitions arising from 14N is not well resolved. This
leads to inefficient fitting of the Ramsey fringe.

For an ensemble of NV centers, inhomogeneities arising from the different
local spin environments experienced by each NV center often broaden the hy-
perfine transition frequency components of the Ramsey FID. The reasons for
this broadening is as follows. In an ensemble different individual NV spins
experiences different spin bath throughout a sample, leading to different mag-
netic environment [127]. Inhomogeneous distribution of strain throughout the
sample also affect the resonance frequencies of the constituent NV spins in the
ensemble [121]. Along with that variation of temperature and electric field in
the local environment affect each NV spins differently. Therefore in an ensem-
ble of NV, each NV spin has different linewidths (∆ν) and differentT ∗

2 time, as
the relation between linewidth and dephasing time is ∆ν � 1

T ∗
2

[126].
This broadening makes it difficult to extract the T ∗

2 time. Therefore in case
of NV ensemble T ∗

2 time measurement an alternative method is used. In this
method ODMR spectra is taken with a bias magnetic field after proper align-
ment of the magnetic field so that the hyperfine transitions are clearly visible.
Then by gradually reducing the MW power a series of ODMR spectra is taken
for the hyperfine transitions. It is necessary to align the magnetic field properly
in this method. Otherwise broadening due to inhomogeneous external magnetic
field again make it difficult to extract the dephasing time. The laser power is

32



2.4 Characteristic coherence times for NV centers

a

Green Laser

Microwave

Readout

�

���� -pulse ���� - pulse

0 500 1000 1500 2000 2500 3000
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

N
or

m
al

iz
ed

 r
ea

do
ut

 c
on

tr
as

t 
(a

.u
.)

(ns)�

Normalized readout contrast
Fit data
Fit envelop

b

0 500 1000 1500 2000 2500 3000

0

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 r
ea

do
ut

 c
on

tr
as

t 
(a

.u
.) Normalized readout contrast

Fit data
Fit envelop

(ns)�

c

Figure 2.11: Dephasing time scheme and example graph. In figure a),
a schematic diagram for Ramsey pulse sequence is shown. Figure
b), depicts an example graph for the Ramsey measurement per-
formed with a single NV center. Figure c), shows graph of Ramsey
measurement with NV ensemble shows that the Ramsey fringe fit
is not at all fitting as in the case of single NV center shown in fig-
ure (b). For this reason the T ∗

2 measurement for ensemble of NV
centers are done in alternative method (Refer to text for details).
Data for figure b) is adapted and modified from N. Oshnik, under
the terms of a CC BY-NC-SA license.
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maintained as low as possible. The linewidth of these transitions are extracted
from the full-width at half maximum (FWHM) of the resonances. These val-
ues of linewidths are then used to linearly extrapolate the value of linewidth
(FWHM of the resonance) at zero MW power. It is observed that the lineshape
at low laser power and MW power is generally Lorentzian. Extrapolating the
value of the FWHM (∆ν) at zero MW power gives the dephasing time, which
is related to the FWHM by the following equation [59, 126]:

T ∗
2 =

1

π∆ν
. (2.8)
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3 NV Magnetometry

In this chapter the discussion is regarding different magnetometry methods
with NV centers in diamond. The results presented in this dissertation are ob-
tained with CW-ODMR method, but there are other dc magnetometry method.
Therefore in the first section different dc field magnetometry is discussed to
compare CW-ODMR with the other methods. In the second section a brief
discussion on ac field magnetometry is presented. After that advantages and
challenges for magnetometry with ensemble of NV center is discussed.

As mentioned in the previous chapter, the NV centers in diamond posses
excellent spin coherence time under ambient conditions [23]. Along with that,
the spin state can be initialized and read out optically and can be manipulated
via microwave signal [9]. The optical signals from NV centers are sensitive to
magnetic fields [59], electrical fields [6], temperature [71, 84], and strain [7]. All
of these together make NV centers a very good candidate for sensing purpose.
Particularly, magnetic field sensing with NV centers (single or ensemble) has
seen a rapid growth in recent years. The use of color centers in crystal as an
active element for an optical microscope was first proposed by Sekatskii et al.
[139] and Chernobord et al. [140]. To use NV centers as magnetic field sensors
was first proposed by Degen et al. [35] and Taylor et al. [34]. Demonstration
of single NV based magnetometry was shown by Balasubramanian et al. [24]
and Maze et al. [36]. Ensemble NV based magnetometry was demonstrated by
Acosta et al. [59]. After these initial demonstrations, NV based magnetometers
for different applications found more popularity.

NV based magnetometers have been used as magnetic sensors of external
(with respect to the diamond sample) magnetic fields produced by electronic
devices [8], biological samples [77] or to detect other elements in nuclear mag-
netic resonance experiments [96]. Therefore NV magnetometer finds its uses
therefore in biological research, research in geomagnetism or in microelectronics
industry [9, 78]. As the NV spin get affected by the magnetic field fluctuations
from the impurities present in the diamond, it is used for sensing purpose of
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internal magnetic field. More specifically to detect the spin species which af-
fects the environment of the NV spin and how it decreases the coherence time
or dephasing time, which in a way affects the performance of the NV based
magnetometer. This investigation therefore helps to grow diamonds with less
impurities so that the NV magnetometer performance is not limited by the
impurity spins [121].

3.1 DC field magnetometry

With NV centers (single or ensemble), external dc field and ac field could be
measured. The detection of dc field is done with any of the following magnetom-
etry schemes such as continuous-wave optically detected magnetic resonance
(CW-ODMR) [30], pulsed ODMR [126] or Ramsey measurements [23]. As the
dc sensing protocols are sensitive to static, slow-varying magnetic fields, the
choice of technique employed to detect the external dc magnetic field depends
on the scope of the experiments. All the experimental results presented in this
work were acquired by using CW-ODMR method. Therefore, the discussion in
this chapter will be emphasized on the CW-ODMR method and later in this
chapter briefly other methods will be discussed.

CW-ODMR magnetometry

The continuous-wave optically detected magnetic resonance (CW-ODMR) is
a very simple magnetometry method. The nomenclature of this technique is
self-explanatory. In this technique the green excitation laser is continuously
illuminating the NV center and continuous microwave radiation is swept over
a frequency range while the readout signal is collected simultaneously to take
the ODMR spectrum in the presence of a bias magnetic field [59]. For infrared
absorption ODMR, along with the continuous green pump laser a continuous in-
frared laser is applied and the transmitted infrared laser is collected for ODMR
spectrum [64]. When the bias magnetic field is known and the shift of the reso-
nance is in accordance to that known field B0, presence of any unknown static
magnetic field δB shifts the resonance in ODMR spectrum. Information of this
static magnetic field δB can be extracted from the ODMR spectrum. Detail
description of the spin dynamics for fluorescence CW-ODMR and infrared ab-
sorption CW-ODMR is given in section 2.3.1 and the experimental method has
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been discussed in section 5.1.2.
The sensitivity ηCW of an NV magnetometer is related to the minimum de-

tectable magnetic field δBmin. This minimum detectable magnetic field is mea-
sured by the CW-ODMR spectra, whose intensity profile can be written as
[126]:

I(νm) = R

[
1− CCWFL

(
νm − ν0
∆ν

)]
. (3.1)

Where I(νm) is the frequency dependent intensity of the spectra, R is the
photon detection rate, CCW is the contrast of the resonance feature, FL is
the function describing the resonance lineshape, ν0is the resonance frequency,
and ∆ν is the linewidth of the resonance feature. Due to Zeeman effect, any
magnetic field fluctuation of δB, changes the resonance frequency ν0. The
ODMR intensity is most sensitive to small changes of magnetic field where the
resonance feature has the highest slope [34, 126]:

max

∣∣∣∣∂I(νm)∂ν0

∣∣∣∣ = CCWR

∆νpF
. (3.2)

Where the numerical parameter PF is related to the lineshape of the res-
onance. For a measurement duration of tm, and photon detection rate R,
the photon-shot-noise can be approximated to

√
Rtm. and the sensitivity is

ηCW = δBmin

√
tm. From these relations the photon shot-noise-limited sensitiv-

ity in CW-ODMR magnetometry is given by the following equation [34, 40, 126]:

ηCW = PF
h

geµB

∆ν

CCW

√
R
. (3.3)

In the above equation CCW is the contrast of the resonance, R is the photon
detection rate, ∆ν is the linewidth of the resonance, h is the Planck’s constant,
geis the Lande´ g-factor, µBis the Bohr magneton, and PF is the numerical
prefactor, which depends on the resonance lineshape. For Gaussian lineshape
PF =

√
e/8 ln 2 ≈ 0.70 , and for Lorentzian lineshape PF = 4/3

√
3 ≈ 0.77

[126]. The above mentioned parameters in the equation 3.3 are dependent on
each other. For example, to increase the contrast CCW , for a constant pump
power (green laser power) the microwave power has to be increased. In that
situation, while with increasing microwave power the contrast is increased at
the same time the linewidth of the resonance ∆ν is also increased due to power
broadening effect. Another example which shows the strong interdependence
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3 NV Magnetometry

of these parameters is the relation between the photon detection rate R and
linewidth ∆ν. To increase the photon detection rate the laser power has to be
increased which in turn also increases the linewidth due to power broadening.
However the photon detection rate can be increased by increasing photon col-
lection efficiency by several methods [27]. To achieve the T ∗

2 limited linewidth it
is necessary to lower the optical pump power along with the microwave power.
This decreasing of optical pump power leads to decrease in the photon detection
rate R [27, 69, 126].

CW-ODMR is applied widely for magnetometry purpose for the techni-
cal convenience where technical complexity to implement pulsed schemes are
needed to circumvent. With ensemble NV magnetometry, where the number of
NV sensor is very high to perform magnetometry, CW-ODMR may reach the
similar sensitivity level of Ramsey magnetometry [126].

Though CW-ODMR may reach the sensitivity level mostly achieved by Ram-
sey magnetometry by using ensemble NV as magnetometer it has some draw-
backs. As discussed above the most prominent problem for CW-ODMR magne-
tometry method is the power broadening of the linewidth due to optical power
and microwave power. To achieve optimal sensitivity with CW-ODMR magne-
tometry the optical power and microwave power has to be fixed in a way that
the ODMR linewidth is limited only by the T ∗

2 dephasing time [126]. Limitation
of this technique is inherent to the scheme due to the use of continuous laser
and microwave radiation. The sensitivity in the other schemes such as Ramsey
or pulsed ODMR are enhanced by the pulsed techniques [126]. This method
is also slow compared to the pulsed techniques, as one needs to scan the MW
frequency and simultaneously record the optical read out signals (fluorescence
and transmitted infrared laser) over a longer time period.

By optimizing the parameters of the equation 3.3, optimum magnetic field
sensitivity can be achieved but that is only possible with pulsed techniques.
Mainly because, in pulsed techniques, use of short laser pulses to initialize
and read out the spin state along with MW pulses do not lead to power-
broadened resonance feature due to shorter interaction time. Compared to
that in CW-ODMR, there is always a trade off between the power-broadening
of the linewidth at high optical and microwave power to reach higher contrast
and low photon collection rate at low optical power [126].
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3.1 DC field magnetometry

Pulsed ODMR

Another magnetometry method employed to detect static magnetic field is
pulsed ODMR technique first demonstrated by Dréau et al. [126] with NV
centers. With pulsed ODMR technique the problem of power-broadening of
the resonance linewidth observed in CW-ODMR magnetometry is avoided and
magnetic field sensing is limited by the T ∗

2 dephasing time limit.

To perform the pulsed ODMR measurement, first the NV spin state is ini-
tialized to the ms = 0 spin state with a strong green laser pulse in the presence
of a bias magnetic field. After the spin-state initialization a very low power
MW π-pulse on resonance with the transition from ms = 0 to ms = +1 or from
ms = 0 to ms = −1 is applied. After a waiting time τ , a second laser pulse is
applied to readout the NV spin state based on fluorescence intensity. The sens-
ing time τ for pulsed ODMR scheme magnetometry is MW π-pulse duration
(τπ). The condition for the MW π-pulse duration is τπ ≈ 1/∆ν , where ∆ν is
the resonance linewidth. This condition allows to achieve T ∗

2 limited linewidths
while at the same time the value of contrast does not decreases. Therefore
one achieve optimum values for both the linewidth and contrast which in turn
leads to optimum sensitivity [126]. With the microwave frequency swept over
a range a similar spectrum like CW-ODMR is obtained in pulsed ODMR. One
limitation for pulsed ODMR based magnetometry is that it is linearly sensitive
to any kind of variation of the microwave Rabi frequency as ΩRabi = π/τπ and
τπ is the sensing duration for pulsed ODMR scheme.

Compared to the CW-ODMR scheme for magnetometry, in pulsed ODMR
magnetometry the optical excitation and the microwave drive is not applied
simultaneously. The MW power which is used in case of pulsed ODMR is less
than the MW power used in CW-ODMR. For these reasons therefore the prob-
lem of power-broadening of the resonance linewidth does not happen in pulsed
ODMR magnetometry. Also the photon collection per measurement can be op-
timized by using a strong laser pulse in the initialization step and not using the
optical excitation continuously. As discussed in the above section regarding the
CW-ODMR sensitivity measurement with equation 3.3, the parameters for the
shot-noise-limited sensitivity is optimized in the pulsed ODMR magnetometry.
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3 NV Magnetometry

The shot-noise-limited sensitivity for pulsed ODMR magnetometry can be
written as [126]:

ηpulsed = PF
~

πgµB

1

Cpulsed

√
RT ∗

2

. (3.4)

In the above equation Cpulsed is the contrast of the resonance, R is the
photon detection rate, h is the Planck’s constant, geis the Lande´ g-factor,
µBis the Bohr magneton, T ∗

2 is the dephasing time and PF is the numerical
prefactor, which depends on the resonance lineshape. For Gaussian lineshape
PF =

√
e/8 ln 2 ≈ 0.70 , and for Lorentzian lineshape PF = 4/3

√
3 ≈ 0.77.

Ramsey measurement

To measure dc magnetic field another well known technique is the Ramsey
measurement. With NV centers, the first Ramsey based magnetometry mea-
surements was demonstrated by Balasubramanian et al. [23]. The Ramsey
measurement is done in the following way. As described in the previous section
2.4, first an initialization laser pulse is applied to initialize the NV spin in its
ms = 0 state, a MW π/2-pulse puts the NV center spin into its superposition
state.The superposition state is |ψsp〉 = 1√

2
(|0〉+ |1〉) . In the superposition

state, then the NV spin evolves for time period of τ. Another microwave π/2-
pulse puts the NV spin state in a measurable state, which is then read out by
second laser pulse. During the free precision time when the NV spin evolves
for time period τ , the NV spin accumulates a phase φ = 2πγBτ , where the
B is the unknown static magnetic field, γ is the gyromagnetic ratio of the NV
electron spin.

For optimal sensitivity measurement the free precision time τ is chosen to
be very close to the T ∗

2 dephasing time of the NV spin. The accumulated
phase depends on the free precision time τ , which in turn is limited by the T ∗

2

time. That is why the accumulated phase by the NV spin is limited by the
T ∗
2 time. From the readout pulse this accumulated phase is extracted which

gives the measurement of the dc magnetic field. The sensitivity for Ramsey
magnetometry is given by the following equation [126]:

ηRamsey ≈
~

geµB

1

CRamsey

√
RT ∗

2

. (3.5)

In the above equation CRamsey is the contrast of the resonance, R is the

40



3.2 AC field magnetometry

photon detection rate, h is the Planck’s constant, geis the Lande´ g-factor,
µBis the Bohr magneton, T ∗

2 is the dephasing time.

Compared to the CW-ODMR magnetometry the Ramsey scheme based mag-
netometry does not suffer the power-broadening effect due to its completely
pulsed based scheme and fundamentally limited by the T ∗

2 time. The improve-
ment in Ramsey method arises from the fact that, by using pulses instead
of continuous laser one basically limits the power broadening by pump laser.
Here spin initialization is achieved via low power laser pulse and the spin state
is detected with a higher power laser pulse. In comparison with CW-ODMR
method here MW is also applied in pulses to manipulate the spin state rather
than continuously scanning over a frequency range. By doing this one avoid
the power broadening due to MW. Altogether this leads to higher sensitivity
measurements compared to CW-ODMR sensitivity measurements [126].

3.2 AC field magnetometry

Instead of dc magnetic field when an external ac magnetic field is to be measured
with NV center magnetometers, the above discussed techniques are not useful.
To detect such oscillating magnetic field the technique used is the spin echo
based measurements for magnetometry. The simplest spin echo technique is the
Hahn echo technique (see section 2.4) [132]. In the Hahn echo sequence there is
an additional MW π-pulse in between the MW π/2-pulses of a Ramsey sequence
(see section 2.4). This MW π-pulse in spin echo technique flips the NV spin.
This cancels out the accumulated phase arising from any static magnetic field
during the first free evolution time. Therefore this method is insensitive to static
magnetic fields but at the same time sensitive to magnetic fields which behave
similarly as the NV spin flipping due to the applied π-pulse. This technique is
sensitive to the magnetic field whose frequency is same as the inverse of the total
free evolution time of the pulsed sequence; fac = 1/τtotal. With ac field sensing
schemes signals upto ∼10 MHz can be detected [42, 43, 44, 45, 51, 52, 96].

In Hahn echo based ac field magnetometry the limiting factor is T2 coherence
time rather than T ∗

2 dephasing time for the techniques used for dc field mag-
netometry [34]. The T2 coherence time is typically longer than T ∗

2 dephasing
time [141]. With the use of spin echo based technique, in a isotopically purified
diamond, sub-nanometer spatial resolution with a sensitivity of few nT/

√
Hz
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at ambient conditions was achieved by Balasubramanian et al. [23]. Detection
of single electron spin was shown by Grinolds et al. [142] and the detection of
small nuclear spin ensemble was shown by Mamin et al. [143] and Staudacher
et al. [144]. There are multiple measurement schemes based on this spin echo
based technique, for details of this scheme please see the reference [145]. The
sensitivity of ac field magnetometry is given by the following equation [34]:

ηac ≈
~

geµB

1

Cecho

√
RT2

. (3.6)

3.3 Ensemble NV based magnetometry

All the presented results in this work is based on ensemble NV based mag-
netometry, therefore it is necessary to discuss the motivation behind it. The
magnetometry experiments were done either by collecting fluorescence signal
from the NV ensemble or by collecting the transmitted infrared laser passed
through the NV ensemble sample. Therefore here the discussion is divided in
to two parts to discuss the motivation for ensemble NV based magnetometry
in the above mentioned methods respectively.

Fluorescence based magnetometry

From the equation 3.3, regarding shot-noise-limited sensitivity for CW-ODMR
magnetometry, it can be inferred that the sensitivity of the method is limited
by the CCW contrast of the resonance, photon detection rate R of the mea-
surements and the resonance linewidth ∆ν. For a particular lineshape of the
resonance the relation can be written as ηCW ∝ ∆ν

CCW

√
R
. From this relation it

is understood that the shot-noise-limited sensitivity can be enhanced by im-
proving these parameters. In the previous section 3.1, we have seen that these
parameters are interrelated and often improving one parameter leads to de-
crease in the value of other parameter. For a single NV center improving the
contrast by applying more microwave power leads to broadening of linewidth,
improving the photon collection rate by applying high pump power also increase
the linewidth. On the other hand decreasing the pump power to minimize the
linewidth leads to low photon collection rate. To circumvent these problem one
way is to use ensemble NV based sensors [27, 37, 38]. Use of ensemble NV
sensors gives the direct improvement of the parameter R, the photon detection
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3.3 Ensemble NV based magnetometry

rate, which improves the sensitivity to a great extent. By using NV ensemble,
the conversion efficiency of the pump photons to detected fluorescence photon
can be enhanced ∼ 5% as demonstrated by Clevenson et al. [69]. In magne-
tometers based on ensembles of NV centers the signal-to-noise ratio (SNR) is
improved because of the statistical averaging over a huge number of NV spins
[37]. The drawback in this case is the much less spatial resolution compared to
single NV based sensor [38].

Infrared laser absorption magnetometry

Though in the fluorescence detection based magnetometry the photon detection
rate can be increased by using ensemble of NVs for magnetometry one major
problem with this method is the collection efficiency. Due to high refractive in-
dex ∼ 2.41 [88] of diamond majority of the fluorescence photon undergoes total
internal reflection and does not reach the detector. Different approaches have
been employed to counter this problem such as, to use solid immersion lenses
[146] or side collection technique [27, 37]. Another problem of the fluorescence
detection method is high background fluorescence. The source of these fluo-
rescence can either be different defect centers other than NV-or crystal defects
present in the diamond, which effectively do not contribute to signal collected
for magnetometry purpose [27]. As discussed with the equation 3.3, one more
major problem for the fluorescence detection based magnetometry is to opti-
mize the parameters (CCW and R) to avoid the power broadening effect of the
resonance linewidth.

To circumvent these problems another approach towards NV magnetometry
has been taken Acosta et al. [64], where the singlet metastable states (1A1 and
1E states) are probed with an infrared laser. The physics of the infrared absorp-
tion based CW-ODMR has been already discussed in section 2.3.1. Collection
efficiency can approach unity for the NV sensors based on the infrared absorp-
tion method compared to the sensors based on fluorescence collection method
[64]. For NV centers, the absorption cross section of the infrared (IR) transi-
tion is very small (6.1 ± 4.4) × 10−23 m2 [147], therefore to achieve higher or
similar sensitivities at room temperature experiments compared to fluorescence
detection methods it is necessary to use ensemble of NVs rather than single NV
for magnetometry. Also it is necessary to increase the sensing volume in in-
frared absorption magnetometry for achieving higher sensitivity. To do that
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3 NV Magnetometry

two different approaches are taken. In one approach NV enriched diamond
samples are placed inside optical cavity [65]. In the work of Jensen et al. [66]
and Chatzidrosos et al. [67], they have reached a magnetic field sensitivity of
2.5 nT/

√
Hz and 28 pT/

√
Hz respectively. The other approach to enhance

the sensing volume is to use diamond waveguide structures which is demon-
strated by Bougas et al. [68], with a magnetic field sensitivity of approximately
100–600 nT/

√
Hz.

Another proposal is made by Dumeige et al. [147] to enhance the sensitivity
based on infrared absorption with a hybrid laser system. In the proposed
scheme an NV enriched diamond sample to be placed inside an external half-
VCSEL cavity. Simulations of such a system has yield a photon shot-noise
limited sensitivity of approximately 250 to 700 fT/

√
Hz. This has not yet been

realized experimentally.

3.4 Limiting factor for sensitivity

From the above discussion it can be concluded that the limiting factors for a
given NV based magnetometer would be 1) the dephasing time T ∗

2 . 2) The total
number of sensors (N) in a given sample. For ensemble based magnetometer
this number N = [NV ]× V ; where [NV ] is the NV concentration and V is the
interrogated diamond volume. 3) Photon shot noise [127].

Dephasing time T ∗
2

From equation 3.5 it is evident that for dc field magnetometry with NV based
magnetometer the dephasing time T ∗

2 is the limiting factor. Therefore enhanc-
ing the T ∗

2 time can be a valid approach to enhance the sensitivity of the en-
semble NV based magnetometers. For most of the ensemble NV magnetometer
for dc field sensing the T ∗

2 value has been . 1µs [40, 71, 127]. The theoretical
limit for T ∗

2 is given by T ∗
2 ≤ 2T1[148]. Although till date this has not been real-

ized, general enhancement of the T ∗
2 time definitely can enhance the sensitivity.

The details of the T ∗
2 measurement methods have been discussed in the previous

section 2.4.
The sources for dephasing of the NV centers are believed to be consists of

NV centers (NV − and NV 0), Nitrogen atoms (N0
S), 13C atoms, other defect

centers X, crystallographic strain present in the diamond sample. The relation
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of the T ∗
2 dephasing time of a particular sample with the constituents of it can

be summarized in the following equation [121, 127] :

1

T ∗
2

≈ 1

T ∗
2 (X)

+
1

T ∗
2 (NV

−)
+

1

T ∗
2 (N

0
S)

+
1

T ∗
2 (NV

0)
+

1

T ∗
2 (

13C)
+

1

T ∗
2 (strain)

. (3.7)

Several measures are taken into account to improve the T ∗
2 dephasing time of

a sensor [127, 148]. From the above equation 3.7, it is evident that to improve
the T ∗

2 dephasing time of a sensor, one has to decrease the influence of 13C

atoms in the material. To achieve that diamond sample is grown with isotopi-
cally 13C depleted CH4 (0.005% 13C) rather than natural 13C abundance CH4

(1.1% 13C). Another factor to improve dephasing time is to mitigate the strain
inhomogeneity in the sample. To do so dislocation density in high nitrogen con-
centration material is controlled. Single crystal CVD grown diamonds which
are grown on substrates with low surface damages and low densities of extended
defects have relatively lesser dislocations. Along with this inductively coupled
plasma (ICP) etching process is used to remove sub-surface damage caused by
mechanically processed surfaces. For more details please see reference by Friel
et al. [149].

Photon-shot-noise

In optical magnetometry scheme another limiting factor for sensitivity is the
photon shot noise [4, 5]. In such magnetometers, spin state dependent optical
signal is recorded with photodiode detectors. These incident photons excite
electrons from valence band to the conduction band in the active area of the
photodiode. By this process photocurrent is generated in the external circuit
of the photodiode. The photocurrent is proportional to the number of incident
photons [150]. The random fluctuations of number of incident photons on the
photodiode results in fluctuations of the photocurrent. which is called photon
shot noise [150].
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These fluctuations are inherently Poisson in nature, therefore the relation
between detected photon signal R, and photon shot noise σN can be described
by the following equation [4, 5, 150]:

σN =
√
R. (3.8)

In fluorescence magnetometry or infrared absorption magnetometry with an
ensemble of NV centers, the read out scheme of the NV spin state is in principle
optical. The spin state of the NV ensemble is measured by collecting the spin
state dependent fluorescence intensity (650 nm - 800 nm) or by measuring the
intensity of the transmitted infrared laser (1042.5 nm). Therefore photon shot
noise becomes an inevitable part of the measurement uncertainty. The optical
readout method does not allow single-shot determination of the NV spin state
to the limit of spin projection, thus shot noise of the collected fluorescence
photons or infrared laser photons must be taken into account in the sensitivity
estimation [4]. This way to measure the spin state deteriorates the sensitivity
of the magnetometer and taken into account for shot noise limited sensitivity.
Note that in all the above sensitivity equations (equations 3.3 to 3.6) for DC
and AC magnetometry photon-shot-noise is incorporated.

Spin-projection-noise

For spin based magnetometers, the ultimate limit for the sensitivity arises from
the intrinsic noise associated with spin projection. The quantum mechani-
cal uncertainty in the measurement of spin projection in such magnetometers
fundamentally constrains the sensitivity. Therefore it is also called standard
quantum limit of sensitivity. For a magnetometer, with N individual spins in
the sensing volume, and with a coherence time τ ; under ideal readout condi-
tion the spin-projection-noise limited sensitivity is given by following equation
[5, 34] :

ηSPN ' 1

γ

1√
Nτ

. (3.9)

Where γ is the gyromagnetic ratio. From equation 3.9, it can be inferred that
by increasing the number of sensor spins and the coherence time,the uncertainty
in measurements can be reduced by a factor of

√
N and the fundamental sen-

sitivity, can be improved. This is the reason to look for means to increase the
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number of NV spins in a magnetometer. For NV ensemble magnetometers in
DC field magnetometry, this limit is given by the following equation [34]:

ηSPN =
~

geµB

1√
NT ∗

2

. (3.10)

Where ~ is the reduced Planck’s constant, geis the Lande´ g-factor, µBis
the Bohr magneton. The electron gyromagnetic ratio for NV spin is γ =

geµB/~ = 1.76 × 1011s−1T−1. For DC magnetometry with NV centers the
resonance linewidth is limited by the dephasing time T ∗

2 . Therefore the coher-
ence time τ in equation 3.9 is replaced with T ∗

2 . Another way to improve the
sensitivity limit is to improve the dephasing time T ∗

2 as discussed before.

The total number of sensors

While for ensemble NV based magnetometers it is logical to infer that the in-
creasing number of NV sensor will enhance the sensitivity in reality it is not
that straight forward. From the equation 3.7, it is evident that the dephasing
time of an ensemble NV magnetometer depends on many factors and among
them one is dephasing due to other NV centers and strain. Therefore in a
given diamond sample if the NV concentration is high it is very likely that the
dephasing time of that material will surely be decreased leading to a decreased
sensitivity. Taken this into account pragmatic approaches to enhance the sen-
sitivity might be to enhance the path length of the pump and probe laser by
which the effective sensor number can be increased for an ensemble NV based
magnetometer. This enhancement of the path length can be achieved either
by means of cavity [65, 66, 67] or by waveguide configuration of the diamond
samples [37, 68, 69].
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centers

To corroborate the obtained experimental results (see chapters 6 and 7), we
used an already established rate equation model for NV photodynamics by
Dumeige et al. [147]. The model schematics and the model parameters are
described in this chapter in the same manner as described by Dumeige et al.
[147]. The computer simulation work on the NV rate equation model for our
experiments is done by Dr. Benjamin Kambs. In this chapter we discuss the
model and the theoretical predictions from the simulation.

The photodynamics of the NV center spin system is described by a set of
basic rate equations (equation 4.1 to 4.8) [147] . In our simulation, however, we
expand the treatment of photodynamics by taking into account the Gaussian
beam shape of green and infrared lasers. In the theoretical model, the volume
of interest was discretized by setting up a mesh in the diamond along the ra-
dial direction r and the the propagation direction z of the Gaussian beam for
numerical solution of the rate equations. The rate equations are then solved
at each point along the propagation direction which effectively yield the frac-
tion of absorbed infrared laser light at the end of the NV enriched diamond
samples. The optical depth of a NV center enriched diamond sample, is then
obtained from steady state solution of the below mentioned sets of equations
and calculated at each point indexed by z along the path length l for the green
and infrared laser in the diamond sample. The absolute infrared absorption
inside a diamond sample with a certain NV concentration is calculated from
the optical depth for infrared laser. This is dependent on green laser power and
the condition of microwave drive being on resonance or off resonance.
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Figure 4.1: NV energy level scheme for rate model. In this figure the
photodynamics of NV- and NV0 charge states is depicted. Wg and
Wg0 (green) is the pumping rate for NV-and NV0 respectively. Ws

(orange) is the transition rate for the infrared resonance for NV-

singlet states. The photoionization and recombination rate between
NV- and NV0 is labeled as Wi and Wr respectively (green). WMW

(blue) is the on resonance microwave transition between the ms =
±1 and ms = 0 spin sublevels in NV- ground state. The figure is
adapted with permission from [147] © The Optical Society.
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4.1 Rate equations

The fluorescence ODMR or the infrared absorption ODMR works with NV-

centers only and not with NV0 centers. In an NV ensemble there is a finite
probability of photoionization processes between the two charge states of the
NV center, which are NV- and NV0 (see section 2.2) [97]. It is important to take
into account the photoionization processes in the rate equation model as the
NV0 centers reduces the effective ensemble density [97, 151, 152, 153]. Therefore
the model comprises the NV- center triplet ground and excited states and the
singlet metastable state, along with ground and excited state of the NV0 center.
This model is relevant for estimating the contrast for the infrared absorption
ODMR experiments as well as to describe the experimental results observed
with fluorescence ODMR (see section 2.3.1 for more details). Figure 4.1 gives
the complete description of the photodynamics. The NV- triplet ground state
spin sublevels ms = 0 and ms = ±1 are labeled as 1 and 2 whereas for the
excited state, the spin sublevels are labeled as 3 and 4. The upper and lower
singlet states for NV- are labeled as 5 and 6. As we have taken into account
the NV0 ground and excited states, in figure 4.1 those levels are labeled as 7
and 8 respectively.

In section 2.3.1, the NV spin dynamics is discussed in details; therefore here
we directly state the relevant parameters and the approximations for the rate
equation model. The relaxation rates from different energy levels (as shown in
figure 4.1) α to β is labeled as kαβ. At room temperature the spin-relaxation
time is longer than 0.2 ms for relaxation from level 2 to 1 [154]. This is much
longer compared to all the other decay processes described in this model, there-
fore this relaxation rate has been neglected. The spin conserving optical tran-
sitions are shown with red arrows from level 4 to level 2 and level 3 to level 1
respectively. We assume that there are no spin-flipping optical transitions from
level 4 to level 1 and similarly level 3 to level 2 [118]. This leads to the condition
k41 = k32 = 0. In figure 4.1 the non-radiative decay from excited triplet states
(level 3 and 4) to excited singlet state (level 5) and singlet ground state (level 6)
to triplet ground states (level 1 and 2) is shown with dashed black arrows. The
NV-centers in the excited singlet state (level 5) can only decay to the ground
singlet state (level 6) via emission of an infrared photon and not directly to the
triplet ground states (level 1 and 2), hence the condition is k51 = k52 = 0.

The pumping rates which are necessary to describe the model are shown in
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figure 4.1 with label Wα. These pumping rates are dependent on the pump laser
intensity Ig, infrared (IR) laser intensity Is , pump laser wavelength λg , infrared
laser wavelength λs and absorption cross-section σβ. The optical pumping rates
are given by Wg = σgIgλg/hc, Wg0 = σg0Igλg/hc, Wi = σiIgλg/hc, Wr =

σrIgλg/hc, and Ws = σsIsλs/hc. All values for parameters kαβ, and the cross-
section σβ are given in the table 4.1. For our model the microwave pumping
rate WMW for level 1 and 2 (blue arrow and text in figure 4.1) was empirically
fixed in simulation from the experimental value (see chapter 5.2 for details).
With the above mentioned relaxation rates and pumping rates it is possible
to write a system of eight linear coupled rate equations for the populations of
each state as given equation 4.1 to 4.8. The steady state solution of these rate
equations yield the population of each state Nα. The sum of the population
over all the states equals to one;

∑8
α=1Nα = 1. After the rate equations are

solved by the matlab script the populations are simply multiplied by the overall
concentration to yield the number of NV centers in a certain state (Nα).

dN1

dt
=− (Wg +WMW )N1 +WMWN2 + k31N3 + k61N6 +

Wr

2
N8. (4.1)

dN2

dt
=WMWN1 − (Wg +WMW )N2 + k421N4 + k62N6 +

Wr

2
N8. (4.2)

dN3

dt
=WgN1 − (k31 + k35 +Wi)N3. (4.3)

dN4

dt
=WgN2 − (k41 + k45 +Wi)N4. (4.4)

dN5

dt
=k35N3 + k45N4 − (k56 +Ws)N5 +WsN6. (4.5)

dN6

dt
=(k56 +Ws)N5 − (Ws + k61 + k62)N6. (4.6)

dN7

dt
=WiN3 +WiN4 −Wg0N7 + k87N8. (4.7)

dN8

dt
=Wg0N7 − (k87 +Wr)N8. (4.8)

4.2 Gaussian beam approximation

In this section we discuss the effect of Gaussian beam approximation in our
rate equation model. For Gaussian beams the beam intensity varies with beam
radius along the propagation direction z as described in equation 4.9 [155],
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Figure 4.2: Gaussian beam schematics. Figure a) shows the schematic of
the experimental condition for infrared absorption magnetometry
where both the green and infrared laser are applied. In figure b)
a simple schematic of the Gaussian beam geometry inside the di-
amond sample is shown. The discretization consideration of the
radial direction r and the the propagation direction z of the Gaus-
sian beam for numerical simulation to solve the rate equation model
is also shown here. For more details see text.

where I0 is the beam intensity at the beam waist with radius ω0, ω(z) is the
beam radius at point z along the beam path and r is the radial distance from
the beam axis.

I(r, z) = I0

(
ω0

ω(z)

)
exp

(
−2r2

ω(z)2

)
. (4.9)

In Gaussian beam optics the laser beams have the smallest beam radius at
the focal point, which is the beam waist (see figure 4.2). As the beam radius is
smallest at the beam waist, laser intensity is highest at that point. We know
from the above stated relations for pumping rates that it is directly proportional
to the laser intensities. Therefore the pumping rates are maximal at the beam
waists. With a large pumping rate for the green laser the NV spin system will
exhibit a large population in the metastable singlet state (level 6) which in turn
leads to higher infrared absorption. Thus when the transmission of the infrared
laser along the diamond sample is calculated in the simulation, a sudden drop
in transmission is observed at the position of the focus (see figure 4.4). With
higher infrared absorption at this point the infrared absorption ODMR contrast
is also high when on resonance microwave is applied to the NV ensemble.

For IR absorption ODMR first the beam waist inside the diamond sample is
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4 Rate equation model of NV centers

optimized for both green and IR laser with this Gaussian beam approximation.
To optimize the beam waists of the laser beams, IR absorption ODMR contrast
is simulated by taking different beam waists of green and IR lasers. From this
result a range of beam waist is inferred to maximize the contrast. In figure 4.3
the results obtained from the numerical solution of the Gaussian beam waist
optimization is shown. The optimization results indicate that the beam waist
for green and infrared lasers should be in between 15 to 30 µm for maximum
infrared absorption ODMR contrast. The output intensities for the green pump
laser Ig and infrared laser Is are acquired by solving the differential equations
4.10 and 4.11. By integrating these equations along the laser beam path length
l inside the diamond at each point we get the transmission of the lasers point
wise and finally at the output (see figure 4.2).

dIg
dz

=− [σg(N1 +N2) + σg0N7 + σi(N3 +N4) + σrN8]Ig. (4.10)

dIs
dz

=− σs(N6 −N5)Is. (4.11)

The motivation to add Gaussian beam optics into the rate equation model
is discussed already in section 4.2. In figure 4.4 this is evident where it can be
seen that the IR beam is maximally absorbed at the focal depth of the Gaussian
beams whether the microwave signal is applied or not. For infrared absorption
ODMR with applied microwave the infrared laser is absorbed even more due
to the enhanced population in the metastable singlet state. For this result, we
considered the Gaussian beam waist of 20 µm, green laser power 440 mW, IR
laser power 20 mW, NV concentration of the sample [NV] = 36 ppb and the
path length l = 25 mm.

Here we present some important simulation results for our Gaussian beam
optimized rate equation model. Figure 4.5 a) and b) shows the result for IR
absorption contrast (in percentage) with increasing green laser power at fixed IR
laser power for two different samples. In figure a) the results are calculated for a
low NV concentration (36 ppb) sample. For this simulation three different path
lengths (9 mm, 20 mm, and 40 mm) are used. The simulation results for the
high NV concentration sample (1.47 ppm) with with a interaction path length
of 2.5 mm, 5 mm, and 10 mm are shown in figure b). For both simulations the
IR power was fixed at 20 mW. From these results it can be inferred that the IR
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Figure 4.3: Beam waist optimization. In this figure the results from laser
beam waist optimization for infrared absorption ODMR contrast is
shown. The horizontal axis depicts the green beam waist, the left
vertical axis shows the infrared beam waist and the color bar shows
the infrared absorption contrast. The highest contrast is achieved
when both the beam has a beam waist of in the range of 15 to 30
µm.
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absorption is directly dependent on the green laser power and with increasing
green laser power the IR absorption is increased whereas we did not observe any
change in the IR absorption with varied IR laser power. The interpretation for
this result is as following: With higher green pump power the probability of the
NV system to populate the ground singlet state, which is depicted as level 6 in
figure 4.1, is higher and therefore IR laser is mostly absorbed. In both figures
we observe that with increasing path length, the contrast becomes larger until
at a certain pump power it reaches a saturation level. With high green pump
power transition rate to the singlet state (level 6 in figure 4.1) becomes higher.
The lifetime of this state is higher as described in section 2.2. Therefore at
a certain green power at which the lifetime of the metastable state is higher
than the rate of transition to the singlet state, the metastable state (level 6 in
figure 4.1) can not be depopulated. Thus leads to saturation of the contrast in
IR absorption ODMR. Another important point to be noted here is that the
absolute IR absorption is heavily dependent on the NV concentration of the
sample and thus it can be seen that the IR absorption contrast is much smaller
in low concentration sample compared to the high concentration sample. The
contrast value at saturation for the sample with lower NV concentration is
∼0.06 % (L= 40 mm in figure 4.5 a)) compared to the higher NV concentration
sample ∼0.6 % (L= 10 mm in figure 4.5 b)). While the NV concentration
is almost 40 times higher in the high NV concentration (1.47 ppm) compared
to the low NV concentration (36 ppb) sample, the interaction path length is
4 times higher in the low concentration sample. By taking into account the
product of NV concentration [NV] and path length L, as a figure of merit β
for IR absorption contrast for both the samples, it can be seen the ratio of this
figure of merit is approximately 10 (see equation 4.12).

βH
βL

=
[NV]H × LH

[NV]L × LL

=
1470ppb × 10 cm
36ppb × 40 cm

≈ 10. (4.12)

The contrast values at the saturation for both the samples are in agreement
with this calculation. Therefore it can be concluded that to achieve optimum
IR absorption two most important factor is the product of NV concentration
and interaction path length, and high green pump power to put the NV system
in the metastable singlet state. In figure 4.5 a) and b) it can be seen that
the contrast for infrared absorption ODMR, decreases with increasing green
laser power at different pump powers after reaching saturation, depending on

56



4.2 Gaussian beam approximation

Parameters Values Reference
k31 = k42 66± 5 µs-1 [153]

k35 7.9± 4.1 µs-1 [156]
k45 53± 7 µs-1 [156]
k61 1.0± 0.8 µs-1 [156]
k62 0.7± 0.5 µs-1 [156]
k56 1.0 ns-1 [64]
k87 53± 7 µs-1 [153]
σg 3.0× 10−21 m2 [157]
σg0 1.8σg [153]
σi (9.5± 4.7)× 10−21 m2 [153]
σr (9.8± 4.9)× 10−21 m2 [153]
σs (6.1± 4.4)× 10−23 m2 [147]

Table 4.1: Physical parameters for NV rate equation model. The physi-
cal parameters which were used to model the NV center optical depth
and infrared absorption ODMR contrast are given in this table. For
details of the parameters refer to text.

the sensing volume. It can be explained by the fact that, after the system
reaches saturation point, at even higher pump power, level 6 (figure 4.1) is
less populated than level 1, leading to lesser IR absorption, thus reduces the
contrast for IR absorption ODMR. Another possibility is, with higher green
pump power there is a higher probability of charge state conversion from NV-

to NV0 [158]. The charge state conversion effectively reduces the number of NV-

centers in the sensing volume, thus the absolute IR absorption and ultimately
the IR ODMR contrast is reduced. The same effect is also observed in case of
fluorescence ODMR simulation result (figure 4.6) as well as in the experiments
(see figure 6.2). The explanation for lesser contrast in IR absorption ODMR
also holds here. With higher pumping power, optical pumping rate becomes
higher than the MW pumping rate and populate the level 1 more than level 6
(figure 4.1), leading to lesser contrast than saturation point. In table 4.1 we
summarize the physical parameters used for calculating the NV rate equation
model.
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Figure 4.4: IR absorption contrast with Gaussian beam optimized rate
equation model. This figure shows an example graph for the
simulation of infrared (IR) absorption ODMR contrast. Along the
x axis the interaction path length inside the diamond sample is
given. The y axis gives the transmission of the IR laser at each
point for microwave (MW) on and off condition. Finally from the
end point IR transmission value for for MW on and off condition at
the diamond output facet the contrast is calculated. In this figure
the feature coming from Gaussian beam focus is visible around the
distance of 10 mm. At this point where the Gaussian beams are
focused, the IR absorption is maximum. For further explanation
see section 4.2.
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Figure 4.5: Simulation results for IR absorption ODMR contrast. Fig-
ure a) shows the simulation results of IR absorption contrast values
in percentage for low NV concentration sample (sample 1 and 2 in
figure 5.8, [NV] = 36 ppb) with different interaction path lengths
and gradually increasing green pump power and figure b) shows
the same simulation results with higher NV concentration sample
(sample 3 in figure 5.8, [NV] = 1.470 ppm) with different interaction
path length. For both simulation IR power was fixed at 20 mW.
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Figure 4.6: Simulation results for fluorescence ODMR contrast. In this
figure the simulation result for fluorescence ODMR contrast varia-
tion with green laser power is shown for the low NV concentration
samples (sample 1 and 2 in figure 5.8, [NV] = 36 ppb) with two
different interaction path lengths.
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5 Experimental Method and
Setup

In this chapter the experimental method and the experimental setup is dis-
cussed. To understand the experimental results presented in this work, it is
necessary to understand the experimental method. For technical convenience
to realize the magnetometry with ensemble of NV center in a bulk diamond
either for fluorescence magnetometry or for infrared absorption magnetometry,
continuous-wave optically detected magnetic resonance (CW-ODMR) magne-
tometry scheme has been used throughout this work. The simplicity of this
scheme arises from the facts that, there is no need to use any extra electron-
ics for producing pulsed laser and pulsed microwave signals and time tagged
collection of the fluorescence or transmitted infrared signal. In the previous
section 2.3.1 the basics of CW-ODMR magnetometry is described along with
the limitations for magnetometry measurements. Here, the discussion is related
to the experimental realization of the same.

5.1 Experimental Method

This work consists of magnetometry experiments with infrared absorption and
fluorescence. The basic method of magnetometry for both the schemes are
in principal same. The only difference is in the collection of readout signals.
For fluorescence magnetometry, the spin dependent fluorescence from the NV
ensemble is collected while for infrared absorption magnetometry, the collected
signal is the transmitted infrared laser. As there is no primary difference in the
magnetometry method as such, here the discussion is divided into two sections
such as 1) continuous-wave optically detected magnetic resonance (CW-ODMR)
and 2) Magnetometry Method. Although the basic principle of CW-ODMR
has been already described, here the discussion is necessary to understand the
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5 Experimental Method and Setup

complete process to perform magnetometry measurements with all the technical
aspects. Also in this section more emphasis is given to the technical aspects of
performing magnetometry rather than CW-ODMR.

5.1.1 CW-ODMR Method

For the magnetometry scheme with fluorescence signal, CW-ODMR [30] is per-
formed at the first place. As described in the section 2.3.1, a green continuous
laser initialize the NV spin state to ms = 0 state. With an applied bias mag-
netic field Bz, the degeneracy of the ms = ±1 state is lifted due to Zeeman
splitting. At this point, the microwave is scanned continuously over a broad
frequency range and the spin state dependent fluorescence signal is collected by
a photodiode simultaneously. In the recorded ODMR spectrum, the transitions
from the ms = 0 to ms = +1 and ms = 0 to ms = −1 is detected.

In case of infrared absorption magnetometry scheme [64], along with the
green laser, an infrared laser is applied. This infrared laser is on-resonant with
the singlet metastable states (1A1 and 1E) transition of the NV center which
probes the absorption on this transition. Without any microwave applied to
the NV center, the spin state is polarized to the ms = 0 state by the applied
continuous green laser (see section 2.3.1). In this condition the transmission
of the infrared laser is maximum. When an on-resonant microwave radiation
is applied, the probability of the NV spin state being in the metastable states
increases and lesser transmission (due to absorption) of the infrared laser is
observed. This absorption of the probe infrared laser is observed as an on-
resonant ODMR dip in the ODMR spectrum. With an applied bias magnetic
field, the transitions from the ms = 0 to ms = +1 and ms = 0 to ms = −1

is observed in the ODMR spectrum, similar to fluorescence ODMR spectrum
[64].

For a single NV center, in the ODMR spectrum only two transitions could
be observed for the transitions from the ms = 0 to ms = +1 and ms = 0 to
ms = −1. As in this work all the measurements have been done with ensemble
of NV center in bulk diamond, therefore in the ODMR spectrum all the eight
possible transitions for the four classes of NV center present in the diamond
could be observed while the applied magnetic field is arbitrarily aligned. To
perform magnetometry experiments in this work, the magnetic field was aligned
with one class of NV orientation in the diamond and the other three classes of
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NV orientation experienced a degenerate projection of the magnetic field.
From these ODMR spectrum it can be inferred different parameters such as

contrast and linewidths (FWHM of the resonances) of the transitions and the
magnetic field strength of the applied magnetic field. These parameters are cru-
cial to characterize the performance of the magnetometers under investigation
as well as to determine the lock-in-amplifier parameters to perform magnetom-
etry experiments. The details regarding lock-in-amplifier based magnetometry
scheme is given in the following section.

5.1.2 Magnetometry Method

Before magnetometry measurements were performed, first the characterization
of the NV ensemble as magnetometer was performed by collecting fluorescence
or transmitted infrared beam on a photodiode. In this work we refer to this
scheme of readout as direct readout method. Whereas for magnetometry ex-
periments additional lock-in amplifier after the photodiode was used. For mag-
netometry experiments with fluorescence and transmitted infrared signal, the
lock-in-amplifier gave several advantages over direct readout method. There-
fore the most important addition in the detection channel was the addition of
lock-in-amplifier after the photodiode. The basic principle of lock-in-amplifier is
phasesensitive detection along with filtration of unwanted frequencies and AC-
amplification [159]. For phasesensitive detection, the fundamental principle is
straightforward, a signal which is buried under noise with low signal-to-noise
ratio is recovered by modulating that signal and then mixing that signal with a
reference signal with same modulation frequency. The frequency filtration and
AC-amplification enhances the signal quality which in turn helps to achieve
sensitive measurements. In this work particularly magnetic field sensing was
performed with this scheme [159].

The advantages to use lock-in amplifier compared to direct readout of the
ODMR spectrum for magnetometry experiments are as follows. First, by the
process of modulation and demodulation of the collected signal, the bulk of low
frequency noise can be removed from the signal as well as any signal buried
under noise could be recovered by amplifying that exact signal. These low fre-
quency noise primarily comes from electronic sources. For example, in case of
infrared absorption magnetometry presented in this work, the ODMR signals
had low contrast (in between 0.035% to 0.16% for different samples, details are
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in chapter 7), with lock-in-amplifier it was possible to recover these signals with
high signal-to-noise ratio. Second, the signal produced by the lock-in amplifier
is a first order derivative of the CW-ODMR spectrum. This signal can be ap-
proximated to be linear over a frequency range as it crosses zero. This spectrum
acquired from the lock-in-amplifier simplifies magnetometry measurements as
the slope of the zero-crossing demodulated signal can be measured initially and
can be tracked over time. As discussed in the previous chapter, this slope is
the crucial parameter for magnetometry experiments to measure the sensitiv-
ity of the magnetometer. Therefore tracking the slope and the zero-crossing
frequency periodically gives advantage in real-time sensing as the need for ex-
tensive fitting of the ODMR resonance dip with Lorentzian or Gaussian fit is
minimized. In contrast to this situation, when the readout scheme has no lock-
in-amplifier it is necessary fit the ODMR spectrum with Lorentzian or Gaussian
fit for each acquired spectrum which constrain the real-time sensing protocol
to great extent [40, 68, 120, 160].

To utilize the advantages provided by lock-in-amplifier for magnetic field
sensing, in the experiments presented in this work following procedure was
applied. As already discussed, in phasesensitive detection, modulation and
demodulation of the signal of interest should be performed. For performing
ODMR in magnetometry experiments, modulation may be applied either to
the microwave drive signal or to the pump laser or to the bias magnetic field
as in case of microwave free magnetometry [161]. In this work, while the de-
modulation of the signal was done by the lock-in-amplifier, modulation was
performed by modulating the frequency of microwave signal. This modulation
technique is known as frequency modulation (FM). The reasons behind the
choice for frequency modulation of microwave drive are as follows. To get the
advantage of lock-in scheme where the output signal acquired from the lock-in-
amplifier has a zero-crossing dispersion line-shape frequency modulation has to
be applied to the microwave drive. In contrast to frequency modulation of MW
drive, if the modulation is applied to the pump laser (amplitude modulation),
the acquired signal results in a Lorentzian or Gaussian line-shape. In this sit-
uation the highest sensitivity is on the sides of the line-shape, rather than on
the resonant frequency, where the signal is minimum hence more susceptible
to fluctuations and noise inherent to the laser [120]. Due to these reasons, we
chose FM scheme for our magnetometry experiments and the microwave signal
was frequency modulated. As the microwave drive was modulated, continuous
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wave lasers were used for technical convenience. In this work the majority of
the experiments were done in such a way where it was necessary to maintain
uniform intensity of the pump laser over a macroscopic volume of the diamond
samples. The use of continuous pump and probe lasers also helped to maintain
the uniform intensity over a large volume inside the diamond samples.

As we used frequency modulation technique in our magnetometry scheme,
here a brief discussion is presented on this technique [162]. The basic principle of
frequency modulation is, here a carrier signal and a modulating signal is chosen
where the modulating signal modulates the frequency of the carrier signal. For
example, we can think of a carrier signal as Sc (t) = Ac cos (2πfct+ φ), where
Ac is the amplitude, fc is the carrier frequency, and φ is the phase of the carrier
signal. The modulating signal can be similarly Smod (t) = Amod cos (2πfmodt),
where Amod is the amplitude, fmod is the modulation frequency, and φ is the
phase of the modulating signal. A frequency modulated signal can be defined
as following [162] :

SFM (t) = Ac cos

2πfct+ 2πkf

tˆ

0

Smod (t) dt

 . (5.1)

In equation 5.1, the value of constant kf depends on the modulating system.
The instantaneous frequency fi (t), for such a frequency modulated (FM) signal
will be as following [162]

fi (t) = fc + kfAmod cos (2πfmodt) . (5.2)

From the above equation 5.2, it can be inferred that the instantaneous fre-
quency varies or deviates ±kfAmod in respect to fc. This is defined as frequency
deviation, fdev ≡ kfAmod, as this is the maximum departure of the instanta-
neous frequency from the carrier frequency. Equation 5.2 can be rewritten as
fi (t) = fc + fdev cos (2πfmt). Combining equation 5.1 and 5.2 the final form of
a frequency modulated signal can be written as [162] :

SFM (t) = Ac cos (2πfct+ β sin (2πkmodt)) . (5.3)

Where β = fdev
fmod

, conventionally known as modulation index. In this work
for all the presented results with FM, the carrier frequency fc is the frequency
of the microwave signal. For obtaining ODMR spectrum this microwave signal
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is swept over a frequency range, whereas for magnetic field sensing experiments
this carrier frequency is the center frequency of the resonance feature which is
the zero-crossing frequency of the dispersion line-shape acquired from the lock-
in-amplifier. The modulating frequency fmod was chosen experimentally where
the dispersion line shape was less noisy. The limiting factor for choosing the
fmod was the fact that under continuous optical excitation the T1 relaxation time
of NV centers limits the modulation frequency to ≤ 20 KHz [42]. The choice
of frequency deviation was fdev≥ ∆ν, where ∆ν is the linewidth (FWHM) of
the resonance feature on which the magnetometry experiments were performed.
The choice of fdev is crucial as wrong choice of fdev can lead to distortion of the
dispersion lineshape and effectively reduce the range over which the dispersion
curve is approximated as linear. This has been observed in the experiments
[67].

For the magnetic field sensing experiment the MW is modulated around the
zero-crossing frequency for a particular resonance dip observed in the ODMR
spectrum. While modulating the MW the voltage output of the lock-in-amplifier
is recorded as a timetrace over some time (600 seconds). From the recorded
timetrace the variation in voltage can be converted to the variation of the mag-
netic field by the following equations [40]:

Bmeasured (t) = CLIAVLIA (t) . (5.4)

In the above equation Bmeasured (t) is the measured magnetic field over time
t, V (t) is the recorded voltage in the timetrace from the lock-in-amplifier and
CLIA is the voltage-to-magnetic field conversion factor given by [40] :

CLIA =
h

geµBb
. (5.5)

Where h is Planck constant, ge is the electron g-factor, and b is the slope of
dispersion lineshape at the zero-crossing, b = dVLIA

df
|VLIA=0.

From the above discussion it is clear that to realize the preferred magne-
tometry scheme experimentally; the requirements are continuous-wave lasers,
continuous microwave driving with modulation enabled functionality, lock-in-
amplifier and photodiode to collect the readout signals. In the following section,
details of the experimental setup, details of the sample is discussed.
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�
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Figure 5.1: Different configurations for experiments. In this schematic
the green pump laser and infrared laser are depicted as green and
red arrows a) This schematic diagram shows the configurations for
single pass (SP) and double pass (DP). b) This diagram shows the
configuration for LTDW. In the figure the incident angle for the
overlapped beams with respect to the cut facet of the diamond is
shown as angle θ, the . The overlapped laser beams are getting
reflected multiple times inside the diamond due to total internal
reflection.

5.2 Experimental Setup

In this work the diamond samples were used in different configurations as shown
in figure 5.1 for infrared laser absorption magnetometry as well as for fluores-
cence magnetometry. The configurations are named as single pass (SP), dou-
ble pass (DP) and waveguide or light trapping diamond waveguide (LTDW)
[68, 69].

For single pass the lasers were entering the samples from one sidewall and
exited through the opposite sidewall. In case of double pass configuration the
lasers entered the sample from one sidewall then incident on the corner cut of
the samples, as the cut facets are 45° in angle respect to the laser path, the
lasers went through total internal reflection and exited through another side-
wall. Finally for LTDW [68, 69] configuration, the laser entered the diamonds
through the cut corner and after several reflections on the sidewalls of the di-
amond sample due to total internal reflection condition it exited the diamond
from the same corner cut.
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5.2.1 Optical setup

In the figure 5.2 all the optical component and the schematic diagram of the
experimental setup is shown. As described in the previous section 5.1.1 for CW-
ODMR with fluorescence or infrared transmission signal continuous lasers were
used. A green laser (company: MediaLas, DPSS, max output 1 Watt) of 532 nm
wavelength is the pump laser to excite the NV centers in the diamond samples.
For Infrared laser absorption magnetometry a probe infrared laser of 1042.5 nm
wavelength (company: Toptica, ECDL, max output 100 mW) has been used
to probe the metastable singlet states of the NV centers. The infrared laser
has been overlapped with the green laser for infrared absorption magnetometry
experiments. To see the effect of enhanced path length on sensitivity the lasers
made pass through the diamond in different ways such as single pass (SP) ,
double pass (DP) or light trapping diamond waveguide (LTDW).

The company rated maximum output power for the green laser was 1 Watt
but it was only 850 mW of power which was available during stable operation
of the laser. To vary the laser power a λ/2 wave plate and a polarizing beam
splitter (PBS) has been used in front of the laser output. The laser was then
coupled to a single mode (SM) fiber (P3-460B-FC, Thorlabs). The maximum
power available after the fiber coupling section was approximately 540 mW.
The main reasons to use a single mode fiber here are twofold; first to get a
clean Gaussian beam profile of the laser and secondly decoupling the optical
elements before and after the fiber which eased the alignment procedure for the
main set up (see also 4.2). For the outcoupler section of the fiber a 11 mm
aspheric lens (C220TMD-A, Thorlabs) has been used to collimate the beam.
The laser beam is then incident on dichroic mirror (DMLP950, Thorlabs). The
dichroic mirror is used to combine or overlap the green laser and the infrared
laser. After the dichroic mirror, the green laser was guided by another set of
mirrors through a 100 mm plano-convex lens to focus the laser beam inside the
diamond samples.

The infrared laser is also fiber coupled and the outcoupler section has a 11 mm
aspheric lens (C220TMD-B , Thorlabs). The laser beam then passed through
an Optical isolator. The maximum power available after the fiber coupling
section and the optical isolator was 80 mW. The optical isolator has been used
to protect the infrared laser from any back reflection. After the optical isolator
the the infrared laser passed through a λ/2 wave plate and a polarizing beam
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splitter (PBS), which were used to control the optical power. The laser then
was guided to the dichroic mirror. At this point, using the mirrors after the
PBS, the infrared laser was overlapped with the green laser.

The choice of particular aspheric lenses for both the green and infrared laser
arose from the specific requirement of beam waists needed inside the diamond
samples for magnetometry experiments. From the theoretical calculations done
with the NV rate equation model (chapter 4.1), we came to know that the ideal
beam waist for the green pump laser and the IR laser inside the diamond should
be within the range of 15 to 30 µm (figure 4.3). For making the optical set up
simple we opted beam waist of 20 µm for both the lasers.

Single mode fibers were used to achieve Gaussian beam profile for both lasers.
The mode field diameter (MFD) of the single mode fiber used to couple the
green laser is; 4.1 µm @ 532 nm (verified experimentally). For collimating the
laser beam an aspheric lens was used with focal length of 11.0 mm. By plugging
in these values in equation 5.6, the collimated beam diameter D was calculated,
which was 1.82 mm. The MFD) of the single mode fiber used to couple the
infrared laser is 6.2 µm @ 1042.5 nm. An aspheric lens with focal length of 11.0
mm was used to collimate the laser beam. By using equation 5.6, the beam
diameter D of the collimated laser beam was calculated and that was 2.35 mm.

In equations 5.6 and 5.7, MFD is mode field diameter of the single mode
fibers, λ is the laser wavelength, and D is the collimated beam diameter, f is
the focal length of the lenses, and φspot is the diffraction-limited spot size [155].

f =
πD (MFD)

4λ
(5.6)

φspot =
4λf

πD
(5.7)

With these values of collimated beam diameter for green and infrared laser
we calculated with equation 5.7 the focal length f of our focusing lens. For
green and infrared laser the values of f are approximately 100 mm and 71 mm.
We opted for 100 mm focal length spherical plano-convex lens for both the
lasers to avoid complexity in our optical setup. Both the lasers were focused
inside the diamond samples with same focusing lens with focal length of 100
mm. In appendix (section Appendix C: Beam waist determination), beam waist
determination with a sharp edge knife is described.

To probe the the singlet state of the NV ensemble with the infrared laser need
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Figure 5.2: Optical component setup. In this figure the optical setup is
depicted for both the infrared absorption magnetometry and flu-
orescence magnetometry. The green pump laser and the infrared
probe laser are depicted as green and red lines in the figure. Details
of the acronyms used in the schematic are as follows. HWP is λ/2
wave plate, polarizing beam splitter as PBS, beam block as BB and
single and multi mode fibers as SM fiber and MM fibers respectively.
See the text for detailed description of the setup. Details regarding
the antenna position and alignment of the magnet is discussed later
in this chapter.
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to address the same NVs which were being pumped by the green. In case of
offset between these two laser beams in the beam path, optimum magnetic field
sensitivity with infrared absorption magnetometry can not be reached. For this
reason, in infrared absorption magnetometry experiments precise overlapping
of the two lasers is very crucial. To achieve this high precision overlap of the
two lasers a SM fiber was used. Both the lasers were simultaneously couple to
this SM fiber. Once the overlap of laser beams was achieved, the SM fiber was
removed and in place of that the 100 mm focusing lens was placed. In between
the focusing lens and the diamond samples there were no optical element (see
figure 5.2).

In Fluorescence measurements the fluorescence was collected by an aspheric
condenser lens (ACL2520U-A, Thorlabs) and then focused by another aspheric
condenser lens on a variable gain photodiode (PDA100A2, Thorlabs). The fil-
ters used for fluorescence measurements were, one 700 nm long pass (FEL0700,
Thorlabs) and one 532 nm Notch filter (NF533-17, Thorlabs). The 532 nm
notch filter was used to block any scattered green laser. It was observed in ex-
periments that the ODMR contrast increased when the 700 longpass (LP) filter
was used rather than 620 LP or 650 LP filters. The reason behind this is, by
using 700 LP filter the fluorescence from NV0 was filtered out, which was con-
tributing to the background. The figure 5.3 shows the experimental results for
determining the filter choice. Green laser power (50 mW) and microwave power
(5 dBm from MW source) were same for all the acquired ODMR spectrum.

In case of infrared absorption magnetometry experiments, the transmitted in-
frared beam was first separated from the transmitted green beam by a dichroic
mirror mirror (DMLP950 Thorlabs). After the dichroic the infrared beam was
coupled to a multi mode fiber which was then attached to a variable gain pho-
todiode (PDA100A2 Thorlabs).To couple only the spectrally clean transmitted
infrared beam two filters were used. In front of the fiber coupling a 950 Long-
pass filter (FEL0950, Thorlabs) was used to block any scattered green light or
the fluorescence from the diamond samples (600 - 800 nm). Another band pass
filter (FB1050-10, Thorlabs) was attached to the photodiode before the fiber
coupling component to filter the Raman line of the multi mode fiber.
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Figure 5.3: Filter choice for fluorescence ODMR experiment. In this fig-
ure the experimental results with different optical filters are shown.
The blue ODMR spectrum shows the highest contrast of 3.2 %,
where the filter used was 700 longpass and the black ODMR spec-
trum shows the lowest contrast of 2.6 % with 620 longpass filter.
In between the red ODMR spectrum shows the contrast of 2.9 %
with a 650 longpass filter. Laser power and microwave power and
the antenna position were same for all the experiments.
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5.2.2 Electronic Setup

Apart from the optical components the experimental setup had lots of electronic
components which are shown in the figure 5.4. These electronic components
which were used in the ODMR and magnetometry experiments were mainly the
microwave components for manipulation of the NV ensemble, lock-in -amplifier
for magnetometry, combination of passive electric filters for reduction of elec-
tric noise, variable gain photodiode for collecting readout signal and National
Instruments Data Acquisition system. As discussed before in the section 5.1.1
and section 5.1.2, experiments were done either with direct readout method or
with lock-in-amplifier for magnetometry.

In the direct readout method (figure 5.4 b), the fluorescence (depicted as
orange trapezoid in figure 5.4 a and b) or infrared transmission signal (depicted
as red laser beam in figure 5.4 a and b) were collected by the photodiode
(PDA100A2 Thorlabs) which was connected to a 2 kHz lowpass filter (EF112,
Thorlabs) to reduce the electrical noise an then to the data acquisition card for
data collection. Microwave was delivered via loop antenna.

In case of magnetometry experiments where the lock-in scheme was used the
electronic system was different. Here the electrical signal from the photodiode
was first made relatively noise free by using of a electrical bandpass filter (com-
bination of electrical highpass filter and a lowpassfilter). The electrical filters
used to make the bandpass filters are, 2 kHz highpass filter (EF114, Thorlabs)
and a 5 kHz lowpass filter (EF113, Thorlabs) . This filtered electrical signal
then attached to the signal input of the lock-in-amplifier. The output of the
lock-in-amplifier is again electrically filtered by using of a 2 kHz lowpass filter
(EF112, Thorlabs) before it is connected to the data acquisition system,which
was connected with a computer for data read out.

To acquire the experimental read out the data; either directly from the pho-
todiode or from the output of Lock-in-amplifier; data acquisition (DAQ card)
system from National Instrument was used. The specific DAQ card used for
all the experiments is PCIe-6323. Analog voltage from the photodiode or from
the lock-in-amplifier was connected to analog voltage input of the DAQ card.
The digital output from the DAQ card was used to control the green laser state
(ON and OFF). For synchronization of the experiments, the microwave source
was also controlled via computer.
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Figure 5.4: Electronic component setup. Figure a) depicts the schematic
for electronic set-up depicts the microwave delivery to the sample
along with lock-in-amplifier scheme and the read out system. Figure
b) shows the schematic for electronic set-up depicts the microwave
delivery to the sample along without lock-in-amplifier scheme and
the read out system. The path 1 and 2 labeled in the schematic
diagram are exclusive. At a time either infrared absorption magne-
tometry or fluorescence magnetometry was performed. In figure a
and b, green and IR lasers are depicted as green and red thick lines,
the fluorescence is depicted as orange trapezoid. Blue arrows shows
the electrical and microwave path in the setup.
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5.2.3 Microwave delivery and Lock-in-Amplifier

Here the discussion is about the setup for microwave drive as well as the lock-
in-amplifier assisted magnetometry method as discussed in section 5.1.2. For
microwave (MW) manipulation of the NV ensemble in the diamond samples a
copper wire loop antenna was used (See figure 5.5 ). For different configura-
tions, the antenna was placed in different manner as shown in figure 5.1. In the
figure 5.4, schematic diagram for electronic setup for direct readout (figure5.4
a) method and lock-in-amplifier assisted readout method for the magnetometry
(figure 5.4 b) is shown. The path 1 and 2 labeled in the schematic diagram
are exclusive in nature, at a time either infrared absorption magnetometry
or fluorescence magnetometry was performed. The modulation enabled mi-
crowave source (DC to 6.075 GHz signal generator, SG386, Stanford Research
Systems Inc) is amplified typically 45 dB by an amplifier (ZHL-16W-43-S+,
Mini-Circuits). For magnetometry experiments the MW power used is varied
within 5 dBm to 7dBm from the microwave source. For characterizations of
the magnetometer the MW source power was varied in between 7dBm to -
30 dBm. After the amplifier the MW signal went to a DC block component
(BLK-89-S+ , Mini-Circuits) and then to a circulator (SFC2040A, Fairview Mi-
crowave). Here the circulator is used to protect the amplifier from any kind of
back reflection from the loop antenna as the home-built loop antenna was not
impedance matched. The three ports of the circulator was used in the following
manner, MW signal enters at the port 1, the loop antenna is connected at port
2 and at port 3 a 30 dB attenuator combined with a 50 Ohm termination is
used to terminate the back reflected part of the MW signal. The loop antenna
was positioned directly on top of the diamond sample to deliver the maximum
possible microwave power. In the magnetometry experiments (see figure 5.4
a) the microwave source was modulated externally and to do that the internal
oscillator of the Lock-in-Amplifier (DSP 7265, Stanford Research) was used.
The frequency of the modulating signal from the Lock-in-Amplifier (internal
oscillator), which was used to modulate the microwave signal, used as the ref-
erence signal for the Lock-in scheme and the modulation depth or frequency
deviation was set at the microwave source.

The modulation frequency used for the experiment was 3.5 kHz, frequency
deviation (e.g. 1.5 MHz, 9.8MHz or 10 MHz ) was determined from linewidth
measurements of the resonance feature (discussed in section 5.1.2). The time
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Figure 5.5: Antenna alignment. In this schematic the pump and probe lasers
are depicted as green and red arrows and the copper wire antennas
are depicted as thick brown lines and a loop. In figure a), for single
pass configuration the antenna was placed right on top of the beam
path for maximum microwave delivery to the NV ensemble. In
figure b), for double pass the copper wire antenna was bent same
as the beam path shown in figure. In figure c), for LTDW the laser
beams were getting reflected many times inside the diamond and
covered a bigger area. Here the best solution was to make a loop
antenna for delivering maximum microwave power.
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constant of 5 ms was used for the lock-in-amplifier settings unless otherwise
described in the chapters 6 and 7. The lock-in-amplifier parameters such as
sensitivity, AC gain or output channel expansion was set manually for specific
experiments and these details are described in the chapters 6 and 7.

5.3 Sample Mounting and beam walkoff

In different experimental configuration as mentioned in the beginning of this
chapter (e.g. SP, DP and LTDW) the diamond samples were positioned dif-
ferently with respect to the laser beams. For LTDW configuration, rotation
of the diamond sample was necessary so that the laser beams entered in the
diamond sample in a specific angle. Depending on the incident angle at the
cut corner facet of the diamond, different path length of the laser beams inside
the diamond was achieved. For LTDW configuration in the infrared absorption
magnetometry it was very crucial that the laser beams remain overlapped for
the entire trip inside the diamond. Therefore in this configuration two condi-
tions had to met, 1) the path length should be increased inside the diamond
than double pass configuration significantly (see figure 4.5 a)) and 2) at the
same time for entire path inside the diamond both the lasers were overlapped
for maximum possible infrared absorption. Now, as the refractive index of the
diamond is different for the green laser (2.41 @ 532 nm) and the infrared laser
(2.39 @ 1042.5 nm) [88], with increased path length there would be a walkoff
of the laser beams (see figure 5.6).

For LTDW to achieve longer path length, the sample needed to be rotated
with respect to the laser beams. For different incidence angles the path length
will be different inside the diamond as well as the beam walkoff. Therefore,
to optimize the above mentioned conditions, angle bound was estimated, taken
into account that the beam waist at focal point was ∼ 20 µm. As the beam waist
of lasers were ∼ 20 µm, a walkoff more than 40 µm was not desirable. In figure
5.6, the beam walkoff with increasing incidence angle and path length is shown.
It can be noted in figure 5.6, that with an incidence angle in between 5° - 20°,
the beams are overlapped for a path length of 12 mm - 30 mm with negligible
walkoff. In our experimental realization of LTDW, the incidence angle of the
combined laser beams was 20° and a path length of ∼ 28 mm was achieved (see
Appendix D: Path length calculation for LTDW). From the figure 5.6, it can be
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Figure 5.6: Beam walkoff estimation. The beam walkoff dependent on the
path length and the incidence angle of the laser beams is shown in
this figure. The solid lines shows the walkoff distance with increased
incidence angles and path lengths.

seen that the beams were significantly overlapped for entire path.. To achieve
that, the samples were positioned on a sample holder which was attached to
a high precision rotational stage (PR01/M, Thorlabs). In these experiments it
was also very crucial to focus the laser beams inside the diamond (in some cases
at the cut facet) as predicted by the NV rate equation model combined with
Gaussian optics as described in the NV rate equation model in the chapter
4. For that, the rotation stage was attached to a 3-axis translational stage
(Newport) to move the sample in x,y and z direction. In order to do that, first
the beam waist was measured with sharp knife and optical power meter at 6
different position after the Plano-convex lens (focal length 100 mm). From those
set of measurements the exact the focal point was determined in free space (see
Appendix C: Beam waist determination). The focal point inside the diamond
was calculated taken into account that the focus will be at different position
from the lens due to the high refractive index of diamond. Once the focal point
was decided from calculation the sample was positioned at the desired position
from the focusing lens with the translation stage. This combination of the
rotation stage and the 3-axis translation stage made sure precise positioning
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and orientation of the diamond sample.

5.4 Magnetic field Alignment

For magnetometry experiments, first a static bias magnetic field was applied.
This magnetic field was applied along the 〈111〉 crystallographic direction of the
diamond samples [19, 26], which was provided by a Neodymium cube permanent
magnet (W-12-N, Supermagnete). The dimension of the magnet was 12 mm×12
mm×12mm. For all the magnetometry experiments, the magnet was positioned
from the top respect to the diamond sample with posts. To align the magnetic
field along the NV axis of one of the four classes of NV in the ensemble; the
magnet was positioned ∼54.5° with respect to horizontal plane. The alignment
procedure was performed in such a way that in the ODMR spectrum only four
resonance dips were visible with outer dips having smaller contrast than the
inner dips. Out of these four resonance dips two resonance dips arose from one
class of NVs and the other two resonance dips were the resultant dips of the
other three classes of NVs present in the ensemble. To perform magnetometry
all these resonance dips were well separated from each other. This alignment
procedure was performed in a trial and error method at each step of magnet
position taken into account the number of visible resonance feature and their
contrasts. In the figure 5.7 a schematic diagram shows the orientation of the
permanent cube magnet with respect to the diamond sample.

To perform magnetometry test with time varying magnetic field a magnetic
coil was used along with the permanent magnet. The coil was positioned in
the same plane of the magnetometers. In another word the permanent magnet
and the coil magnet were in orthogonal planes. This placement of the coil
was preferred only due to space constraint in our setup. With magnetometry
experiments the field strength and frequency of these AC magnetic fields were
verified, more details about these experiments are discussed in the chapters 6
and 7. The coil used for the AC magnetic field was a multi-turn coil made
with copper wire (wire diameter of 0.2 mm). This circular multi-turn coil had
number of turns, N = 14, radius of the coil rcoil = 1.25 cm, the distance from
the magnetometer was approximately 10 cm, the coil current Icoil was varied
from 100 mA to 200 mA for different measurements and a 50 Ohm resistor was
connected in series with the coil for impedance matching. A function generator

79



5 Experimental Method and Setup

Cube Magnet

54°

Diamond sample

Sample Holder

Cube Magnet

NV spin

Side View for Magnet position Top View for Magnet position

a b

Diamond sample

z

x

y

x

Figure 5.7: Alignment of magnet with respect to diamond. Simple
schematic diagram depicting the magnet orientation with respect
to the diamond sample. a) Shows the side view for the magnet po-
sition respect to the diamond sample. b) Shows the top view for
the magnet position respect to the diamond sample.

was used to provide the coil current with different frequencies. The test field
strength was calculated using the following equation [40] :

Btest =
µ0NturnsIcoilr

2
coil

2 [z2coil + r2coil]
3/2
. (5.8)

The field strength and frequency of the coil magnet was measured with the
sensitivity measurement of the magnetometer. These details are provided in
the chapter 6 and 7.

5.5 Sample preparation

This section is dedicated to discuss about the samples used in the magnetometry
experiments. In the figure 5.8, all the samples are shown together. Here it can
be noted that the samples are of different colors. These different colors of
the samples are due to different concentration of NV centers in the diamonds.
Sample 1 and 2 has low NV concentration and are transparent. Sample 3 and
4 has high NV concentrations. While sample 3 is light purple in color sample
4 has even more high concentration of NV centers thus it is darker purple in
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color. The details of the samples are given below.

Sample 1: This sample was provided by Element6. Dimension of this sam-
ple were 4.8 mm×2.4 mm×0.5 mm with one corner of the diamond was cut
with dimensions of 0.5 mm × 0.5 mm and a angle of 45° with respect to the
diamond sidewalls. Material used for this sample is CVD grown standard grade
diamond material with initial nitrogen concentration of 0.15 ppm. The sample
was electron irradiated for 30 minutes and went through subsequent annealing
process above 600° C to create NV centers. The estimated NV concentration (
[NV] = [NV0]+[ NV-] ) is approximately 0.036 ppm. The edge of this sample
is along 〈110〉direction and the surface is of (100) orientation.

Sample 2: This sample was also provided by Element6. The dimensions
of this sample were 4.8 mm×4.8 mm×0.5 mm with one corner of the diamond
was cut with dimension of 1.0 mm × 0.5 mm and a angle of 45° with respect
to the diamond sidewalls. The material used as well as the crystallographic
orientations of this sample is same as sample 1 only this sample was electron
irradiated for 20 minutes. The estimated NV concentration ( [NV] = [NV0]+[
NV-] ) is approximately 0.036 ppm.

Sample 3: Sample provided by Element6. Dimensions of this sample were
2.5 mm×2.5 mm×0.5 mm with one corner of the diamond was cut with di-
mensions of 0.5 mm × 0.5 mm and a angle of 45° with respect to the diamond
sidewalls. Material used for this sample is CVD grown standard grade dia-
mond material with initial nitrogen concentration of 20 ppm. This sample was
electron irradiated for 4 hrs and annealed above 800° C. Specific growth pro-
cess and annealing process for this sample could be found in more detailed
manner in the following articles by Edmonds et al. [108, 121]. The estimated
NV concentration ( [NV] = [NV0]+[ NV-] ) is approximately 1.47 ppm. The
crystallographic orientations are same as sample 1 and 2.

Sample 4: For this sample the dimensions were 3.2 mm×3.2 mm×0.5 mm
with one corner of the diamond was cut with dimension of 1.0 mm × 0.5 mm
and a angle of 45° with respect to the diamond sidewalls. HPHT diamond was
used for this sample, which was electron irradiated and subsequently annealed
for creation of NV centers. The estimated NV concentration ( [NV] = [NV0]+[
NV-] ) is approximately 6.8 ppm. This sample was provided by the research
group of Applied Quantum Systems under Prof. Dr. Jan Meijer at Universität
Leipzig.
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1 2 3 4

Figure 5.8: Samples. In this figure all the samples are shown. With sample 1,
2, and 3 all the magnetometry experiments were performed. Sample
color is due to different concentration of NV centers in the diamonds.
Sample 1 and 2 has low NV concentration and are transparent.
Sample 3 and 4 has high NV concentrations. For detail description
of the numbered samples please refer to text.

NV concentration was estimated from transmission experiment with green
laser with the following equation of Beer-Lambert law [163], taken in to account
the Fresnel reflection from the diamond surfaces:

Pout

Pin

= e−n.σgreen.l (5.9)

Where, Pout is the out put optical power, Pin is the input optical power, σgreen
is the absorption cross section (value given in table 4.1) of NV center for green
laser, n is the NV concentration, and l is the path length of the laser beam
inside the diamond sample. To calculate the transmission of the lasers, the
Fresnel reflections from the diamond surface was taken into account. Following
are the Fresnel equations for s and p polarized light [155].
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Sample Pout (mW) Pin (mW)
1 ∼ 40.1 ∼ 50
1 ∼ 16.2 ∼ 20
1 ∼ 8.0 ∼ 10
3 ∼61.3 ∼ 500
3 ∼ 36.1 ∼ 300

Table 5.1: NV concentration measurement. In this table input (Pin) and
output (Pout) optical powers are given which were measured to cal-
culate NV concentrations of sample 1, 2 and 3. Samples 1 and 2
are from same batch and calculated NV concentrations are same for
both samples. Therefore values for sample 1 and 3 are given only.
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In the equations 5.10 and 5.11, Rs and Rp are the reflectances for s and p

polarized light, n1 and n2are the refractive indices for air (n1 = 1) and diamond
(n1 = 2.4) and θi is the angle of incidence. The angle of incidence was 10° in
all the measurements. For sample 1 and 3, the path length l were 2.4 mm 2.5
mm respectively.

Out of these samples shown in figure 5.8 all the magnetometry experiments
were done with sample 1,2, and 3. With sample 4 it was not possible to perform
the experiments even with single pass (SP) configuration due to high absorption
of the pump laser.The grown diamond samples used in the experiments had to
cut and polish to realize the different experimental configurations shown in
figure 5.1. For LTDW configuration it was necessary that the sidewalls of the
diamond samples are parallel to each other. Otherwise, the maintaining overlap
of the laser beams inside the diamond sample was not possible. Apart from
the parallelism of the sidewalls, it was necessary to have a cut corner for the
diamond samples for all the configurations. Primary polishing and cutting of
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the sample 1 and 2 were done by Element6 while for sample number 3 there
were no prior polishing or cut corner. These samples were again investigated
by laser scanning microscope to check the parallelism of the sidewalls. Images
taken with laser scanning microscope are shown in figure 5.9. In the figure
5.9, solid red lines are drawn to show the 90° angle and the dotted purple line
emphasize on the inclined sidewalls. From these images it was evident that
the sidewalls of the samples were not parallel and measurement showed angle
deviation of more than 1° in some cases and further polishing was required.

Therefore to prepare the samples to perform magnetometry experiments with
above configurations (figure 5.1) samples were sent for further polishing (Sample
1 and 2) and cutting (Sample 3) to a diamond polishing company Almax easy-
Lab. After re-polishing of the samples, the parallelism of the sample sidewalls
were verified again with laser scanning microscope which showed the deviation
was ∼ 0.01°.
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Figure 5.9: Laser Scanning Microscope images of the sample number 1
and 2 are shown here. From these images it is evident that all the
sidewalls were not perfectly parallel with each other. To show the
inclination of some of such sidewalls sold red lines and dotted purple
lines are drawn in the images. Refer to text for more details.
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6 Fluorescence magnetometry

Though in this presented work our main focus was to investigate the infrared
absorption magnetometry we also performed fluorescence magnetometry along
with it. Magnetic field sensitivity in the fluorescence magnetometry was mea-
sured for the same configurations (see section 5.2) of infrared absorption magne-
tometry. The results from fluorescence magnetometry give the scope to compare
both the magnetometry methods. Before we performed IR absorption mag-
netometry, we investigated the dephasing time (T ∗

2 ) and fluorescence ODMR
contrast to characterize our magnetometers. In this chapter the results for
sample characterization for magnetometry is first discussed in section 6.1. In
section 6.2 we present the results obtained from high NV concentration sam-
ple for Fluorescence magnetometry and in section 6.3 the results for low NV
concentration sample is presented. Finally in section 6.4 we discuss the results
regarding hyperfine coupling.

In the figure 5.8 all the available samples are shown with label. Out of these
four samples only sample 1, 2, and 3 were used for magnetometry experiments
(figure 5.8). With sample 1, we performed magnetometry in LTDW configura-
tion (see section 5.2 for all the mentioned configurations), whereas with sample
2 we used only DP configuration. In figure 6.1, an attempt to realize LTDW
configuration (see section 5.2) with sample 3 is shown. Due to high absorption
of the green laser by the sample, more than 95 % of the input optical power was
absorbed within an interaction path length of ∼ 5 mm (calculated with equation
5.9). Also in the figure 6.1 it can be seen that after two total internal reflections
the pump laser is completely absorbed. Therefore we performed SP and DP
configuration with this sample. In section 6.1 we discuss the characterizations
of our magnetometers.
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Figure 6.1: LTDW trial with high NV concentration sample. In this
figure an attempt for LTDW configuration with sample 3 ( see figure
5.8) is shown . For more details refer to the text.

6.1 Magnetometer characterization

To characterize the diamond samples we performed some series of experiments.
From the theoretical simulation results (see figure 4.6), it is evident that the
highest contrast for fluorescence ODMR is reach with a certain green laser
power. In order to experimentally verify that, we performed set of ODMR
experiments by varying green laser power when the MW power was fixed at
highest level we could apply. For results of IR absorption ODMR contrast please
refer to the chapter 7. Here the main discussion is related to the results obtained
from fluorescence ODMR experiments. In figure 6.2 a) and b) the results for
pump power saturation for fluorescence ODMR contrast is shown. Figure 6.2 a)
shows the results obtained from low NV concentration sample (sample number
2 figure 6.1 a)) for DP configuration with path length of approximately 9.5 mm.
For this series of experiments the green pump laser power was increased from 1
mW to 440 mW (maximum power achievable) while the MW power was fixed at
7 dBm at MW source with 45 dB amplification thereafter. It can be seen that
the contrast increased with high pump power and reached the highest value at
10 mW. Increasing the pump power further resulted in decreasing the contrast.
In LTDW configuration with sample 1 (figure 5.8), a similar trend with ODMR
contrast was observed except that the highest contrast was at 50 mW (see
figure 6.2 b)). For LTDW configuration the path length was approximately 28
mm. The results obtained with high NV concentration sample (sample 3 in
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Figure 6.2: Contrast with pump power variation for low NV concen-
tration sample. In figure a) it can be seen, that the fluorescence
contrast was highest at 10 mW of pump power with low NV concen-
tration sample (sample 2 in figure 5.8) in DP configuration. Figure
b) shows the results obtained with low NV concentration sample
(sample 1 in figure 5.8) in LTDW configuration, in this case the
highest contrast is at 50 mW pump power. For both set of exper-
iments the MW power was fixed at 7 dBm at MW source. Please
refer to the text for more details.

figure 5.8) in figure 6.3 shows that the contrast was increasing with increased
laser power (20 mW to 440 mW). All these experiments were done without any
applied bias magnetic field.

The experimental results with low NV concentration samples (see figure 6.2)
have the same trend of saturation and roll off of the ODMR contrast as seen
with simulation (figure 4.6). Although the experimental results have same
trend as simulation results, the ODMR contrast values at saturation points are
not exactly same. It might have happened due to non-ideal photon collection
efficiency. The explanation of the saturation behavior as well as the roll off of
contrast value is already explained in chapter 4.1.

From the results of ODMR contrast with low and high NV concentration
sample (sample 1 and 3 in figure 5.8) it can be concluded that the contrast is
primarily dependent on the NV concentration in the diamond sample. In case
of high NV concentration sample (sample 3 in figure 5.8, [NV] = 1.47 ppm), the
ODMR contrast is ∼ 18 % compared to ∼ 10 % contrast in case of low NV con-
centration sample (sample 1 in figure 5.8, [NV] = 36 ppb). Another observation
from the low NV concentration sample contrast values (see figure 6.2 a) and b))
is that, with increasing sensing volume, contrast can be effectively enhanced.
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In DP and LTDW configurations the contrast values are approximately 7 %
and 10 %. This increment happens due to the fact that, in LTDW configu-
ration higher number of pump photon is converted to fluorescence photon as
well as the required pump power to saturate the ensemble of NV in the sensing
volume is increased. Compared to DP configuration in LTDW configuration
the sensing volume is increased more than 100 %.

The saturation of ODMR contrast with increasing MW power was also inves-
tigated with both samples. In this series of experiments, the pump laser power
was kept constant and the MW power was decreased gradually from the MW
source. In figure 6.4 a) and b), the results for these experiments with high and
low NV concentration samples are shown respectively. It can be seen that with
increasing MW power the contrast increased and reached a saturation level at
the MW power of 5 dBm (from source). All the experiments were performed
without any applied bias magnetic field. With applied MW signal the NV spin
population is transferred from ms = 0 state to ms = ±1 states. At one point
ms = 0 state becomes depopulated, or in another word this transition rate
becomes higher than the relaxation rate from singlet metastable state to this
state (see section 4.1). This is the point saturation of ODMR contrast with
increasing MW power is observed [126].

For our magnetometry experiments we drove the MW transitions at high
rates for better contrasts. At these set points, the resonance features were
strongly power broadened, concealing the intrinsic linewidth as given by the
transition’s pure dephasing time. To access the dephasing time we additionally
evaluated the resonance linewidth as function of MW power. On that account a
magnetic bias field was applied and only a small sensing volume was address by
choosing a short beam path. To realize that, the sample’s top facet was placed
perpendicular to the beam (shown in figure 8.3). For high NV concentration
sample the interaction path length was 0.5 mm whereas for low NV concentra-
tion sample the path length was 2 mm (sample 3 and 1 respectively in figure
5.8). In this way we gained access to the hyperfine transitions as described in
section 6.4. Series of ODMR spectrum with hyperfine coupling were obtained
by varying MW power. These hyperfine coupling mainly arose from the cou-
pling of NV electron spins with 14N nuclear spins (see figure 6.5). In the limit
of very small MW powers (-20 dBm to -40 dBm) the linewidth converges to a
constant when reaching the dephasing time limit, which can be seen in figure
6.5 c) and d). These data points were fitted with an exponential decay func-
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Figure 6.5: Dephasing time measurements. Figure a) and b) shows the
ODMR spectrum with visible hyperfine coupling resonance features
for high and low NV concentration samples respectively (sample
3 and 1 in figure 5.8). In figure c) and d) linewidth (FWHM)
measurements at very low MW power is shown for the high and
low NV concentration samples respectively. See text for details on
dephasing time.
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6.1 Magnetometer characterization

tion and the linewidth was extrapolated at almost zero MW power (see figure
6.5). The FWHM linewidth (γ) in the zero power-broadening limit is related
to the pure dephasing time via the following equation T ∗

2 = 1
πγ

[59, 126]. From
the obtained linewidth at these very small MW powers the dephasing time is
approximately 200 ns and 460 ns for the high NV concentration sample and for
the low NV concentration samples respectively.

Taken into account the measured NV concentration ([NV]) for the samples
(1.47 ppm and 36 ppb respectively) and the initial nitrogen concentrations for
each sample (15 ppm and 0.15 ppm) the dephasing time can be explained.
For the high NV concentration sample (sample 3 in figure 5.8) approximately
10 % substitutional nitrogen is converted to NV centers whereas for low NV
concentration sample (sample 1 in figure 5.8) it is 24 %. Therefore there is a
very high number of substitutional nitrogen (14N atoms, experimentally verified
see figure 6.5 a) and b)) present in the samples compared to NV centers. Also
the samples contain 1.1 % natural 13C isotopes (not verified experimentally).
As discussed in section 3.1, all these spin species present in a diamond sample
lead to lower dephasing time. Taken into all these factors which can diminish
dephasing time. With these number probability of hyperfine coupling between
the present substitutional atoms and NV centers in the diamond samples the
dephasing times for each sample are in agreement with previous observations
[59, 127, 164, 165, 166].

In table 6.1, a brief literature survey on the dephasing time (T ∗
2 ) for ensemble

of NV centers is presented. In the table along with the dephasing time, initial
nitrogen concentration [N], NV concentration [NV], abundance of isotope 13C
isotope in the diamond crystal, conversion efficiency of initial nitrogen concen-
tration to NV concentration (Econv), and the T ∗

2 time is given. Samples with
with higher Econv tend to have longer dephasing time. Also the samples which
are enriched with 12C isotope, have longer T ∗

2 time. From the reported values
of the dephasing times and the sample parameters, it can be concluded that
all the above mentioned factors influence the dephasing time (see also equation
3.7).
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6 Fluorescence magnetometry

Ref [N] (ppm) [NV] (ppm) C isotope Econv(%) T ∗
2 (µs)

This work 20 1.47 nat. ab. 13C ∼ 7.35 ∼ 0.200
This work 0.15 0.036 nat. ab. 13C ∼ 24 ∼ 0.460

[59] .100 10 nat. ab. 13C ? 10 ∼ 0.066
[59] . 1 0.012 nat. ab. 13C ? 1 ∼ 0.291
[59] . 200 0.02 nat. ab. 13C ∼ 0.01 ∼ 0.128
[127] 1 — 99.95% + 12C — ∼ 10
[127] 40 — nat. ab. 13C — ∼ 0.20
[121] 16 3.8 99.97% + 12C ∼ 24 ∼ 1.12
[164] 0.75 — 99.95% + 12C . 1 1 - 10
[164] 10 — nat. ab. 13C . 1 0.3 - 1.2
[165] — — — — ∼ 0.36

Table 6.1: Dephasing time in ensemble of NV centers in diamond. This
table summarizes dephasing time (T ∗

2 ), initial nitrogen concentration
[N], NV concentration [NV], abundance of isotope 13C isotope in the
diamond crystal, conversion efficiency (Econv) for different samples
from literature. The symbol (—) in the table means that those values
were not reported in respective articles.

6.2 High NV concentration sample results

In this section the magnetometry results obtained with high NV concentration
sample (sample 3 in figure 5.8) is presented. With this sample we could achieve
only SP and DP configuration (see figure 5.1). LTDW configuration could not
be performed due to high absorption of the green pump laser as already stated
previously. The path length for DP and SP configurations were 4.8 mm and
2.5 mm approximately. Green pump laser power was set to 440 mW. The MW
power was at 7 dBm at source with an 45 dB amplification from an amplifier.

6.2.1 Magnetometry with double pass configuration

In this section the results from the DP configuration are discussed. With an
applied bias magnetic field to the NV ensemble fluorescence ODMR spectrum
was recorded. The magnetic field was aligned to the NV axis of one (class A)
out of four classes (class B, C, and D) of NV center present in the ensemble
(see section 5.4). Presence of four classes of NV was confirmed with another
ODMR spectrum with eight resonance feature (as shown in figure 2.6). With
this alignment of the magnetic field in the ODMR spectrum the outer resonance
features arising from class A sub-ensemble of NVs had a symmetric splitting
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Figure 6.6: Fluorescence magnetometry with DP configuration on high
NV concentration sample. In figure a) and b) the ODMR spec-
trum and the LIA response of the ODMR spectrum for DP config-
uration is shown respectively. Figure c) depicts the measured LIA
response (black dots) of dip 1 in a) with fit (red line) to extract the
slope for magnetometry, for the resonance feature with zero cross-
ing frequency of 2801.2 MHz. Figure d) shows the drift of the zero
crossing frequency due to magnetic field fluctuation over time.
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with respect to the zero field splitting (ZFS) transition at 2.87 GHz, with similar
contrast if not the same. The two inner dips are the cumulative resonance
feature of the other three NV classes. In the figure 6.6 a), the fluorescence
ODMR spectrum is shown after the magnetic field was aligned while figure
b) shows the same spectrum recorded with LIA. The linewidths for the outer
resonance features were 9.87 MHz (dip 1) and 9.98 MHz(dip 4), and the inner
resonance features had linewidths of 10.1 MHz and 10.2 MHz for dip 3 and 4
respectively. Contrasts for the outer dips were approximately 6 % , where as
the contrasts for the inner dips were approximately 7.7 % . The outer dips were
the results of the Zeeman splitting of ms = ±1 spin state of one class of NV
rather than three class of NVs in case of the inner dips. Therefore the outer
ODMR dips had lower contrast and linewidth compared to the inner dips.

For magnetometry measurements we used a lock-in-amplifier after the photo-
diode, and the microwave (MW) source was frequency modulated as described
in the magnetometry with LIA scheme in section 5.1.2. As we used frequency
modulation (FM) of the MW source to perform magnetometry, one crucial
parameter was the frequency deviation fdev, of the FM modulated microwave
signal. With independent fluorescence ODMR spectrum (figure 6.6 a)), the
linewidth of the resonance feature was measured on which we performed the
magnetometry experiment. Our choice for this value was fdev≥ ∆ν, where, ∆ν
is the linewidth of the resonance feature of interest to perform magnetometry.
We chose dip 1 of figure 6.6 a) for magnetometry which had linewidth of 9.87
MHz. For this reason we chose the frequency deviation, fdev = 10 MHz whereas
modulation frequency, fmod was set to 3.5 kHz.

For calibration of this resonance feature we performed ODMR around this
ODMR dip for around 40 min with the LIA scheme as shown in figure 6.6 c).
This data was fitted with first order derivative of a Gaussian function (equation
6.2). The Gaissian function and the derivate of the function is given in equations
6.1 and 6.2 respectively.

I(ν) = I0 + C(ν − ν0)e
−
(

ν−ν0
∆ν

)2
. (6.1)

I ′(ν) = Ce
−
(

ν−ν0
∆ν

)2

− 2C

(∆ν)2
e
−
(

ν−ν0
∆ν

)2
. (6.2)

Where I(ν) is the intensity of the ODMR spectrum, I0 is the baseline in-
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Figure 6.7: Measured magnetic field with test coil for DP configuration
with high NV concentration sample in fluorescence magne-
tometry. Figure a) shows the time trace for magnetically sensitive
spectrum without any applied test field. Figure b), and c) shows
the time trace of the sinusoidal test fields of 28 Hz and square test
field of 28 Hz respectively. For more details refer to text please.
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Figure 6.8: Fluorescence sensitivity measurements for DP configura-
tion with high NV concentration sample. In figure a) the
magnetic field noise spectrum for sensitivity measurement is shown.
Here the black spectrum is the magnetically sensitive spectrum with
an environment limited noise floor of 1.97 nT/

√
Hz between 0.10 Hz

and 40 Hz . The red spectrum is the magnetically insensitive noise
spectrum with a sensitivity of 200 pT/

√
Hz in between 0.001 and

40 Hz. The blue spectrum is the electronic noise which is below
30 pT/

√
Hz in between 0.001 Hz to 40 Hz. Figure b) shows the

magnetically sensitive spectrum for test magnetic field of 200 mHz
(red spectrum) and 22 Hz (blue spectrum) . The line frequency of
50 Hz is pointed with black text and arrow.

tensity or the intensity when the MW is off resonance, C is the contrast of
the resonance, ν0 is the resonance frequency and ∆ν is the linewidth of the
resonance. Note here, the resonance frequency ν0 in equation 6.2, is the zero
crossing frequency for the LIA signal (see figure 6.6 c)).

From this calibration we determined the zero crossing frequency of signal ob-
tained from the LIA and the slope b (see equation 6.4 and 6.5) of the resonance
feature at zero crossing frequency. This slope is an important parameter for the
magnetometry scheme as mentioned before, which was 1.07 V/MHz. In figure
7.5 d), a small drift of the ZCF over time can be seen. The LIA parameters were
as follows; time constant 5 ms, sensitivity of the LIA was 5 mV, and output
filter was set to 24 db/Octave.

Once the calibration was performed on the chosen resonance feature for
magnetometry, we performed magnetometry measurements on that resonance
feature. For magnetometry measurement, we used FM modulated microwave
whose carrier frequency fc was set to the zero crossing frequency of the LIA sig-
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nal, which was 2801.2 MHz. The modulation frequency, fmod and the frequency
deviation, fdev were kept same as it was used to record the ODMR spectrum,
3.5 kHz and 10 MHz respectively. In most of our experiments (fluorescence and
infrared absorption magnetometry) from now onward we have used the fmod

and fdev same as here unless otherwise stated.

With this FM modulated MW, the LIA output signal signal was recorded
for a time trace of 10 min. The LIA parameters were kept same as the calibra-
tion measurement for the magnetometry resonance feature.From this recorded
voltage signal the magnetic field sensitivity was calculated by the following
equations [40] (also discussed in section 5.1.2):

Bmeasured (t) = CLIAVLIA (t) . (6.3)

Where Bmeasured (t) is the measured magnetic field, V (t) is the recorded volt-
age in the timetrace from the LIA output and CLIA is the voltage-to-magnetic
field conversion factor given by:

CLIA =
~

geµBb
. (6.4)

Where ~ is Planck constant, ge is the electron g-factor, and b is the slope of
dispersion lineshape at the zero-crossing. Slope is calculated in the following
way:

b =
dVLIA
df

|VLIA=0 . (6.5)

In figure 6.6 b), the calibration measurement is shown, where the black dots
are the data points collected from the LIA response and the red line is the fit to
extract the zero crossing frequency and the slope for magnetometry measure-
ment.

To measure the sensitivity for this magnetometer, time trace was recorded
with the LIA for 10 min and with equation 6.3 and 6.4 the voltage signal from
the LIA was converted to measured magnetic field as shown in figure 6.7. By
performing Fourier transform of those recorded time traces we obtained the
magnetic field noise spectrum which in principle shows the sensitivity of our
magnetometers. The equation for Fourier transform is given as:
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Bmeasured (f) =
1√

2πTm

∞̂

−∞

Bmeasured (t) e
−i2πftdt. (6.6)

In the above equation 6.6, Tm is the total measurement time. For Fast Fourier
transform algorithm to compute the Fourier transform in Matlab, the sampling
time Ts was set to 5 ms.

For testing the magnetometer, different test fields were applied with a coil
magnet as described in section 5.4. In figure 6.8 a) the magnetically sensitive
and insensitive spectrum is shown along with electronic shot noise of the system.
In this figure the black spectrum is the magnetically sensitive spectrum recorded
with a test magnetic field of 28 Hz with an environment limited noise floor of
1.97 nT/

√
Hz between 0.10 Hz and 40 Hz . The red spectrum is the magnetically

insensitive spectrum obtained with off resonant MW excitation or without any
MW excitation. Both the cases are fundamentally same as in both cases the
magnetometer is insensitive to magnetic field fluctuations. This red spectrum
has a noise floor of 200 pT/

√
Hz in between 0.001 and 40 Hz. The blue spectrum

is the electronic noise which is below 30 pT/
√

Hz in between 0.001 Hz to 40
Hz. Figure 6.8 b) shows the the magnetically sensitive spectrum with square
test magnetic field of 200 mHz.

Figure 6.7 a) shows the time trace for magnetically sensitive spectrum with-
out any applied test field. In this trace it can be seen, that there are some
magnetic field fluctuations though there was no test field applied to the mag-
netometer. We concluded that this fluctuations might have came from some
nearby laboratory instruments. In the time trace shown in figure c) for 200
mHz test field this noise is also visible sometime. From the time traces shown
in the figure 6.7 b), and c) the magnetic field strength of the test fields of 28
Hz and 200 mHz can be measured which are approximately 0.8 µT and 1.0
µT respectively. The applied magnetic field strength was calculated using the
following equation (see section 5.4) [40]:

Btest =
µ0NturnsIcoilr

2
coil

2 [z2coil + r2coil]
3/2
. (6.7)

The values for calculating the applied field strength were as follows; the
number of turns, N = 10, radius of the coil rcoil = 1.0 cm, the distance from the
magnetometer zcoil was approximately 20 cm, the coil current Icoil was 0.200
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mA, the applied magnetic field strength was 1.12 µT. It shows that there is
an error of 9 % from the applied test field strength and the measured field
strength. This might have been caused by the orientation imperfection of the
coil magnet. When the applied test magnetic field is not aligned with the NV
axis of the sub-ensemble of NVs on which magnetometry measurements are
performed there will be an error. In our experiment the test magnetic field and
the applied bias magnetic field were in orthogonal planes to space constraint in
the experimental setup (refer to section 5.4). Another source of error might be
the distance of the test coil from the magnetometer zcoil .

The value for photon-shot-noise limited sensitivity is calculated by the fol-
lowing equation [126] (see section 3.1):

ηCW = PF
h

geµB

∆ν

CCW

√
R
. (6.8)

In the above equation CCW is the contrast of the resonance, R is the photon
detection rate, ∆ν is the linewidth of the resonance, h is the Planck’s constant,
geis the Lande´ g-factor, µBis the Bohr magneton, and PF is the prefactor,
which depends on the resonance lineshape. In our analysis we used Gaussian fit
for fitting the resonance lineshape, therefore PF =

√
e/8 ln 2 ≈ 0.70 (see section

3.1). In DP configuration CCW is 6 %, ∆ν is 9.87 MHz, and R ∼ 7.20×1010

s−1 therefore the calculated photon-shot-noise limited sensitivity ηCW is 170
pT/

√
Hz. Note here that the experimentally obtained value for this is 200

pT/
√

Hz as already mentioned.

For spin based magnetometers the fundamental sensitivity is limited by the
noise intrinsic to quantum projection. For a magnetometer with N number of
spins with characteristics dephasing time T∗

2 the spin-projection-noise limited
sensitivity ηSPN is given by the following equation [5, 34]:

ηSPN =
~

geµB

1√
NT ∗

2

. (6.9)

The sample used in the above experiments has a NV concentration ([NV]) of
1.47 ppm or 2.572×1023 m−3 (in diamond 1 ppm corresponds to 1.75×1023 m−3)
without any preferential orientation. Illumination volume (V) was 0.0603 ×
10−10 m3. Magnetometry measurement was performed on one class of NV in
the ensemble, therefore from the relation; ([NV]× V)÷4 ,the number of effective
NV spins in the magnetometer was calculated. In this case this was 4.075 ×
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1011. The electron gyromagnetic ratio for NV spin is γ = geµB/~ = 1.76 ×
1011s−1T−1, and the measured T∗

2 is 200 ns, which gives the spin-projection-
noise-limited sensitivity ηSPN∼ 20 fT/

√
Hz. For the magnetometer this is the

ultimate limit for sensitivity. From the experimental values for environment
limited noise and photon-shot-noise limited sensitivity (1.97 pT/

√
Hz and 200

pT/
√

Hz respectively), we can see that there is still room for improvements of
the achievable sensitivity for the magnetometer.

6.2.2 Magnetometry with single pass configuration

To compare the sensitivity results obtained for DP configuration with SP con-
figuration, magnetometry experiments were performed in SP configuration as
well. In SP configuration with path length of 2.5 mm the sensing volume de-
creased approximately two times. All the parameters for LIA and MW power
were same as DP configuration. In figure 6.9 a) and b) the calibration mea-
surements are shown. From the calibration measurements we extracted the
zero crossing frequency and the slope to perform magnetometry which were
2759.8 MHz and 2 V/MHz respectively. Here we obtained an environment lim-
ited sensitivity of 2.04 nT/

√
Hz between 0.001 Hz and 40 Hz (see figure 6.9).

For SP configuration the theoretical value of photon-shot-noise limited sensi-
tivity (ηCW ) is approximately 400pT/

√
Hz obtained with equation 6.8; with

CCW is 2.7 %, ∆ν is 9.97 MHz, and R ∼ 6.60×1010 s−1. In this configuration
spin-projection-noise limited sensitivity ηSPN is approximately 28 fT/

√
Hz ob-

tained with equation 6.9. All the relevant parameters are given in table 6.2.
The environment limited sensitivity in this configuration is almost same as DP
configuration (1.97 nT/

√
Hz), although some parameters are different.

From these sensitivity values it can be inferred that the measured sensitivity
for DP (1.97 nT/

√
Hz) and SP (2.04 nT/

√
Hz) configurations can be enhanced

even more as the theoretical photon-shot-noise limited sensitivity in case of DP
configuration is 170 pT/

√
Hz. Some improvement can be expected when an

identical reference photodiode is used to eliminate shot noise arising from the
instability of pump laser. But the main reason for the limited sensitivity is
inhomogeneous magnetic field distribution over the magnetometers. We found
that due to this inhomogeneous magnetic field, in our experiments hyperfine
coupling was not resolved. By resolving hyperfine coupling smaller linewidth
can be achieved, which in turn leads to higher LIA slope b (see result and dis-
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Figure 6.9: Fluorescence sensitivity measurements for SP configura-
tion with high NV concentration sample. In figure a) and b)
shows the ODMR spectrum and the LIA signal for the same. The
calibration measurements is shown in figure c). Figure d) shows the
magnetic field noise spectrum for sensitivity measurement. Here
the blue spectrum is the magnetically sensitive spectrum with an
environment limited noise floor of 2.04 nT/

√
Hz between 0.001 Hz

and 40 Hz . The magnetically insensitive spectrum is shown by red
line and the electronic noise is shown with black line.
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6 Fluorescence magnetometry

cussion in section 6.4). Apart from inhomogeneous magnetic field distribution
over the diamond sample, other reasons for linewidth broadening are high laser
power and MW power. All these affects the previously mentioned slope b of
the resonance feature for magnetometry measurements.

6.3 Low NV concentration sample results

In this section we present the results obtained from low NV concentration
samples (sample 1 and 2 in figure 5.8). As mentioned in section 6.1 for low
NV concentration samples (sample 1 and 2 in figure 5.8) we performed series
of ODMR measurements to identify the laser power at which the fluorescence
ODMR contrast was the highest. In our experimental results we noticed that
while for DP configuration with sample 2 the maximum contrast was when the
laser power was ∼10 mW for LTDW configuration with sample 1 the highest
contrast was at 50 mW (figure 6.2). In the DP configuration the path length
of the pump laser was 9.5 mm where as in the LTDW configuration the path
length was approximately 28 mm (see figure 7.10). Therefore the sensing volume
increased effectively twice in the LTDW configuration.

6.3.1 Magnetometry with DP configuration

It was not possible to achieve higher interaction path length due to lack of par-
allelism of the side walls of the diamond sample in volume with sample 2 (see
figure 6.1). On the other hand with sample 1 we achieved a path length of ∼
28 mm (see Appendix D: Path length calculation for LTDW). From the previ-
ously mentioned fact that sensitivity increases with increasing sensing volume
for a given NV concentration it was clear that higher sensitivity is achievable
in LTDW configuration with sample 1. Nonetheless we performed sensitivity
measurements with DP configuration to measure the sensitivity level but did
not perform any experiments with test magnetic fields. Therefore unlike other
results here we present only representative calibration measurement spectrum
and the magnetic field noise spectrum.

In figure 6.10 a) such a calibration measurement is shown, from this mea-
surement we extracted the zero crossing frequency to be 2752.2 MHz and the
slope was 0.47 V/MHz. For magnetometry experiment the fc was set to 2752.2
MHz along with the previously mentioned values for modulation frequency, fmod
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Figure 6.10: Sensitivity measurement for DP configuration with low
NV concentration sample. In figure a), the LIA response (black
dots) with fit (red line) to extract the slope for magnetometry, for
the resonance feature with zero crossing frequency of 2752.2 MHz
is shown. Figure b) shows the the magnetic field noise spectrum
for the magnetically sensitive spectrum (red line) and magnetically
insensitive spectrum (black line) of the magnetometer with an en-
vironment limited noise floor of 9.97 nT/

√
Hz between 0.001 Hz

and 40 Hz.

and frequency deviation, fdev. As already mentioned for DP configuration we
performed the sensitivity measurement with magnetically sensitive scheme and
the photon shot noise limited magnetically insensitive scheme. LIA parameters
were as follows; time constant 5 ms, sensitivity of the LIA was 50 µV, and
output filter was set to 24 db/Octave. The sensitivity measurement revealed
that the environment noise limited sensitivity for the magnetometer with DP
configuration was 10 nT/

√
Hz. The calculated photon shot noise limited sensi-

tivity in this case is 3 nT/
√

Hz(refer to table 6.3). This result is compared and
discussed along with other results at the end of this chapter (see tables 6.2 and
6.3) .

6.3.2 Magnetometry with LTDW configuration

In this section the magnetometry results with LTDW configuration with low
NV concentration sample (sample 1 in figure 5.8) is presented. In figure 6.11
a) the ODMR spectrum with all the resonant feature is shown while figure
b) shows the same spectrum recorded with LIA. Here all the eight resonance

105



6 Fluorescence magnetometry

2600 2700 2800 2900 3000 3100
0.982

0.984

0.986

0.988

0.99

0.992

0.994

0.996

0.998

1

N
or

m
al

iz
ed

 I
nt

en
si

ty
 (

a.
u.

)

Frequency (MHz)

2700 2800 2900 3000 3100
-6

-4

-2

0

2

4

L
oc

k-
in

-a
m

pl
if

ie
r 

si
gn

al
 (

V
)

Frequency (MHz)

2660 2680 2700 2720 2740
-6

-4

-2

0

2

4

L
oc

k-
in

-a
m

pl
if

ie
r 

si
gn

al
 (

V
)

Frequency (MHz)

Lock-in signal
Fit

0

0 0.02 0.04 0.06 0.08 0.1 0.12
2702.5

2702.51

2702.52

2702.53

2702.54

2702.55

2702.56

2702.57

2702.58

Z
er

o 
C

ro
ss

in
g 

F
re

qu
en

cy
 (

M
H

z)

Time (h)

Zero Crossing Frequency

a b

c d

Figure 6.11: Fluorescence magnetometry with LTDW configuration for
low NV concentration sample. In figure a) and b) the ODMR
spectrum and the LIA response of the ODMR spectrum for LTDW
configuration is shown respectively. Figure c) depicts the LIA
response (black dots) with fit (red line) to extract the slope for
magnetometry, for the resonance feature with zero crossing fre-
quency of 2702.5 MHz. Figure d) depicts shows the deviation of
the zero crossing frequency due to magnetic field fluctuation over
time. Data obtained with calibration measurement over measure-
ment time of 6 min.
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Figure 6.12: Measured magnetic field for LTDW configuration with low
NV concentration sample. Figure a) shows the time trace for
magnetically sensitive spectrum without any applied test field. In
figure b) time trace for 28 Hz test field is shown. Figure shows c)
and d) the time trace for 500 mHz test field for square wave and
ramp wave.

features arising from the all four classes of NV can be seen. In this configuration
the field alignment was not perfect due to the fact that the magnetic field was
not homogeneous all over the sample. The problem of inhomogeneous magnetic
field is discussed in details in section 6.4. For magnetometry purpose we chose
the outermost resonance feature at 2702.5 MHz. This resonance feature has
the contrast and line width of 1.4 % and 10.1 MHz respectively. After the
calibration measurement with LIA scheme on this resonance feature the slope,
which was 0.98 V/MHz. In figure 6.11 c) and d) the calibration measurements
are shown. Modulation frequency, frequency deviation and the LIA parameters
were same as DP configuration.
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Figure 6.13: Sensitivity measurements for LTDW configuration with
low NV concentration sample in fluorescence magnetom-
etry. Figure a) shows the magnetically sensitive spectrum (red
line) with a test magnetic field of 500 mHz and magnetically in-
sensitive spectrum (black line) . The environment limited sensitiv-
ity was 9.97 nT/

√
Hz between 0.001 Hz and 40 Hz (black dashed

line). Figure b) shows magnetically sensitive spectrum for applied
test field of 500 mHz and 28 Hz along with line frequency of 50
Hz. Figure c) and d) respectively shows the magnetically sensitive
spectrum for applied test field of 500 mHz square wave and 500
mHz ramp wave.
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6.3 Low NV concentration sample results

Time trace was recorded with the LIA for 10 min and with equation 6.3
and 6.4 the voltage signal from the LIA was converted to measured magnetic
field. In figure 6.12 a) to d) all the recorded time traces for calculating the
magnetic field is shown which is then converted to magnetic field noise spectrum
as described in 6.2.1. In figure 6.13 a) the magnetically sensitive (red line)
and insensitive spectrum (black line) are shown. The magnetically sensitive
spectrum was recorded with a test magnetic field of 500 mHz. The environment
limited sensitivity was 9.97 nT/

√
Hz between 0.001 Hz and 40 Hz. Figure 6.13

b) shows magnetically sensitive spectrum with applied test field of 500 mHz
and 28 Hz. Figure 6.13 c) and d) respectively shows the magnetically sensitive
spectrum for applied test field of 500 mHz square wave and 500 mHz ramp
wave. In the corresponding noise spectrum for square and ramp wave, the
higher harmonics of 500 mHz frequency can be seen.

Figure 6.12 a) shows the time trace for magnetically sensitive spectrum with-
out any applied test field. In this trace, the same magnetic field fluctuations
which is mentioned before in section 6.2.1 can be seen. In figure 6.12 c) and
d) the time trace for 500 mHz test field for square wave and ramp wave have
been shown. These noise is also visible in all the time traces recorded for test
magnetic fields. The magnetic field strength for 28 Hz, and 500 mHz test fields
are approximately 0.55 µT. The applied magnetic field strength was calculated
using the before mentioned equation 6.7. With the following parameters of
number of turns, N = 10, radius of the coil rcoil = 1.0 cm, the distance from the
magnetometer was approximately 30 cm, the coil current Icoil was 0.200 mA,
the applied magnetic field strength was 0.39 µT. It shows that there is an error
of ∼ 9 % from the applied test field strength and the measured field strength.
regarding the factors which might have contributed to this error is discussed in
section 6.2.1.

For LTDW configuration the calculated value of photon-shot-noise limited
sensitivity (ηCW ) with equation 6.8 is approximately 680 pT/

√
Hz compared

to measured value of 9.97 nT/
√

Hz. The spin-projection-noise-limited sensitiv-
ity (ηSPN) is approximately 55 fT/

√
Hz and 26 fT/

√
Hz for DP and LTDW

configurations respectively (obtained with equation 6.9). All the relevant pa-
rameters are given in table 6.2. As the sensing volume increased approximately
two times in LTDW configuration compared to the DP configuration the spin-
projection-noise-limited sensitivity is also increased approximately two times.
The spin-projection-noise-limited sensitivity is the ultimate achievable sensitiv-
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6 Fluorescence magnetometry

ity. By comparing the environment limited sensitivity and the spin-projection-
noise-limited sensitivity, it can be concluded that there is still room to improve
the achievable sensitivity. Different ways to improve the sensitivity of these
magnetometers is discussed in chapter 8.

6.4 Magnetometry with hyperfine coupling

In this section we address the observation of hyperfine coupling of the NV spins
with 14N nuclear spins in the ensemble magnetometer. This has not observed
in any of the configurations (i.e. SP, DP, and LTDW) for IR absorption mag-
netometry (see chapter 7) and the fluorescence magnetometry. Most common
reasons for that is power broadening of the resonance linewidth due to high
pump power and MW power and magnetic field inhomogeneity over NV en-
semble magnetometer based on bulk diamonds. In our magnetometers also we
initially did not observe any hyperfine coupling most probably due to high green
pump laser power, which was 440 mW for all the IR absorption magnetome-
try measurements and fluorescence magnetometry with high NV concentration
sample. Also we did not observe the hyperfine coupling for fluorescence magne-
tometry with low NV concentration sample, where the pump laser power was 10
mW and 55 mW for DP and LTDW configurations. In all the above mentioned
experiments the MW power was set to 7 dBm from the MW source with an 45
dB amplification to realize high contrast.

To characterize the magnetometers we needed to know the dephasing time
T ∗
2 , therefore we investigated with low green laser power and MW power. In

both samples the linewidth was limited to 5.65 MHz (see figure 6.14), even
at low green laser power as well as low MW power. At higher laser and MW
powers the linewidth of a single resonance feature on which we have performed
magnetometry measurements is in between 9 MHz to 10 MHz (for details see
section 6.2 and chapter 7 ). This led us to conclude that there must have been
hyperfine coupling arising from 14N nuclear spins (three lines, each split by
2.2 MHz, see figure 2.6 c)) which were not resolved due to broadening of the
resonance feature due to magnetic field inhomogeneities across the sample fur-
ther broadening and masking the resonance features. As field inhomogeneities
increase with the sensing volume, we here show measurements with reduced
interaction length, revealing the hyperfine splitting. We reduced the sensing
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Figure 6.14: ODMR spectrum without hyperfine features. The ODMR
spectrum is shown in this figure was obtained with sample 3 in SP
configuration. MW power was set to -35 dBm from MW source
and the green laser power was 20 mW. Note one thing here, for
highest contrast (18 %) the MW power and laser power was set 7
dBm and 440 mW respectively.

volume by making interaction path length of green laser 0.50 mm and 2.0 mm
for sample 3 and 2 respectively (see figure 8.3 in Appendix B: Sample orien-
tation for hyperfine coupling). Figure 6.15 a) shows an ODMR spectrum at
a path length of merely 0.50 mm sample 3 in figure 5.8. In the outer peaks
we now observe three individual resonances stemming from hyperfine splitting,
however, not fully resolved. For approximately the same bias magnetic field
we were unable to detect hyperfine splitting at a path length of 2.5 mm with
the same sample (see figure 6.15 b)). Due to comparative high laser power and
MW power there was some linewidth broadening for the the ODMR spectrum
with hyperfine coupling in figure 6.15 a), therefore except the outer resonance
feature other resonance feature did not show the resonance features coming
from hyperfine coupling very clearly. Once we observed the hyperfine coupling
we also performed magnetometry experiments with one of the resonance fea-
ture. For proper comparison of the suspected inhomogeneous magnetic field
distribution over the extension of the magnetometer, except the path length all
other experimental parameters were kept the same.

Figure 6.16 a) and b) shows the ODMR spectrum with all the resonance fea-
tures and the chosen resonance feature for magnetometry purpose while figure
6.16 c) and d) shows the LIA signal for figure 6.16 a) and b) respectively. For
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Figure 6.15: Comparison of ODMR spectrum for Hyperfine coupling.
Figure a) shows the ODMR spectrum with hyperfine coupling of
the NV spins with 14N nuclear spins obtained with 0.5 mm path
length. Figure b) shows the ODMR spectrum without hyperfine
coupling for sample 3 (figure 5.8) in SP configuration (see figure
5.1).

magnetometry we chose the resonance feature centered around 2783.7 MHz.
Note in figure 6.16 b), that here we have three resonant frequencies (2781.5
MHz, 2783.7 Mhz, and 2786 MHz), and five zero crossing frequencies from the
LIA response. For magnetometry we chose the zero crossing frequency of 2783.7
MHz. The modulation frequency, fmod and the frequency deviation, fdev were
3.5 kHz and 1.54 MHz respectively. The LIA parameters were as follows; time
constant 5 ms, sensitivity of the LIA was 20 µV, and output filter was set to
24 db/Octave.

We obtained the slope (b) from the red fit in figure 6.16 d) which is 6.4
V/MHz. In comparison to this the slope we obtained for fluorescence magne-
tometry in SP configuration with same sample was 2 V/MHz (without hyperfine
coupling). Therefore we can see that the slope is increased 3 times when we
were able to resolve the hyperfine coupling. In figure 6.17 a) the magnetic field
noise spectrum for sensitivity measurement is shown, where the blue spectrum
is the magnetically sensitive spectrum with an environment limited noise floor
of 20 nT/

√
Hz between 0.10 Hz and 40 Hz . The red spectrum is the spectrum

for magnetically insensitive noise floor with a sensitivity of 10 nT/
√

Hz in be-
tween 0.01 and 40 Hz. The black spectrum is the electronic noise. Figure b)
shows the magnetically sensitive spectrum for test magnetic field of 100 mHz.
For comparison with SP configuration results (see figure 6.9) presented before,
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Figure 6.16: Hyperfine coupling for high NV concentration sample.
Figure a) shows the ODMR spectrum with all the resonance fea-
tures with hyperfine coupling. Figure b) shows the chosen reso-
nance feature for magnetometry purpose centered around 2783.7
MHz with three Lorentzian fit. In figure c) LIA response of the
ODMR spectrum is shown, and in figure d) LIA response of the res-
onance feature for magnetometry purpose centered around 2783.7
MHz is depicted. The red line in figure d) is the linear fit to extract
the slope for magnetometry purpose.
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Figure 6.17: Sensitivity measurements for Hyperfine coupling. In figure
a) the magnetic field noise spectrum for sensitivity measurement
is shown. Here the blue spectrum is the magnetically sensitive
spectrum with an environment limited noise floor of 20 nT/

√
Hz

between 0.10 Hz and 40 Hz . The red spectrum is the magneti-
cally insensitive with a noise floor of 10 nT/

√
Hz in between 0.01

and 40 Hz. The black spectrum is the electronic noise.The black
dashed line depicts the photon shot noise limited sensitivity for the
whole frequency range. Figure b) shows the magnetically sensitive
spectrum for test magnetic field of 100 mHz (red spectrum).

we obtained an environment limited sensitivity of 2.04 nT/
√

Hz between 0.10
Hz and 40 Hz for .

Figure 6.18 b), shows the time trace of the sinusoidal test fields of 100 mHz.
The field strength for test field of 100 mHz can be verified with the timetrace
which was 0.5 µT. The applied magnetic field strength was calculated using the
before mentioned equation 6.7. It can be seen in figure 6.18 a) and b) that the
time traces are very noisy. If we compare the results presented with the same
sample in previous sections we see that the time trace signals do not have this
much noise. Also here we increased the slope almost three times compared to
SP with the same sample but the sensitivity is not enhanced three times. It
can be understood from the point of statistical averaging advantage in ensemble
measurements. The reason for that is, in this situation we also have reduced
the sensing volume by reducing the path length almost five times (2.5 mm to
0.5 mm). Compared to the previous measurements in this case the the number
of NV spin sensors is quite low (see table 6.2). Therefore the signal-to-noise
ratio is worse in this case. Note in this case the spin-projection-noise-limited
sensitivity (ηSPN) is approximately 63 fT/

√
Hz compared to 28 fT/

√
Hz in case
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Figure 6.18: Time traces and measured magnetic field for sensitivity
measurements for hyperfine coupling. Figure a) shows the
time trace for magnetically sensitive spectrum without any applied
test field. Figure b) shows the time trace of the sinusoidal test fields
of 100 mHz.

of SP configuration. In an ensemble of NV by the virtue of statistical averaging
over a huge number of NV spins the SNR is improved (see section 3.1). This
improvement was not achieved here. The best way would be to have SP or DP
configuration along with hyperfine coupling resolved ODMR spectrum. To do
that a homogeneous magnetic field over the extension of the magnetometer is
needed which is discussed in the section 8

Summary:

In the tables 6.2, 6.3, and 6.4 the spin-projection-noise limited sensitivity (ηSPN

), the photon-shot-noise limited sensitivity (ηCW ), and the environment limited
sensitivity (ηenvironment) is listed along with the relevant parameters for all the
magnetometers. For high NV concentration sample (sample 3 in figure 5.8) we
tried to improve the sensitivity by increasing sensing volume via increasing path
length. It can be seen in table 6.4 that the achieved sensitivities are almost
same,whereas from table 6.3 values, it cab be inferred that the sensitivity can be
improved by almost a factor of two. For low NV concentration samples (sample
1 and 2 in figure 5.8) the same trend can be seen. The achieved sensitivities
therefore are limited by experimental conditions. Most important factor here
was the inhomogeneous magnetic field distribution all over the magnetometer,
which is discussed in details section 6.4. Apart from that another very im-
portant parameter for LIA assisted magnetometry scheme (see section 5.1.2)
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Configurations [NV] (m−3) T ∗
2 (ns) NNV ηSPN

(
T/

√
Hz
)

HC DP 2.5725×1023 ∼200 ∼4.07×1011 ∼20×10−15

HC SP 2.5725×1023 ∼200 ∼2.02×1011 ∼28×10−15

HC Hyperfine 2.5725×1023 ∼200 ∼4.04×1010 ∼63×10−15

LC DP 6.30×1021 ∼460 ∼2.38×1010 ∼55×10−15

LC LTDW 6.30×1021 ∼460 ∼9.82×1010 ∼26×10−15

Table 6.2: Parameters and spin-projection-noise limited sensitivity. In
this table all the parameters to calculate spin-projection-noise lim-
ited sensitivity along with the spin-projection-noise limited sensitiv-
ity is given. [NV] is the NV concentration, T ∗

2 is the characteristics
dephasing time, NNV is the number of spin used in the magnetometer,
and ηSPN is the spin-projection-noise limited sensitivity calculated
via equation 6.9. HC denotes high NV concentration sample while
LC stands for low NV concentration sample. DP, SP, LTDW stands
for double pass, single pass and light trapping diamond waveguide
configurations.

Configuration C (%) R (s−1) ∆ν (MHz) ηCW

(
T/

√
Hz
)

HC DP 6.0 ∼7.20× 1010 9.87 ∼ 170× 10−12

HC SP 2.7 ∼ 6.60× 1010 9.97 ∼ 400× 10−12

HC Hyperfine 1.0 ∼3.00× 1010 1.50 ∼ 220× 10−12

LC DP 1.2 ∼3.00× 1010 10.20 ∼ 3.0× 10−9

LC LTDW 1.4 ∼8.40× 1010 10.80 ∼ 680× 10−12

Table 6.3: Parameters and calculated photon-shot-noise limited sensi-
tivity for fluorescence magnetometry. This table contains the
parameters to calculate photon-shot-noise limited sensitivity for flu-
orescence magnetometry and the sensitivity for different sample and
configurations. HC denotes high NV concentration sample while LC
stands for low NV concentration sample. C, R, and ∆ν are contrast,
photon rate, and linewidth of the resonance feature respectively. DP,
SP, LTDW stands for double pass, single pass and light trapping
diamond waveguide configurations. Photon-shot-noise limited sensi-
tivity ηCW is calculated by equation 6.8.
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6.4 Magnetometry with hyperfine coupling

Configuration C (%) b (V/MHz) ∆ν (MHz) ηenvironment

(
T/

√
Hz
)

HC DP 6.0 1.07 9.87 ∼ 1.97× 10−9

HC SP 2.7 2 9.97 ∼ 2.04× 10−9

HC Hyperfine 1.0 6.4 1.50 ∼ 20.0× 10−9

LC DP 1.2 0.47 10.20 ∼ 10.0× 10−9

LC LTDW 1.4 0.98 10.80 ∼ 9.97× 10−9

Table 6.4: Parameters and environment limited sensitivity for fluores-
cence magnetometry. In this table environment limited sensi-
tivity for fluorescence magnetometry and experimentally verified pa-
rameters are summarized for different sample and configurations. HC
denotes high NV concentration sample while LC stands for low NV
concentration sample. C, b, ∆ν, and ηenvironment are contrast, slope,
linewidth of the resonance feature and environment limited sensitiv-
ity respectively. DP, SP, LTDW stands for double pass, single pass
and light trapping diamond waveguide configurations.

is the slope b . The higher the slope for a given sensing volume the higher
the sensitivity. This is seen with hyperfine coupling magnetometry. Due to
imhomogeneous broadening of the resonance linewidth in all the cases (except
HC Hyperfine, mentioned in tables 6.2, 6.3, 6.4) we were not able to increase
the slope. From the values of contrast (C), slope ( b), linewidth of the reso-
nance (∆ν), empirically it can be said that the relation of these three factor
is following b ∝ C

∆ν
. By comparing tables 6.2, and 6.4 we can conclude that

the achievable sensitivity level fundamentally depends on number of NV spins
in the sensing volume. Therefore to achieve higher sensitivity level it is bet-
ter to use high NV concentration sample and higher interaction path length
as seen with HC DP configuration (∼ 1.97nT/

√
Hz) mentioned in the tables.

In LC LTDW configuration the above mentioned limiting factors limited the
environment limited sensitivity (∼ 9.97 nT/

√
Hz) to a great extent compared

to photon-shot-noise limited sensitivity (∼ 680 pT/
√

Hz). Another factor af-
fecting the LIA slope is the contrast (C). In the high NV concentration sample
(sample 3 in figure 5.8), the ODMR contrast was more than 17 % without ap-
plied magnetic field. On the other hand in the low NV concentration samples
(sample 1 and 2 in figure 5.8), the ODMR contrast was around 10 % without
applied magnetic field. With applied magnetic field in the HC DP and HC
SP (as mentioned in the tables) configurations higher contrast was achieved
compared to LC DP and LC LTDW configurations with sample 1 and 2 (in
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6 Fluorescence magnetometry

figure 5.8). These results indicate that higher the NV concentration higher the
ODMR contrast is achievable. All these parameters and results listed in the
tables (tables 6.2, 6.3, and 6.4) indicate that for to achieve a magnetic field
sensitivity of nT/

√
Hz or sub-nT/

√
Hz high NV concentration is needed along

with homogeneous magnetic field all over the diamond sample.
In a previous work done by Clevenson et al. [69], in waveguide configuration,

magnetic field sensitivity of 290 pT/
√

Hz was achieved, where the number of
sensing spins (NNV) were in order of 1013. Also in another work by Barry
et al. [40], a magnetic field sensitivity of 15±1 pT/

√
Hz was achieved with

a number of sensing spins (NNV) in order of 1017. In a very recent work by
Zhang et al. [167] a sensitivity of 2.86 pT/

√
Hz is achieved with CW-ODMR

magnetometry, where the number of sensing spin were in order of 1013. In
comparison to these results, number of sensing spin in our work was in the
order of 1011 or 1010. All these previous results along with our presented result
point to the most important factor to achieve high sensitivity level, which is
enhancing the number of sensing spins. Which is possible when we have high
NV concentration (≥ 1 ppm ) and longer interaction path length.
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7 Infrared absorption
magnetometry

In this chapter the results for infrared (IR) absorption ODMR and magnetom-
etry is discussed. To investigate the enhancement of sensitivity for ensemble
NV based magnetometer with IR absorption magnetometry we primarily in-
creased the sensing volume by increasing the interaction path length inside the
diamond samples. Magnetometry experiments were performed with the same
samples as mentioned in chapter 6. In section 7.1 we first discuss the IR ab-
sorption ODMR results for high NV concentration sample (sample 3 in figure
5.8) and compare them with the theoretical values obtained with our Gaussian
beam optimized NV rate equation model (see chapter 4). After that we discuss
the magnetometry results for the same sample for different configurations. In
section 7.2 we discuss the result obtained from low NV concentration samples
(sample 1 and 2 in figure 5.8) in same manner.

7.1 High NV concentration sample results

7.1.1 Infrared absorption ODMR

In the following sections we discuss the results from a high NV concentration
sample (sample number 3 in figure 5.8). Here the NV concentration is measured
to be 1.47 ppm, and the dimension of the sample is 2.5 mm × 2.5 mm. For
further details of the sample see the sample preparation section in section 5.5.
To increase the sensor number the most feasible way is to increase the path
length of the laser beams inside the diamond samples and to do so we first tried
to achieve LTDW configuration (see section 5.1) for our sample . Due to high
absorption of the green pump laser (λ @ 532 nm) it was not possible to achieve
the LTDW configuration, where a fraction of the diamond sample volume could
be covered by the lasers due to multiple total internal reflections of the laser
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7 Infrared absorption magnetometry

beams on the diamond sidewalls as shown in figure in section 5.1. In the figure
6.1, the trial for LTDW configuration with sample 3 is shown. Here it can be
noted that the pump laser with an optical power of approximately 440 mW was
used to test the LTDW configuration for infrared absorption magnetometry.
Only two total internal reflections on the diamond sidewalls happened and
the pump laser got completely absorbed within an effective path length of
approximately 5 mm. This path length is not significantly longer than the path
length achieved in DP configuration (4.8 mm).

For this reason, the configuration used for infrared absorption magnetometry
for this sample was single pass (SP) and double pass (DP) as shown in figure
5.1. The respective antenna shapes and positions are also shown in figure 5.5.
As discussed in section 5.1, first the sample was characterized with fluorescence
ODMR measurements (see section 6.1) and after that all the measurements
with infrared absorption magnetometry were performed. In a set of prelimi-
nary measurements for the infrared absorption magnetometry, we performed
IR absorption ODMR without bias magnetic field or LIA scheme (see section
5.1.2) to compare the contrast with the theoretical value obtained from the rate
equation model for NV as discussed in chapter 4. In figure 7.1, the experimen-
tal results for SP and DP configuration, corresponding to 2.5 mm and 4.8 mm
path length respectively are shown. Figure 7.1 a) and c) show the respective
theoretical estimations. In black and red the residual optical IR power along
the interaction path without and with MW signal are plotted. The contrast
is taken at the end of the interaction path. For the simulation we used ex-
perimentally available parameters, i.e. green pump power and IR laser power
is taken as 440 mW and 10 mW respectively. Beam waist for the lasers are
approximately 20 µm (see also 8), and NV concentration is 1.47 ppm (refer to
section 5.5 for more details). For microwave drive, the power from microwave
source is set to 7 dBm with a 45 dB amplification with an amplifier.

In the figure 7.1 b) and d) the experimental result for DP and SP config-
urations are shown respectively. In SP configuration all the parameters for
theoretical calculation and experiment are same as DP configuration except
the path length. In the theoretical estimation a contrast value of ∼ 0.158% is
seen, whereas the experimental value is ∼ 0.160%, being in excellent agreement
with the predicted contrast value. The theoretical and experimental values for
the IR absorption ODMR contrast in case of SP configuration are 0.143% and
0.100% respectively. In this case also the values are of same order, though not
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Figure 7.1: IR ODMR for high NV concentration sample. a) This graph
shows the theoretical value for contrast of IR absorption ODMR
in DP configuration. Figure b) shows the measured IR absorption
ODMR for DP configuration along with a fit (red line). In figure c)
the graph shows the theoretical value for contrast of IR absorption
ODMR in SP configuration. d) This is the measured IR absorption
ODMR for SP configuration. All the experiments were done without
any bias magnetic field applied to the NV ensemble therefore ODMR
dips are centered around 2870 MHz. For more details refer to text
in this section as well as in chapter 4.
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7 Infrared absorption magnetometry

matching extremely precisely. As the predicted theoretical contrast value is
already quite low, we performed the experiments over a long time (∼ 30 min)
to achieve a good signal-to-noise ratio for the ODMR spectrum. In the ODMR
spectrum of 7.1 b) and d) the ODMR resonance features are around 2870 MHz,
which is the value for zero field splitting (ZFS) without any bias magnetic field.
The difference in the SP theoretical and experimental values is not completely
understood. This mismatch might be due to inclined baseline in figure 7.1 d)
which was taken into account while the ODMR spectrum was fitted. Both the
obtained ODMR spectrum in figure 7.1 c) and d) is fitted with Gaussian fit
function as described in section 6.2.

7.1.2 Magnetometry with single pass configuration

In the previous section in figure 7.1 c) and d) it is shown that the theoreti-
cal and experimental values of IR absorption ODMR contrast in SP and DP
configurations are in the same order of magnitude. Although the experimental
values of contrast are very similar we first performed magnetometry with SP
configuration and then with DP configuration to see the effect of increasing
sensing volume on sensitivity measurements. Here we present the results for
the SP configuration. For magnetometry with IR absorption scheme, we used
the already explained lock-in-amplifier scheme (see section 5.1.2). After the
primary investigation of the IR absorption contrast a bias magnetic field was
applied to the NV ensemble and a lock-in-amplifier was used after the pho-
todiode. Also the microwave (MW) source was frequency modulated. As a
lock-in-amplifier was used after the photodiode, the obtained ODMR spectrum
was first order derivative of the resonance features as shown in figure 7.2. As we
used frequency modulation (FM) of the MW source to perform magnetometry
with lock-in-amplifier, one crucial parameter was the frequency deviation fdev,
of the FM modulated microwave signal. With independent fluorescence ODMR
spectrum, we determined the linewidth of the resonance feature on which we
performed the magnetometry experiments (see section 6.2). Our choice for this
value was fdev≥ ∆ν, where, ∆ν is the linewidth of the resonance feature. For
the ODMR spectrum shown in figure 7.2, the modulation frequency, fmod used
was 3.5 kHz; frequency deviation, fdev was 10 MHz. The green and infrared
laser powers and the MW power used in these experiments are same as men-
tioned in section 7.1.1.
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Figure 7.2: Magnetic field alignment and calibration for SP configura-
tion with high NV concentration sample in IR absorption
magnetometry. In figure a) all the resonance features are shown
from the obtained ODMR spectrum after magnetic field alignment.
Figure b) depicts the calibration measurement from which we ex-
tracted the zero crossing frequency and the slope for magnetometry
measurements. Details regarding the slope and zero crossing fre-
quency is given in the text.

The chosen resonance feature for magnetometry measurement was the res-
onance feature with zero crossing frequency of 2808.3 MHz as shown in the
figure 7.2 b). From the calibration of the resonance feature on which we per-
formed magnetometry experiment for the SP configuration we determined the
zero crossing frequency as 2808.3 MHz. The slope for the lock-in signal was
0.85 V/MHz. The LIA parameters used were as follows; time constant 5 ms,
sensitivity of the LIA was 5 mV, and output filter was set to 24 db/Octave.
After calibration we performed magnetometry measurements on that resonance
feature. For magnetometry measurement, we used FM modulated microwave
whose carrier frequency fc was 2808.3 MHz with the same modulation frequency
and frequency deviation parameters used to calibrate the resonance feature. To
extract the sensitivity, time trace was recorded with the LIA for 10 min and
with equations 6.3 and 6.4 LIA voltage was converted to measured magnetic
field. The time traces for the measured magnetic fields are shown in figure 7.3
a) to d).

In the figure 7.4 a), the magnetic field noise spectrum for sensitivity measure-
ment is shown, where the black spectrum is the magnetically sensitive spectrum
with an environment limited noise floor of 1.2 nT/

√
Hz between 0.1 Hz and 40
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Figure 7.3: Measured magnetic field with test coil for SP configuration
for high NV concentration sample in IR absorption magne-
tometry. Figure a) shows the time trace for magnetically sensitive
spectrum without any applied test field. Figure b), c), and d) shows
the time traces for sinusoidal test fields of 11 Hz and 500 mHz and a
square test field of 500 mHz respectively. Discussion regarding the
magnetic field strength measurement is given in the text in details.

124



7.1 High NV concentration sample results

10-2 10-1 100 101 102
10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

S
en

si
ti

vi
ty

 (
T

/H
z1/

2 )

Frequency (Hz)

Mag. sensitive

Mag. insensitive

Electronic noise

10-2 10-1 100 101 102
10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

S
en

si
ti

vi
ty

 (
T

/H
z1/

2 )

Frequency (Hz)

Electronic noise

Mag. insensitive

Mag. sensitive

0.1 1 10
10-12

10-11

10-10

10-9

10-8

10-7

10-6

S
en

si
ti

vi
ty

 (
T

/H
z1/

2 )

Frequency (Hz)

500 mHz 11 Hz

50 Hz

0.1 1 10
10-11

10-10

10-9

10-8

10-7

10-6

S
en

si
ti

vi
ty

 (
T

/H
z1/

2 )

Frequency (Hz)

500 mHz

a b

c d

Figure 7.4: Sensitivity Measurement spectrum for SP configuration
with high NV concentration sample in IR absorption mag-
netometry. Figure a) shows the magnetically sensitive spectrum
(black) with an environment limited noise floor of 1.2 nT/

√
Hz be-

tween 0.1 Hz and 40 Hz along with magnetically insensitive spec-
trum with noise floor of 700 pT/

√
Hz in between 0.001 and 40 Hz

and electronic noise spectrum (blue), with noise floor mostly below
100 pT/

√
Hz over the frequency range. Figure b), and c) shows all

the magnetically sensitive spectrum for with applied sinusoidal test
fields of 500 mHz and 11 Hz respectively. In figure d) the spectrum
for a square test field of 500 mHz is shown.

125



7 Infrared absorption magnetometry

Hz . The red spectrum in that figure is the magnetically insensitive spectrum
or photon shot noise limited sensitivity, obtained with off resonant MW excita-
tion. Which is 700 pT/

√
Hz in between 0.001 and 40 Hz. The blue spectrum is

the electronic noise, which was obtained by blocking the lasers from photodiode
and the noise level is mostly below 100 pT/

√
Hz over the frequency range of

0.001 and 40 Hz.
The magnetometer with SP configuration was tested by applying test mag-

netic fields with the same coil magnet which was used to test the magnetometer
in DP configuration. Figure 7.4 b), c), shows all the magnetically sensitive spec-
trum for with applied sinusoidal test fields of 500 mHz and 11 Hz respectively
along with the line frequency of 50 Hz. In figure 7.4 d) shows the spectrum
for a square test field of 500 mHz, here the higher harmonics of the 500 mHz
frequency can be seen in the spectrum.

From the time traces shown in the figure 7.3 b), c), and d) the magnetic field
strength of the test magnetic fields can be measured. Figure 7.3 a) shows the
time trace for magnetically sensitive spectrum without any applied test field.
Figure b), c), and d) shows the time traces for sinusoidal test fields of 11 Hz
and 500 mHz and a square test field of 500 mHz respectively. The magnetic
field strength detected for 11 Hz and 500 mHz test fields are approximately 0.57
µT and 1.0 µT respectively. For the 500 mHz square test field the measured
field strength is approximately 0.7 µT. The applied magnetic field strength
was calculated using the before mentioned equation 6.7 taken into account the
number of turns, N = 10, radius of the coil rcoil = 1.0 cm, the distance from
the magnetometer was approximately 30 cm, the coil current Icoil was 0.200
mA, the applied magnetic field strength was 0.39 µT. It shows that there is
an error of 30 % from the applied test field strength and the measured field
strength. The reasons for this error in the measurements is discussed already
in the previous sections.

7.1.3 Magnetometry with double pass configuration

In this section the results from the DP configuration are discussed. The green
and infrared laser powers and the MW power used in these experiments are
same as mentioned in section 7.1.1. For the LIA scheme to obtain the ODMR
spectrum shown in figure 7.5 a), the modulation frequency, fmod and the fre-
quency deviation, fdev were used same as mentioned in SP configuration.
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Figure 7.5: Magnetic field alignment and calibration for high NV con-
centration sample in DP configuration in IR absorption
magnetometry. In figure a) the fluorescence and IR absorption
ODMR spectrum shows four resonance features after the magnetic
field was aligned. In figure b) the calibration measurement for the
magnetometry with the chosen resonance feature is shown. The
zero crossing frequency in this spectrum is 2801.2 MHz.

In the figure 7.5 a), the ODMR spectrum of infrared absorption and fluores-
cence are shown after the magnetic field was aligned. We chose the left most
resonance feature in the figure 7.5 a) for magnetometry measurements. For
calibration of this resonance feature we performed ODMR around this ODMR
dip for around 40 min with the LIA scheme as shown in figure 7.5 b). From
this calibration we determined the zero crossing frequency of signal obtained
from the lock-in-amplifier (LIA) and the slope of the resonance feature at zero
crossing frequency which was 2801.2 MHz. The slope of the magnetometry
resonance feature was 1.2 V/MHz. For magnetometry measurement, carrier
frequency fc was the zero crossing frequency of the LIA signal. As mentioned
before the modulation frequency, fmod and the frequency deviation, fdev were
same as calibration measurement. For the LIA scheme the LIA parameters were
as follows; time constant 5 ms, sensitivity of the LIA was 5 mV, and output
filter was set to 24 db/Octave. At this point, note that the LIA parameters for
SP configuration was kept same as DP configuration. It was done on purpose
to compare the real difference in sensitivity for SP and DP configuration. As
a matter of fact all the electrical parameters were kept same for these exper-
iments along with the LIA parameters, such as gain of the photodiode and
termination. If we compare the sensitivity spectrum for electronic noise for DP
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7 Infrared absorption magnetometry

(figure 7.7) and SP configuration 7.4 it can be noted that those are having the
same noise floor.

As the magnetometry method is described in section 6.2, we took time traces
while the magnetometer is magnetically sensitive without any test magnetic
field and with different test magnetic fields. The LIA voltage signal is converted
to measured magnetic field with equation 6.3 and 6.4. The time traces for all
the test magnetic fields and the time trace for magnetically sensitive spectrum
without any applied test magnetic field are shown in figure 7.6. Figure 7.6 a)
shows the time trace for magnetically sensitive spectrum without any applied
test field. Figure b), c), and d) shows the time traces for sinusoidal test fields
of 11 Hz and 200 mHz and a square test field of 500 mHz respectively.

In the figure 7.7 a), the magnetic field noise spectrum for sensitivity measure-
ment is shown, where the black spectrum is the magnetically sensitive spectrum
with an environment limited noise floor of 700 pT/

√
Hz between 10 and 40 Hz.

The red spectrum is the magnetically insensitive spectrum obtained with off
resonant MW excitation or without any MW excitation. This red spectrum is
the magnetically insensitive spectrum of the magnetometer with a noise floor
of 350 pT/

√
Hz in between 0.001 and 40 Hz. The blue spectrum is the elec-

tronic noise, which was obtained by blocking the lasers from photodiode. In
the frequency regime lower than 10 Hz, it can be noted that the magnetically
sensitivity spectrum is showing higher magnetic field, which is not present in
the magnetically insensitive spectrum. Therefore it might have caused due to
environment induced slowly varying magnetic field, though the source could not
be detected. Figure 7.7 b) and c) shows all the magnetic field noise spectrum
for magnetically sensitive with applied sinusoidal test fields of 11 Hz and 200
mHz along with the magnetically insensitive and electronic noise spectrum. In
figure c) the line frequency of 50 Hz can be seen distinctively along with the
test frequencies. In figure d) spectrum for a square test field of 500 mHz is
shown, here the higher harmonics of the 500 mHz frequency can be observed.

The measured test field strength by the magnetometer can be seen from
figure 7.6 a) to d). For 200 mHz and 500 mHz test fields the measured field
strength is approximately 1 µT and for the 11 Hz test field it is 0.8 µT . Taken
into account the number of turns, N = 10, radius of the coil rcoil = 1.0 cm,
the distance from the magnetometer was approximately 20 cm, the coil current
Icoil was 0.200 mA, the applied magnetic field strength was 1.12 µT. Test field
strength is calculated by using equation 6.7. The measured and calculated test
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Figure 7.6: Measured magnetic field in DP configuration with IR ab-
sorption magnetometry with high NV concentration sam-
ple. Figure a) shows the time trace for magnetically sensitive spec-
trum without any applied test magnetic field. Figure b), c), and
d) shows the time traces for sinusoidal test fields of 11 Hz and 200
mHz and a square test field of 500 mHz respectively. Discussion
regarding magnetic field strength measured with the magnetometer
is given in the text.
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7 Infrared absorption magnetometry

field strength values shows that there is an error of 9 %. This might have been
caused by the orientation and placement imperfection of the test coil from the
magnetometer as described in section 6.2.

For comparison of the sensitivity we performed magnetometry with the high
NV concentration sample in SP and DP configuration. The above results shows
that, there was indeed an improvement of the sensitivity measurement in case of
DP configuration (700 pT/

√
Hz) compared to SP configuration (1.2 nT/

√
Hz).

The path length increased approximately 2 times in DP configuration in com-
parison with SP configuration, taken that into account the sensitivity should
have improved 2 times, which is more or less the value we have observed in
the magnetometry experiments. In principle it is showed in this work that the
sensitivity gets enhanced with increased path length. More precisely it occurs
because of the fact that the increased path length increases the sensing volume
hence the sensitivity increases. From table 6.2, it can be seen that the number
of spins are 2.02 × 1011 m−3 and 4.07 × 1011 m−3 for SP and DP magnetome-
ters. The spin-projection-noise limited sensitivity ηSPN are 20 fT/

√
Hz and 28

fT/
√

Hz for DP and SP configuration respectively. Note that unlike fluores-
cence magnetometry in IR absorption magnetometry we have not provided the
photon-shot-noise limited sensitivity obtained via equation 6.8. In IR absorp-
tion magnetometry the contrast was already quite low (below 0.20 %) without
bias magnetic field compared to fluorescence contrast with applied bias mag-
netic field (in between 1 to 6 %). It was one of the reasons to use LIA scheme
in case of IR absorption magnetometry (see section5.1.2). In such situation,
the exact contrast of resonance feature used in magnetometry experiments is
not known. The contrast value is needed to calculate the photon-shot-noise
limited sensitivity of a certain magnetometer (equation 3.3). That is why in
this chapter, only the measured value for environment limited sensitivity (see
table 7.1) is given.

7.2 Low NV concentration results

In this sections we discuss the results from low NV concentration samples (sam-
ple number 1 and 2 in figure 5.8). For both the samples NV concentration is
measured to be 36 ppb and the dimension of the samples are 4.8 mm×2.4
mm×0.5 mm and 4.8 mm × 4.8 mm×0.5 mm respectively. For sample number
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Figure 7.7: IR absorption magnetometry sensitivity noise spectrum for
DP configuration with high NV concentration sample. Fig-
ure a) shows the magnetic field noise spectrum for sensitivity mea-
surement with magnetically sensitive spectrum (black) with an en-
vironment limited noise floor of 700 pT/

√
Hz between 10 and 40

Hz . This red spectrum for magnetically insensitive measurement.
The blue spectrum is the electronic noise. In figure b), c) and d)
the magnetically sensitive spectrum for applied test field of 11 Hz,
200 mHz and a square test of 500 mHz is shown respectively.
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Figure 7.8: IR absorption ODMR for low NV concentration sample. In
figure a), the theoretical value of contrast for IR absorption ODMR
in DP configuration is shown and figure b) shows the measured IR
absorption ODMR for DP configuration with sample 3 in figure 5.8.
In figure c) and d) the graphs shows the theoretical value and the
measured contrast of IR absorption ODMR in LTDW configuration
with sample 1 in figure 6.1 a). For more details please refer to text.

1, we were able to perform magnetometry experiment in waveguide or LTDW
configuration whereas for sample number 2 we were able to achieve only DP
configuration which was due to a insufficient side wall parallelism, prohibiting
the a proper transmission of the pump and probe laser beams. This made
difficult to maintain the overlapping of the pump and probe beams inside the
diamond samples for path length greater than 9.5 mm. As both samples have
equal NV concentrations, their results are comparable and is used to discuss
the sensitivity enhance for increased path lengths.
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7.2 Low NV concentration results

7.2.1 Magnetometry with DP configuration

In the figure 7.8 a) and b) the contrast for IR absorption ODMR without
applied bias magnetic field is shown for theoretical simulation and for experi-
mental realization respectively. For theoretical calculation, the path length of
the combined laser beams was taken as 9.5 mm, Green pump power and IR
laser power, and beam waist was same as for high NV concentration sample.
The NV concentration was 36 ppb. These parameters were kept same in the
experiments. While the theoretical value for ODMR contrast was predicted to
be 0.04 % , in the experiment we observed the contrast to be 0.035 % which is
in the same order. The ODMR spectrum of figure 7.8 b) was obtained with-
out LIA and measurement time was around 30 min. Due to the fact that the
ODMR contrast is very low for IR absorption ODMR compared to the obtained
fluorescence ODMR spectrum (section 6.3), here the ODMR spectrum has low
signal-to-noise ratio.

As the contrast without applied magnetic field was already very low, with
applied magnetic field the contrast for each resonance feature would have been
even lower. Therefore to have a good signal to noise ratio and for the purpose to
investigate the sensitivity in this sample and in DP configuration we used LIA
after the primary ODMR experiment. In the following figure 7.9 a) the ODMR
spectrum is shown after the magnetic field was aligned with the NV axis of one
of the four classes of NV present in the NV ensemble. The outer resonance
features are from one class of NV whereas the inner resonance feature are com-
ing from all the other three classes of NV. For magnetometry purpose we chose
the left most resonance feature with zero crossing frequency of 2736.2 MHz.
In figure 7.9 b) a representative sweep across this feature during a 10 minutes
calibration measurement is depicted. The slope for this resonance feature was
extracted from the calibration measurement, which was 0.0024 V/MHz. To
measure the sensitivity for this magnetometer, time trace was recorded with
the LIA for 10 min and with equation 6.3 and 6.4 measured magnetic field
was calculated. The measured magnetic field was then converted to magnetic
field noise spectrum as discussed in section 6.2. The LIA parameters are same
as mentioned in section 6.3. In figure 7.9 c), the magnetically sensitive and
insensitive spectrum for the magnetic field noise spectrum is shown. The envi-
ronment limited sensitivity is approximately 100 nT/

√
Hz in between 0.001 Hz

and 40 Hz.
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Figure 7.9: Sensitivity measurement for low NV concentration sample
in DP configuration. The magnetometry results for DP config-
uration is shown here. In figure a) ODMR spectrum with all the
resonance features is shown, whereas the calibration of the magne-
tometry resonance feature is shown in figure b). Figure c) shows
the environment limited sensitivity 100 nT/

√
Hz. For details please

refer to text.
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7.2 Low NV concentration results

7.2.2 Magnetometry with LTDW configuration

From the results obtained with DP configuration with the low NV concentration
sample magnetometer, it was evident that to improve the sensitivity we needed
to increase the path length of the combined laser beam. As mentioned before
for the polishing imperfection with sample 2 (figure 5.8) we were not able to
increase the path length and therefore opted for sample 1 to realize waveguide
configuration (see figure 7.10). In this configuration we were able to achieve
a path length of ∼ 28 mm (see also Appendix D: Path length calculation for
LTDW) where the lasers were overlapped inside the diamond. The theoretical
simulation and the experimental result for IR absorption ODMR without bias
magnetic field in LTDW configuration is shown in figure 7.8 c) and d). For
theoretical calculation, the path length of the combined laser beams was taken
as 28 mm which was achieved in the experiment and the NV concentration
was taken as 36 ppb. The green laser and the IR laser power along with the
beam waist was taken same as mentioned previously in section 7.1.1. All the
parameters were kept same in the experiments. The transmitted IR beam
had an optical power of 0.260 mW where the incident beam had a power of
10 mW. We suspect imperfect facet polishing to be the origin of the heavy
losses, as we observed significant scattering whenever the beam hits a side
wall. Here the theoretical value for ODMR contrast was 0.063 % (figure 7.8
c)), while in the experiment we observed the contrast to be 0.2 % (figure 7.8
d)). The mismatch between the predicted and the obtained ODMR contrast
is also not fully understood either with our theoretical model or experiments.
Also with repeated measurement we obtained several ODMR spectrum where
the baselines had some slope. The reason for this slope in the baseline is not
known to us till date. In our Gaussian fit of the ODMR spectrum to extract the
contrast this slope was incorporated. This inclined baseline might have caused
error in extracting the real experimental ODMR contrast.

In the following figure 7.11 a) the fluorescence ODMR spectrum is shown
after magnetic field alignment procedure. Figure 7.11 b) shows the ODMR
spectrum obtained with LIA for fluorescence signal (red line) and the IR signal
(black line). As the applied bias magnetic field could not be aligned similar as
other experiments, here all the eight resonance features arising from four sub
classes of NV centers present in the ensemble can be seen. In this configuration
the field alignment was not perfect due to the fact that the applied magnetic
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7 Infrared absorption magnetometry

Incoming beams

Outgoing beams
a b

Figure 7.10: LTDW image and schematic. In figure a) image of the LTDW
configuration is shown where green arrows shows the incoming
and outgoing laser beam paths. Figure b) depicts the schematic
diagram of the same configuration.

field was not homogeneous all over the sample. The problem of inhomogeneous
magnetic field is already discussed in details in in section 6.4.

For magnetometry measurements we chose the left most resonance feature
with zero crossing frequency of 2700.78 MHz as shown in the figure 7.11 c)
and performed calibration measurement for about 40 min. The slope for this
resonance feature extracted from the calibration measurement was 0.65 V/MHz.
From the same calibration measurement we observed the same drift of the ZCF
over time in figure 7.11 d). For LIA scheme all the parameters were kept same
as mentioned before.

To measure the sensitivity for this magnetometer, time trace was recorded
with the LIA for 10 min and with equation 6.3 and 6.4 magnetic field was
calculated as shown in figure 7.12. In figure 7.13 a) the magnetically sensitive
and insensitive spectrum is shown without any test magnetic field applied with
the coil magnet as described in the previous sections. Figure 7.13 b), c), and
d) shows the the magnetically sensitive spectrum with sinusoidal test magnetic
field of 100 mHz, 500 mHz and a square test field of 200 mHz respectively. In
this spectrum the environment limited sensitivity is approximately 65 nT

√
Hz

in between 0.001 Hz and 40 Hz.

From the time traces shown in the figure 7.12 b), c), and d) the magnetic field
strength of the sinusoidal test fields of 100 mHz, 500 mHz and a square test field
of 200 mHz can be measured respectively whereas figure 7.12 a) shows the time
trace for magnetically sensitive spectrum without any applied test field. The
magnetic field strength for 100 mHz and 200 mHz test fields are approximately
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Figure 7.11: Magnetic field alignment and calibration for low NV con-
centration sample in waveguide configuration. In figure a)
shows the fluorescence ODMR spectrum with all eight resonance
feature and in b) ODMR spectrum for fluorescence and IR ab-
sorption with same magnetic field alignment is shown with red
and black solid lines respectively. Figure c) depicts the LIA re-
sponse (black dots) for the left most resonance feature in figure a)
with fit (red line) to extract the slope for magnetometry, for the
resonance feature with zero crossing frequency of 2700.78 MHz.
Figure d) depicts shows the drift of the zero crossing frequency
over time (40 min).
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Figure 7.12: Measured magnetic field with test coil for LTDW config-
uration. In figure a) the time trace for magnetically sensitive
spectrum without any applied test field is depicted. Figure b), c),
and d) shows the time trace for the applied sinusoidal test mag-
netic fields of 100 mHz and 500 mHz and a square test field of 200
mHz respectively. For details please refer to text.
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Figure 7.13: Sensitivity measurement spectrum for LTDW configura-
tion. Figure a) shows the magnetically sensitive spectrum (black
line) and magnetically insensitive spectrum (red line) . The envi-
ronment limited sensitivity was 65 nT/

√
Hz in between 0.001 Hz

and 40 Hz (black dashed line). Figure b) shows magnetically sen-
sitive spectrum for applied test field of 100 mHz. Figure c) shows
the magnetically sensitive spectrum for applied test magnetic field
with 500 mHz . In figure d) magnetically sensitive spectrum for
applied test field of 200 mHz square wave is shown.
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4.24 µT respectively. The applied magnetic field strength was calculated using
the before mentioned equation 6.7. With the following parameters of number
of turns, N = 10, radius of the coil rcoil = 1.0 cm, the distance from the mag-
netometer was approximately 10 cm, the coil current Icoil was 0.200 mA, the
applied magnetic field strength was 4.42 µT . It shows that there is an error of
4 % from the applied test field strength and the measured field strength. It can
be noted in figure 7.12 that, the time traces are very noisy. It might be due to
the comparatively low sensitivity of the magnetometer.

The above results shows that, there was an improvement of the sensitivity
in case of LTDW configuration (65 nT

√
Hz) compared to DP configuration

(100 nT
√

Hz) with low NV concentration magnetometer. In this context the
previously reported sensitivity with a path length in between 15 mm to 28
mm is betwenn 100 nT

√
Hz to 600 nT

√
Hz by Bougas et al. [68]. For our

magnetometers the path length increased more than 2 times in LTDW configu-
ration (∼ 28 mm) in comparison with DP configuration (9.5 mm). Accordingly
the number of spins for DP and LTDW magnetometers are 2.38 × 1010 m−3

and 9.82× 1010 m−3 respectively. The spin-projection-noise limited sensitivity
(ηSPN) is obtained for DP and LTDW magnetometers via equation 6.9, which
are 55 fT

√
Hz and 26 fT

√
Hz. It is evident that the spin-projection-noise lim-

ited sensitivity is improved with enhanced interaction path length. Also in
our experiments we observed that the environment noise limited sensitivity in-
creased in a similar manner and more or less of the same order. As discussed
before that, for LTDW configuration we observed scattering of the lasers due
to imperfect polishing which might have restricted us to reach better sensitiv-
ity value with this magnetometer. The spin-projection-noise-limited sensitivity
(ηSPN) for the magnetometers in IR absorption magnetometry are same as flu-
orescence magnetometry as given in table 6.2. Comparing the values from table
6.2 with the sensitivity results obtained from IR absorption magnetometry in
different configurations it can be inferred that sensitivity can be improved even
further.

Summary

In the table 7.1, all the experimental results along with ODMR contrast values
(without magnetic field), the extracted slopes (b ) from LIA scheme (see section
5.1.2) for each configuration is summarized. From the results we see that the
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Configuration C (%) b (V/MHz) ηenvironment

(
T
√

Hz
)

HC DP 0.16 1.2 ∼ 0.70× 10−9

HC SP 0.10 0.85 ∼ 1.2× 10−9

LC DP 0.035 0.0024 ∼ 100.0× 10−9

LC LTDW 0.20 0.65 ∼ 65× 10−9

Table 7.1: Parameters and environment limited sensitivity for IR ab-
sorption magnetometry. In this table the environment limited
sensitivity for IR absorption magnetometry and the slope measured
with LIA scheme is listed for different sample and configurations.
HC denotes high NV concentration sample while LC stands for low
NV concentration sample. C, b, and ηenvironment are the contrast,
slope and environment limited sensitivity respectively in the table.
DP, SP, LTDW stands for double pass, single pass and light trapping
diamond waveguide configurations.

environment limited sensitivity achieved with high NV concentration sample
(sample in figure 5.8) is more than 60 times better than the results obtained
with low NV concentration sample. By comparing the contrast, slope and
environment limited sensitivity for each configuration it can be inferred that
the sensitivity level is high when slope is high. Note here, that with higher
contrast the slope is also higher similar as discussed in the summary section of
chapter 6. In previous discussions in this chapter, it was observed that with
higher NV concentration along with higher interaction path length, we were
able to achieve higher contrast value. This again indicate that to achieve high
sensitivity it is necessary to increase the number of spins by enhancing sensing
volume of the magnetometers.

In IR absorption magnetometry also environment limited sensitivity were
limited by the inhomogeneous magnetic field distribution all over the magne-
tometers. Along with this, use of high MW power to achieve higher ODMR
contrast broadened the resonance features on which we performed magnetom-
etry experiments. Due to these factors hyperfine coupling was not resolved in
IR absorption magnetometry. As already seen in section 6.4, linewidth is in-
deed smaller (see table 6.3) while the resonance features are hyperfine coupling
resolved. That also leads to higher slope and in turn higher sensitivity level.

The environment limited sensitivity level achieved in IR absorption magne-
tometry with HC DP and HC SP configurations are in the same order or slightly
better compared fluorescence magnetometry (see tables 6.4 and 7.1). On the
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7 Infrared absorption magnetometry

other hand results obtained from LC DP and LC LTDW configurations are
showing opposite trends. Most importantly it can be noted in table 7.1, that
in both of these situation contrast is smaller compared to HC DP and HC SP.
Due to low NV concentration in these magnetometers, absorption of IR laser
was smaller than the other magnetometers. Which effectively led to compar-
atively smaller sensitivity and therefore no advantage is gained compared to
fluorescence magnetometry.

A higher magnetic field sensitivity (28 pT
√

Hz) than we report in this work
is achieved by Chatzidrosos et al. [67] by employing an optical cavity was used
to enhance interaction path length. The work presented by Jensen et al. [66]
also have used an optical cavity and achieved sensitivity of 2.5 nT

√
Hz. From

the results presented in this dissertation and the mentioned previous results
[66, 67], we can conclude few things. First of all to achieve higher sensitivity
in IR absorption magnetometry high NV concentration is required. As the
absorption cross section of NV centers for IR laser is very low (see chapter
4) interaction path length should be enhanced either by means of employing
an optical cavity around the diamond sample or by multiple total internal
reflection inside the diamond waveguide (see section 7.2). Another conclusion
can be drawn from the presented results, that there is a possibility to achieve
similar if not better sensitivity than cavity enhanced magnetometry [66, 67],
with waveguide structures in IR absorption magnetometry.
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8 Outlook and conclusion

In the last two chapters (6 and 7) we have presented the results of our magne-
tometry experiments. Although the main focus was to investigate and enhance
the magnetic field sensitivity with IR absorption magnetometry (chapter 7 ),
we also investigated the sensitivity in fluorescence magnetometry (chapter 6)
in same manner along with magnetometer characterizations. Our results from
the Gaussian beam optimized NV rate equation model as described in chapter
4 agreed well with experimental observations. As already stated in the previ-
ous chapters that there are scopes to further enhance the sensitivity. In this
chapter we discuss how that can be achieved. To this end we first discuss a
short outlook on a number of further improvements which can be employed to
improve the magnetic field sensitivity via IR absorption magnetometry with
ensembles of NV centers in diamond. Later we discuss some important results
from chapter 7 to conclude this thesis.

Outlook

Infrared absorption magnetometry.

To increase the sensitivity of the magnetometer for infrared absorption magne-
tometry we need to increase the infrared absorption. From the results presented
in chapter 7 and from the theoretical simulations in chapter 4, it can be noted
that the infrared absorption is increased by increased interaction path length of
the overlapped lasers (pump and probe) inside the diamond sample. Another
way to increase infrared absorption is to increase the pump power while the
interaction path length inside the diamond sample remains the same. For these
reasons in future experiments the following modification can be employed to
achieve better sensitivity.

i) Pump power increment: In the experiments presented here, the green
pump power was limited to 440 mW. The contrast of infrared absorption ODMR
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8 Outlook and conclusion

for high NV concentration sample (sample 3 in figure 5.8) in DP configuration
was 0.160 % (theoretical value 0.158 %, see section 7.1). Given the fact that in
this configuration we observed the highest sensitivity, we increased the pump
power from 500 mW to 5 W in our theoretical model (red solid line in figure
4.5 b)). The theoretical value for contrast of infrared absorption ODMR with
these pump powers increased to 0.4 % at around 2 W of green laser power.
As observed in our experiments (chapter 7) that the sensitivity increases with
increased contrast, it can be inferred that high pump power will certainly lead
to improved sensitivity the magnetometers. Similar calculation for low NV
concentration sample (sample 1 in figure 5.8) based magnetometer was also
performed for the LTDW configuration (red solid line in figure 4.5 a)). In
this case increasing pump power did not show significant improvement, but
increasing interaction path length increased the contrast.

ii) Interaction path length increment: As mentioned earlier, another way
to increase the infrared absorption ODMR contrast is to increase the interaction
path length inside the diamond samples. For the high NV concentration sample
we observed that due to high absorption of the green pump laser we were not
able to achieve the LTDW configuration as shown in figure 6.1. With increased
pump power it will definitely be possible to achieve longer path length as well
as higher ODMR contrast. But the relation of increasing ODMR contrast with
increased path length is not straight forward. With increased path length the
sensing volume also increases and for a constant pump power with increased
path length the contrast decreases after an optimum path length. This happens
because a higher sensing volume needs higher pump power to reach saturation
for the ensemble NV system (figure 4.5). From figure 4.5 a) and b) it is evident
that there is a trade off between increasing the interaction path length and the
pump power. It is necessary to use an optimum pump power to achieve higher
ODMR contrast for a certain sensing volume of the NV ensemble. For example
with high NV concentration sample (sample 3 in figure 5.8) a interaction path
length of 10 mm increases the contrast around 0.6 %, which will definitely
enhance the sensitivity of the magnetometer. In future experiments these effects
can be investigated to reach higher sensitivity.

With low NV concentration samples we did not ran into the problem of
pump power depletion. However due to polishing imperfection we were able to
perform LTDW experiment only with sample 1 but sample 2 (figure 5.8). With
sample 2 (figure 5.8) only DP configuration was possible. Better polishing of
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sample 2 can give the opportunity to increase the path length more than 28 mm.
In one of our preliminary experiments a path length of approximately 40 mm
was observed, but due to imperfect geometry the lasers were not overlapped all
through the interaction path inside the diamond. Also it was experimentally
challenging to detect the transmitted IR beam clearly. In figure 4.5 a), the
increment in contrast for a path length of 40 mm is shown. It is reaching a
saturation value of 0.05 % at around 2.5 W of green power.

One important point to consider for higher path length is the walkoff (see
figure 5.6) of the laser beams due to slightly different refractive index of diamond
for green and infrared lasers. To circumvent this problem the following approach
can be employed. The whole diamond sample can be illuminated with green
pump laser from the side, which have the same dimension as the diamond
sidewall (e.g. 2.4 mm x 0.5 mm for sample 1). The beam shaping of the pump
laser can be achieved by anamorphic prism pairs. The infrared laser enters the
diamond sample from the cut corner and after multiple total internal reflections
inside the diamond exist from the same cut corner (as shown in figure 5.1). By
employing this method path length can be increased while at the same time
the problem of beam walk off is circumvented as already performed by Bougas
et al. [68], where a pump power of approximately 2 W was used.

For side pumping effectively the NV sensing volume remains same, as it
depends on the IR laser path length. For a given path length, the IR absorp-
tion ODMR contrast depends on the pump power and the beam waist 4. In
our simulation of LTDW configuration we have seen that the IR absorption is
significantly higher near the beam waist inside the diamond because of high
intensity of the pump laser (figure 4.4). Taken into account the incident pump
power as 440 mW and a NV concentration of 36 ppb; at around 14 mm inside
the diamond sample, the pump power becomes 350 mW. The beam waist was
20 µm, therefore the pump laser intensity at beam waist was approximately 3
GW/m2. For side pumping we assume that the beam area at beam waist will
be; 2.4mm× 0.5mm = 1.2mm2. To reach the same intensity, that was achieved
with a beam waist of 20 µm,a pump power of 4 W is required.

Monolithic ring cavity: For enhancing the interaction path length an-
other approach was taken in our experiments. In that approach we tried to
achieve a monolithic ring cavity with sample 1 and 2. In a cavity effectively
the interaction path length increases and in our approach we wanted to use this
basic principle to enhance the sensitivity. Previously an optical cavity is used
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8 Outlook and conclusion

to enhance sensitivity for infrared absorption magnetometry [67]. In those ex-
periments the diamond samples have been placed inside an optical cavity. Our
approach was to make a monolithic ring cavity from the diamond sample it-
self. Here were coupled the pump and probe lasers to the monolithic cavity by
evanescent coupling by a prism.

Though with green laser it appeared to be a ring at first (see Appendix A:
Monolithic ring cavity setup), detailed examination with infrared laser scanning
showed no cavity mode. Later on sample examination showed geometrical
imperfections with the samples. We concluded that due to these imperfection
there were no cavity operation. Most likely the ring was not forming properly,
although from the images taken with camera it appeared to form a ring. Sample
number 1 and 3 (see figure 5.8) have been re-polished and re-examined with
laser scanning microscope. Results from laser scanning microscope shows that
the sidewalls are now parallel to each other within tolerance bound (see section
5.5). Therefore this approach can also be taken to enhance the sensitivity with
infrared absorption magnetometry. More details regarding the experimental
setup and the observations are given in Appendix A: Monolithic ring cavity
setup.

iii) Homogeneous magnetic field: As discussed before in the section 6.4
in chapter 6, one of the major problem with ensemble based NV magnetometers
is applying a homogeneous bias magnetic field all over the magnetometer. We
used one permanent magnet (refer to section 5.4) for all our experiments. To
apply homogeneous bias magnetic field either Helmholtz coil [69] or Halbach
array [168] with 4 or more permanent magnets can be used in future experi-
ments. In our experiments we observed hyperfine coupling of the NV spin with
14N nuclear spin with all the samples only when a very small sensing volume
was used and with the collected fluorescence signal only (see section 6.4). It can
be concluded that the hyperfine coupling was not resolved in case of infrared
absorption ODMR experiments due to broadening of resonance linewidth due
to inhomogeneous bias magnetic field over the large sample volume. Although
there are other factors which can lead to broadening of resonance linewidth
such as green laser power and microwave power. Which were high in our ex-
periments, but absence of a homogeneous bias magnetic field is also another
primary factor (also discussed in section 6.4). From our experimental obser-
vations, it can be concluded that to enhance the sensitivity for ensemble NV
based magnetometers a homogeneous magnetic field is needed.
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In the equations 6.3 and 6.4, it can be noted that the magnetic field sensitivity
is dependent on the slope of the first order derivative of the resonance feature,
which is recorded by lock-in-amplifier. The higher the slope, the higher the
sensitivity that can be reached by a particular magnetometer. In section 6.4 of
chapter 6 we have seen that the slope acquired for hyperfine resonance is higher
compared to the slope when hyperfine coupling is not resolved. For example,
the slope for recorded hyperfine coupled resonance feature was 6 V/MHz com-
pared to 2 V/MHz when hyperfine coupling was not resolved for the resonance
feature. Simultaneous excitation of the all three resonance of a hyperfine cou-
pled resonance feature will increase the slope even more as shown in previous
experiments [169, 170].

In future experiments to enhance the sensitivity with infrared absorption
magnetometry the methods discussed above can be used. We can imagine a
situation where all the experimental parameters are identical to the experiment
where we achieved a sensitivity level of 700 pT/

√
Hz. Employing a homoge-

neous magnetic field and resolving the hyperfine coupling resonance feature it-
self will lead to a sensitivity of approximately 200 pT/

√
Hz. Now in addition to

this if the pump power is increased above 2 W, that will enhance the sensitivity
two fold reaching approximately 100 pT/

√
Hz. With simple DP configuration

in waveguide structure, reaching this sensitivity level would be outstanding.
So far for IR absorption magnetometry with waveguide structures a sensitivity
level of 100 to 600 nT/

√
Hz was possible [68].

Conclusion

In chapter 7 we have shown with two different samples with different NV concen-
trations how we can enhance the sensitivity via enhancing the sensing volume.
From the results it can be seen that it is indeed possible to achieve a sub nano
Tesla (700 pT/

√
Hz) sensitivity with infrared absorption magnetometry using

a comparatively simple configuration without employing an optical cavity. For
a low NV concentration sample, increasing the sensing volume by the means of
multiple total internal reflections inside the diamond is also shown. Compared
to a previous similar attempt (sensitivity level of 100 - 600 nT/

√
Hz) [68] here

we show that the achieved sensitivity in our experiment is better with a sensi-
tivity level of 65 nT/

√
Hz. In our experiment the sensitivity improved mostly
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8 Outlook and conclusion

due to the use of two overlapped optimized Gaussian beams instead of side
illumination of diamond sample with pump laser. It is shown in chapter 4, that
with optimized Gaussian beams IR absorption ODMR contrast is increased.
Another factor is dephasing time T ∗

2 , which we measured to be around 460 ns
compared to 100 ns and 320 ns [68]. The ultimate sensitivity of magnetometers
are limited by this dephasing time T ∗

2 . So far for IR absorption magnetometry
the best sensitivity reached was about 28 pT/

√
Hz by cavity enhanced diamond

magnetometer [67]. From our results we can conclude that by optimizing the
NV concentration and interaction path length it is possible to realize IR ab-
sorption magnetometers with even higher sensitivity level. The advantage of
such magnetometers would be the simpler experimental realization.

We have seen that with fluorescence magnetometry based NV magnetome-
ters are finding their places in day to day life applications [81, 82]. It is being
possible mostly due to the possibility to miniaturize such magnetometers. It
intrigues us, as an alternative method, whether IR absorption based NV magne-
tometers can find their places in our life in similar way. From our experimental
results and previous experiments [64, 65, 66, 67, 68], we see that there is a possi-
bility to reach an even higher magnetic field sensitivity level with IR absorption
magnetometry. Still there remain some constraints for the IR absorption based
magnetometers to be used in day to day life for practical purposes. First, in this
method compared to fluorescence magnetometry instead of only green laser we
need both green and IR lasers. Second, to reach a sensitivity level of nT/

√
Hz

or sub-nT/
√

Hz, high green laser power (& 500 mW) is needed. Third, to in-
crease the interaction path length either an optical cavity has to be employed,
or waveguide structures [68] should be used, where via multiple total internal
reflection path length is increased. Potentially a monolithic ring cavity can also
be used for the same purpose as discussed in 8. In all these methods both the
lasers should be carefully overlapped to reach optimum magnetic field sensi-
tivity level. All these factors add up to the complexity to realize compact NV
magnetometers based on IR absorption magnetometry method, to be used in
daily life [80, 81, 82].

Although miniaturization seems to be challenging at this point; due to the
potential for higher sensitivity with IR absorption magnetometry, these magne-
tometers can still be investigated and used in laboratory setups. At this point
it can be said, that further studies are required to optimize the sensitivity of
such magnetometer via different approaches as already discussed.
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Appendices

Appendix A: Monolithic ring cavity setup

To achieve the monolithic ring cavity [171], with available diamond samples,
our approach was following. In our first attempt to achieve a monolithic ring
cavity we chose the sample 2 (refer to figure 6.1). Here our goal was to achieve
a square ring for both the lasers which were overlapped to perform infrared
absorption magnetometry. For a square ring all the angles of incident θ1 inside
the cavity are the same, i.e. 45°. The optical cavity is surrounded by air with
refractive index of 1 and our monolithic cavity is made of diamond, which has
a refractive index (nd) of 2.41 and 2.39 for green (532 nm) and infrared (1042.5
nm) wavelength respectively. Therefore it is possible to confine an optical wave
inside the monolithic cavity as the condition of nsurrounding/ncavity > 1.41 is
satisfied.

Coupling in and out the photons from the monolithic cavity is only possible by
frustrated total internal reflection. To achieve frustrated total internal reflection
we needed a prism of refractive index np which satisfy the condition of np >

nd sin θ1. We took into accountnd as 2.41 and θ1 as 45° and found that the prism
material should have a refractive index more than 1.70. We chose a Rutile prism
(ADT-6, Thorlabs) which has a refractive index of more than 2.5 for both the
wavelengths (532 nm and 1042.5 nm). With the following equation 8.1 [155],
we calculated the angles θ2g and θ2ir which were 40.95° and 43.18° respectively
as shown in figure 8.1. In equation 8.1, θp and θd are the generalized angles
in side the prism and the diamond sample respectively. In the schematics ( in
figure 8.1) these angles are referred as θ2g , θ2ir and θ1.

np sin θp = nd sin θd (8.1)

Using these angles we calculated angles θ3g and θ3irfor the air and prism
interface (see figure 8.1) with the following equation 8.2, which were 10.58° and
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Figure 8.1: Schematic diagram for monolithic ring cavity. In this
schematic diagram the approach for the monolithic ring cavity with
evanescent coupling of the pump and probe lasers by Rutile prism
is shown. Refer to text for the details regarding the labeled angles
to achieve monolithic ring cavity and the overall set up.

4.51°. In equation 8.2 θa= θ3g/ θ3irfor green and infrared lasers. From angles
θ2g and θ2irand angle α (45°) and β as shown in figure 8.1 the angle θp was
calculated. For green and infrared lasers θp are 4.05° and 1.81° respectively.

na sin θa = np sin θp (8.2)

The sample for monolithic cavity was mounted on a system of two transla-
tional stages and a mirror holder. The translational stages were used to move
the sample horizontally in x and y direction to achieve the evanescent coupling.
The mirror holder was used to correct any tilt angle in between the prism sur-
face and the diamond surface. For efficient evanescent coupling it is necessary
that those surfaces are parallel to each other. The whole system was fixed on a
rotational stage to maintain the precise angles as described before. The trans-
mitted infrared laser beam was collected by a photodiode (same photodiode as
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a b

Figure 8.2: Observation of ring with green laser. In this figure the images
of the attempted monolithic ring cavity are shown. Images were
taken with a canon camera without any optical filter. Figure a) is
the top view and figure b) is the side view of the monolithic ring
cavity. The fluorescence ring pattern can be seen in the images.

mentioned in section 5.2). With green laser we first observed a ring as shown
in figure 8.2.

To confirm and further perform infrared absorption magnetometry we scanned
the monolithic cavity with a infrared laser (same laser as described in section
5.2). We were unable to find any cavity mode by this method. Later investiga-
tion of the sample confirmed that the sidewalls of the diamond sample was not
parallel to each other (average deviation measured to be approximately 1.50°).
Therefore we concluded that due to this design imperfection of the sample we
were unable to achieve a proper ring cavity.
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Appendix B: Sample orientation for hyperfine

coupling

As already described in section 6.4, we had to use different configuration other
than SP, DP, and LTDW to achieve hyperfine coupling resolved ODMR spec-
trum. In the figure 8.3 the difference between SP and orientation to achieve
hyperfine coupling is shown. In this configuration the green laser is passing per-
pendicular to the top facet of the diamond samples (sample 2 and 3 in figure
5.8). In SP, DP, LTDW we wanted to achieve higher interaction path length.
In this orientation our goal was to have minimum path length. The path length
in this case is 0.50 mm, which is the thickness of the diamond samples.

Laser

Sample top view 

Singlepass (SP)
0.50 mm

Small path

Figure 8.3: Sample orientation for hyperfine coupling measurements.
This figures shows the difference between SP configuration and the
configuration used to achieve hyperfine coupling resolved ODMR.
For both configuration top view is shown here for comparison.
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Appendix C: Beam waist determination

The beam waist was calculated by knife edge method. In different positions
of the green laser beam a sharp edge knife was placed. By blocking the beam
slowly in µm steps by the knife placed on a translational stage, optical power
was recorded by a power-meter. Along the beam path at six positions this
method was performed determine beam radius at those positions. These power
reading at each position of the knife is then fitted with the following equation
[172, 173]:

P = P0 +
Pmax

2

(
1− erf

(√
2 (x− x0)

w

))
. (8.3)

Where P0 is the background power or the dark count recorded by the power-
meter after blocking the optical beam, Pmax is the maximum power recorded,
erf is the error function, x is the distance traveled by the knife edge from initial
position, x0 is the knife edge position where the optical power is reduced to half
of the maximum power, and w is the beam radius.

These beam radius is then fitted with Gaussian beam radius equation 8.4
[172, 173]. In this equation w is the beam radius, w0 is the beam waist. In z

direction; z1 is the position of the beam waist, z0 is the Rayleigh’s range.

w = w0

√
1 +

(
z − z1
z0

)2

. (8.4)

In figure 8.4 a) and b), one example of beam radius determination at a
position and the extracted beam waist is shown. The fit shows that the beam
waist from 100 mm lens is around 15 µm. Where as our calculation (section
5.2.1) shows the beam waist should be around 20 µm. To conclude whether
determination of beam radius with the sharp edge knife method was precise,
we compared experimental values for ODMR contrast with simulation values
with different beam waists. The experimental results are more comparable
while we took the beam waist around 20 µm. Therefore in all our theoretical
assumptions we considered this value. Also we conclude that there was some
error performing this method to precisely determine the beam waist.
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Figure 8.4: Beam waist determination by sharp knife edge method.
Figure a) shows here one of the analysis with recorded power values
to calculate beam radius. Figure b) shows the Gaussian radius fit
with all the calculated beam radius in six positions.
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Appendix D: Path length calculation for LTDW

The path length achieved in the LTDW configuration was calculated in the
following ways:

1. From the image analysis: In this process visible path was traced in a
image analysis software (Inkscape). As we know the dimension of the diamond
sample (4.8 mm × 2.4 mm), first a certain length (2.4 mm) from the visible
sample image was calibrated with pixel size. The scale (labeled as S) is shown
in green solid lines and text in figure 8.5, path tracing lines are not shown in
the figure, to maintain the clarity of the image. Then we traced the visible
path with line tracing tool in the software. By comparing these numbers we
calculated the approximate path length, which is ∼ 29 mm.

S

Figure 8.5: LTDW image analysis. In this figure scale for image analysis of
LTDW configuration is shown.
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Figure 8.6: LTDW path length calculation. In this figure the path length
calculation with trigonometric analysis is shown. Path marked with
red arrows (A, B,C, and D) were calculated. Angles which were
taken into consideration is labeled as δ, θ, and φ respectively. The
diamond sidewall segments; L1, L2, L3, L4, L5 and x were also
calculated. Further details are given in text.

2. The second method was geometric calculation of the path: For that we
calculated the angles δ, θ, and φ and the segments of the path labeled A, B, C,
and D in the figure 8.6. To calculate δ,we take in account the incidence angle
(20°), and with Snell’s law (equation 8.1) calculated the angle of refraction
(∼8°). Along with that we considered the fact, that the angles between the
input facet and the diamond sidewalls are 45°. The input beams entered the
diamond sample near one corner (see also figure 7.10). To simplify calculation
with trigonometric relations, here we considered that the beams entered from
the corner edge of the input facet. By considering all of these, angles δ , and θ
were calculated, which are approximately 37°.

X = 2.40− 0.35 = 2.05 mm; path segment A = 2.05/cos(δ) = 2.05/cos(37◦)

≈2.55 mm, and L1 = 2.05 · tan(δ) = 2.05 · tan(37◦) ≈1.54 mm.
Path segment B = 2.40/cos(θ) = 2.40/cos(37◦) ≈3.00 mm, L2 = 2.40 ·

tan(θ) = 2.40 · tan(37◦) ≈1.80 mm, L3 = (4.80− (1.54 + 1.80))=1.46 mm.
Path segment C = L3/cos(90◦ − θ) = 1.46/cos(53◦) ≈2.42 mm, L4 = 1.10

mm, L5 = 1.30 mm, and angle φ = 53◦.
Path segment D = L5/cos(90◦ − φ) = 1.30/cos(37◦) ≈1.62 mm.
Therefore; Path segment A + Path segment B + Path segment C + Path

segment D: L ≈ 9.60 mm. From the figure 8.6 and 7.10 it can be seen, that
the laser beam travel the path (A+B), 4 times and the path (C+D), 2 times
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inside the diamond sample. Therefore, total path length is (4× (2.55+ 3.00)×
2(1.62 + 1.42)) mm ≈ 28.28 mm.

Results obtained from both analysis is similar. From our simulation results,
we did not observe significant change of IR absorption contrast value while
plugged these values. Therefore, taken into account the approximations and
probable errors in image analysis, we considered the total path length we cal-
culated via trigonometric analysis.
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