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Abstract

Nitrogen-Vacancy (NV) centers in diamond have been identified as a highly promising
system for implementing quantum technology owing to its extended spin coherence
duration, operation at room temperature operations, and optical control and readout.
In this work, a confocal microscope is constructed and used for exploring both optical
and spin features of the NV centers that are useful for quantum computing.

With confocal microscope, spatially resolved measurements on single NV centers
become possible while also providing a way to efficiently collect photons emitted by
them. With this approach, optically detected magnetic resonance (ODMR) exper-
iments are carried out to study the NV center spin-related fluorescence response.
Resonance dips arising from the transitions between ground state spins are success-
fully measured and thus the value of zero field splitting and other perturbing factors
are precisely determined.

With a fully developed confocal microscope, in the future, many experiments
can be designed, such as a multi-qubit gate and entanglement between nuclear and

electronic spins. And to work with specially engineered diamonds.
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Chapter 1
Introduction

Quantum computers are considered the future of the next generation of high-speed
computational systems. They use the laws of quantum mechanics to perform comput-
ing, quantum phenomena like superposition, entanglement and quantum interference
form the backbone of the quantum computing [8]. The difference between Quantum
and classical computers is that in quantum computers, information is stored and pro-
cessed through the usage of qubits, which is a two-level quantum system capable of
quantum superposition and exhibiting entanglement.

With further development in technology, quantum computing will revolutionize
various areas such as cryptography, materials science, simulation, optimization, and
machine learning [9, 10]. At present there are problems that need to be overcome like
decoherence and error correction, but at the same time, progress continues and makes
quantum computing one of the core technologies for the future.

Various platforms are being explored to bring quantum computers into use, some
them are ion trap, neutral atom and solid state systems [11, 12]. In this thesis solid
state system are being explored, Nitrogen-Vacancy(NV) center in diamonds, which
is a promising candidate because of various reasons like operation at room temper-
ature, long spin coherence time, optical readout and coherent manipulation of spins
using microwave fields [3, 13]. These properties make NV center a suitable candidate
for various other fields as well like quantum communication, quantum sensing and

metrology.

1.1 NV Centers as Qubits

In NV centers, the electronic ground state is a spin triplet i.e. S = 1, with spin
sublevels m, = 0, &1. The spin levels my = 0 and m, = £1 in the absence of external
magnetic field, are separated by zero field splitting of approximately Dys = 2.87 GHz

and spin state my; = +1 shows degeneracy. These spin sublevels forms a suitable



two-level system for encoding quantum information and computing [14].

The major advantage of the NV centers is their spin-dependent fluorescence. When
they are optically pumped with a green laser(532nm) they get polarized into ms =0
state, then microwave field can be used to manipulate spin and because of spin-
dependent fluorescence they can be optically readout. These three features of spin
initialization, spin manipulation and optical readout, forms the basis for NV center
to be used as qubits.

These three processes combined also form the basis for optically detected magnetic
resonance (ODMR), where recording the change in fluorescence as a function of mi-
crowave frequency is monitored [15]. This ODMR form the basis of the high-sensitivity

quantum sensing application, such as magnetic field, temperature and strain.

1.2 Role of confocal Microscopy

Harnessing single NV Centers in diamond lattice requires a highly efficient optical
addressing and spatial resolution system. A crucial role is played by confocal mi-
croscopy by enabling diffraction-limited imaging, which helps in mapping, detecting
and selectively exciting single NV centers.

Confocal microscopy is based on the use of a tightly focused laser beam to excite
small region within the sample and in the path of detection a pinhole is placed,
to reject out-of-focus fluorescence, and collecting only the signal originating from the
focal plane. As a consequence, confocal microscopy can contribute in studying isolated
single NV centers in the bulk diamond.

The integration of confocal microscope with control system, such as microwave
excitation and photon detection system, allows for performing optical and spin mea-
surement simultaneously. The combined setup of confocal microscope and control
system allows to perform various experiment such as ODMR, spin rabi oscillation

and various quantum control operation [4].

1.3 Objective of this thesis

The objective of this thesis is to design a confocal microscope with full control system,
that can be used to perform various quantum experiments on NV centers. The specific

goals include:
» To design a confocal microscope for high-resolution imaging of NV centers.

» To integrate various control and measurement systems such as SINARA, Swabi-
ans Time tagger, to develop a fully controllable system to perform various ex-

periments.



e To design and implement various pulse sequences to perform experiments like

raster scan, CW-ODMR, PW-ODMR and Differential ODMR.

1.4 Thesis outline

The organization of this thesis is given below:

Chapter 2 talks about the theoretical background of the NV centers, starting from
the synthesis of NV center, their electronic and optical properties, what makes NV
centers a good candidate for Quantum application and how quantum gates can be
implemented.

Chapter 3 talks about the implementation of experimental set up of the confocal
microscope, how control system in integrated with it. And various pulse sequence to
perform experiments.

Chapter 4 discuss the various results obtained, including confocal scan, CW-
ODMR, PW-ODMR, and Differential ODMR.

Chapter 5 discuss the conclusion and future outlook of the work done.



Chapter 2

Background / Literature Review

2.1 Diamonds

One of the allotropes of carbon is diamond, which is one of the hardest naturally
occurring materials found on Earth. They have applications in many fields, starting
from gemstones for jewellery, to industry use for cutting and polishing hard mate-
rials, in the medical field for blood vessel stents, microprobes, and artificial joint
components [16] because of their various mechanical, optical and thermal properties.

Over the past few decades, they have been explored as one of the promising can-
didates for Quantum sensing, Quantum information and computing, because of the
presence of the colour center defects, like negatively charged Nitrogen-Vacancy (NV ™)
center with unique properties such as coherence time ranging from microseconds to
seconds, operation at room temperature, and the capability for optical initialization

and readout, on which we will be focusing in this thesis.

2.1.1 Characteristics of Diamonds

Natural diamonds are composed of two isotopes of carbon, namely C-12 and C-13,
with their natural concentrations of 98.9% and 1.1%, respectively, with C-12 having
I = 0 nuclear spin and C-13 having a nuclear spin of I = % Their lattice structure
is Face Centered Cubic (FCC), in which each carbon atom is sp® hybridized and
forms a covalent bond with four other carbon atoms in a tetrahedral arrangement.
They have a high energy bandgap of 5.47eV between valence and conduction bands,
which corresponds to a wavelength in the ultraviolet range, making them transparent
to visible light. At room temperature, the thermal conductivity of diamond is 2200
W /mK, which is the highest among all materials, which makes it an excellent heat
conductor [17]. See Fig. 2.1 for a schematic of the tetrahedral bonding configuration
of carbon atoms in diamond.

In natural diamonds, impurities and defects result in colour centres that give



natural diamond its different colors. Nitrogen is one of the most common impurity
found in diamond that replaces carbon in diamond’s crystal lattice and forms NV
centers. NV centers in diamond can be in three charge states NV—, NV* and NV°, but
NV~ centers have received much attention due to their potential quantum application.

Apart from this, in recent decades, much progress has been made in the synthesis of
diamonds, as discussed in the next section, using techniques such as HPHT and CVD,
through which good quality synthetic diamonds with desirable properties, including

NV centers, can be synthesized.

Bond geometry

Bond angle 109.5°
c-Cc-C

Bond length 1.54 A
(€)—(c.

Hybridisation 5‘])3

1 equiv. orbitals

(a) Diamond Cubic (FCC) Unit Cell (b) sp® Tetrahedral Bonding Site

Figure 2.1: Diamond crystal structure. (a) The face-centred cubic (FCC) unit cell of
diamond with lattice parameter a = 3.57 A. One complete tetrahedral bonding unit is high-
lighted in colour: the central basis atom (magenta) bonds covalently to one corner neigh-
bour C; (blue) and three face-centre neighbours Co—Cy (teal, amber, crimson). (b) Enlarged
sp® tetrahedral bonding site. The bond angle (109.5°) is marked between the amber and
crimson bonds. The bond-geometry panel summarises the C—C bond angle, bond length
d = 1.54 A, and sp? hybridisation. Atom colours correspond directly to those in (a).

2.1.2 Synthesis of Diamonds

With recent advancements in technology, controlled synthesis of diamonds has been
made possible, which has made the production of high quality research grade dia-
monds with desirable properties, such as controlling the concentration of C-12 and
C-13 isotopes, concentration of nitrogen impurities, and the creation of NV centers.
Two primary methods used for the synthesis of diamonds are High Pressure High
Temperature (HPHT) and Chemical Vapour Deposition (CVD).

High Pressure High Temperature (HPHT) Method

As the name suggests, in this method, a carbon sample is placed under high pressure

in the range of 5-10 GPa and high temperature of about 2000°C conditions to form di-



amond; mostly graphite is used as the carbon source [2, 18]. Under this condition, the
phase transition from graphite to diamond can take place, where the metal catalyst:
iron, nickel, or cobalt, which helps to lower the energy barrier for the transformation.
This method is best to create highly doped diamonds with a high concentration of

nitrogen impurities.

Chemical Vapor Deposition(CVD)

In this method, conditions for pressure and temperature are much lower than the
HPHT method, pressure is in the range of 20-30 mbar and temperature is about
800°C [4]. In this process, carbon gas such as methane (CHy) is introduced into a
vacuum chamber along with hydrogen gas (Hs) where diamond surface is used as seed
layer for the growth of diamond. On this layer, plasma of hydrogen is created which
helps to break the methane gas into carbon and hydrogen atoms and under ambient
conditions, pure diamond grow layer by layer.

With this method, the isotopic concentration of carbon can be controlled, by using
isotopically enriched methane gas, a diamond crystal with high purity can be formed,
with specific properties, such as long coherence times for quantum applications.

The CVD method also allows for the inclusion of nitrogen impurities during the
growth process, which is essential for creating NV centers in diamond. And in this
high purity diamond, the implantation of nitrogen ions can be done to create NV

centers with high precision and control over their spatial distribution

Classification of Diamonds

Diamonds can be classified according to the impurities and defects in their crystal
lattice, which give rise to different types of diamonds with distinct properties. The
most common classification is based on the concentration and distribution of nitrogen

, as shown in Table 2.1.



Type | N Content | Sub-type | Description [N] (ppm)
I High Ia Nitrogen atoms present as aggre- < 3000
gates within the lattice
Ib Isolated substitutional nitrogen < 500
atoms
I Low ITa Extremely'low nitrogen impurity ~1
concentration
ITb Presence of boron impurities; ex- <1
hibits p-type conductivity

Table 2.1: Classification of natural diamonds based on nitrogen content and distribu-
tion [5].

2.2 The NV-Centers

The Nitrogen vacancy (NV) centers are atomic-scale defects in the diamond lattice.
It consists of a nitrogen atom substituting a carbon atom, located next to a lattice
vacancy These defects act as trapped atom-like quantum systems in a solid-state
host. They have discrete electronic energy levels and optically addressable spin states
[3, 13]. The NV center has Cs, symmetry and can be oriented along one of the four
crystallographic (111) directions in the diamond lattice.

They are naturally found in diamonds because of the natural occurrence of nitro-
gen impurities in diamonds. With time, lattice vacancies are trapped near the nitro-
gen impurities, thus forming nitrogen vacancy centers. In chemical vapour deposition
(CVD) and high-pressure high-temperature (HPHT') diamonds, nitrogen vacancy cen-
ters are typically created during the growth process. In ultra-high purity diamonds,
the density of nitrogen vacancy centers is very low, with as few as a single nitrogen
vacancy center in a volume of 10* ym?.

For diamonds with high nitrogen concentration, it has been found that the density
of nitrogen vacancy centers can be greatly increased by introducing additional lattice
vacancies. This has been achieved by high-energy electron irradiation, which pro-
duces a uniform vacancy distribution within several micrometre depths. Annealing
at temperatures above 600°C, the vacancy becomes mobile, while the nitrogen atoms
are fixed in the lattice. Consequently, lattice vacancies will diffuse throughout the
lattice and combine with nitrogen atoms at substitutional lattice sites, thus forming
nitrogen vacancy centers.

Alternatively, ion implantation techniques allow for the formation of vacancies.
The ion implantation of nitrogen ions into diamonds with low levels of intrinsic ni-
trogen has been performed [19, 20]. Both the nitrogen and the vacancies can be

introduced in this way. The subsequent annealing process helps in the formation of



the NV centers. Additionally, the vacancies introduced in this process can pair with
the existing levels of impurity in the diamonds, thus creating the NV centers.
However, the efficiency of creation of the NV centers in this process is strongly
dependent on the implantation energy. As the ion implantation energy is reduced
from MeV range to the keV range, the number of created vacancies decreases. This
leads to the lesser formation of NV centers. Additionally, the implantation depth
decreases with the reduction in the ion implantation energy. The vacancies created
in this process tend to be close to the surface. They tend to recombine in this region.
Subsequent implantation of additional vacancies by carbon ions helps in overcoming

this problem.

2.2.1 NV center’s Electronic Structure

NV centers exist in two optically active charge states: NV? and NV~ state [21]. These
charge states are distinguished from their zero phonon lines(ZPLs) in the emission
spectra, as shown in figure 2.2 [1]. The NV~ state is of particular interest due to its
unique electronic and spin properties.

The NV~ state has six electrons in its electronic configuration, three electrons are
from the dangling bonds of the neighbouring carbon atoms surrounding the vacancy,
nitrogen has five valence electrons out of which three make a covalent bond with
the first nearest carbon atoms, the remaining two electrons are localized within the
vacancy site. And the sixth electron is captured from an external donor, thus making

it negatively charged.

— 80 NV- ZPL. %
i 637 nm
£ ; "\
3 ’ T 7. o]
T 60! NV- PSB. NV- PSB. ‘ ;
L absorption fluorescence 2
9 8
5 g
()] .

40t 4 <
g 3
c (7]
0 o
a 0 o
Q 20} | 2 8
’5 | . o
a |
< |

Ot I 0

500 550 600 650 700 750 800
Wavelength(nm)

Figure 2.2: Photoluminescence spectra of NV® and NV~ centers. The NV center exhibits
a zero phonon line (ZPL) at 575 nm, and the NV~ center has a ZPL at 637 nm.. This figure
is taken from [1].



The electron density in NV~ state is highly localised at the vacancy site and near-
est neighbour carbon atoms, because of which its electronic state can be represented
by molecular orbital theory [2]. According to the linear combination of atomic or-
bitals(LCAO), a set of four orbitals is formed. They exist between the diamond band
gap and can be described as a linear combination of sp® orbitals of the nitrogen atom
and three carbon atoms. Based on group theoretical models, the electronic structure
of the ground and excited states is defined by the distribution of six electrons across
the lower-lying a; orbitals and the energetically degenerate e, and e, molecular or-
bitals. The a; orbitals are non-degenerate and lie lower in energy, while the e, and
e, are degenerate and lie higher in energy, as shown in fig 2.3 [2].

NV centers have spin triplet ground state (3A,) with total spin quantum number
S=1.

In this configuration, two electrons are in lower-energy a; orbitals, while the re-
maining four electrons are distributed into the higher-energy e, and e, orbitals.

Similarly, a spin triplet state excited state (3E), where one electron is promoted
from the a; orbital to the e, or e, orbital, resulting in a different electronic configu-

ration.

Figure 2.3: Group theoretical analysis of the NV center: (a) Molecular orbital model of
NV~ with ¢, c2,¢3 as carbon atom and nitrogen(n) surrounding the vacancy (b) spatial
orbital distribution. [2]

2.2.2 Optical Properties and Inter system Crossing

As discussed earlier, the NV~ centre has a spin triplet ground state (34) and an
excited state (*E), with spin sublevels corresponding to m, = 0 and m, = +1. When

no external magnetic field is present , the spin sublevels of both the ground and excited



states show a splitting of D,,=2.87 GHz and D.s=1.42 GHz respectively, because of
the spin-spin-dipole interaction of the unpaired electrons [4]. Apart from this, there
are metastable singlet states (' A; and 'E) that lies between the ground and excited
states, as shown in fig 2.4, which makes NV centers a special system.

The transition between these states is optically allowed, having a zero phonon
line (ZPL) at 637 nm. When the NV center is optically excited with off-resonant
frequency such as 532 nm, the population is pumped to the phonon sideband of the
excited state. During this excitation process, the spin state is preserved, i.e Am = 0.

However, when the system decays back to the ground state; it can take two pathways

1. Radiative Decay: This path is followed when system is in my = 0 state and
decays by direct transition from excited state to ground state, this is a spin
conserving path and while decaying to ground state it emits fluorescence in the

wavelength range of 637-800nm.

3E (excited state)

CR— m, = +1
Des 1 A 1 t Se
1 | ms _@s‘
1 1 ~. .
1 1 . .
. \ |
Co S Sl i L
1 1
1 IR
! P:L ~1042 nm
1 1
1 1
ZPL ' ! 0 il B
L e
637 nm 532nm : X ,;c'
1 1 ,'¢
1 | R4
1 1 ,"
1 1 I"
! 1 ..
1 | e
1 | e
1 1 :"
1 .
] : i
1 |
— A, = +1
D | ¥
mg =0

Laser excitation (532nm)
Photoluminescence

= =» ISC (strong, ms = +1)
---» ISC (weak, ms =0)

34, (ground state)

Figure 2.4: Energy level diagram of the NV~ center, illustrating the ground state (*4z),
excited state (°F), and intermediate singlet states (14; and 'E). The diagram shows the op-
tical excitation (green arrows), photoluminescence (red arrows), intersystem crossing (ISC)
pathways (blue arrows), and infrared emission (orange arrow). The ISC pathways are dif-
ferentiated by their strength, with solid lines indicating strong ISC for ms; = £1 and dashed
lines indicating weak ISC for ms = 0. This figure is adapted from [3].

2. Non-Radiative Intersystem Crossing (ISC): An alternative decay route

where the population in the 3E state from the m, = +1 sublevels, crosses into
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the metastable singlet states (!A; and 'E). From these singlets, the system
predominantly relaxes into the mg; = 0 sublevel of the ground state without
emitting any fluorescence. And this process is not spin conserving, which leads
to the spin polarization into the m; = 0 sublevel of the ground state. This is a

crucial mechanism that enables optical initialization and readout.

2.3 Spin Hamiltonian

The electronic ground state hamiltonian of the NV~ center depends on the spin-spin
interaction, Zeeman effect, and hyperfine interaction. The hamiltonian is divided into

following:

H = Hyp + Hgy + Hyr + other terms (2.1)

where Hyp is the zero-field splitting term, Hgy is the electronic Zeeman term, Hyp

is the hyperfine interaction term,

2.3.1 Zero-Field Splitting

As discussed earlier, the zero-field splitting originates from the spin-spin interaction
between the two unpaired electrons in the e, and e, orbitals in the ground state. It

is expressed as

Hzp = DS? 4+ E(S2 - 5)) (2.2)

where D = 2.87 GH z represents the axial zero-field splitting parameter, E is the
transverse zero-field splitting parameter [21]. The axial term D causes a splitting of
the my = 0 and my = %1 sublevels, while the transverse term E can lead to mixing

of the |m; = £1) states, especially under any strain or electric fields.

2.3.2 Zeeman Interaction

Zeeman splitting happens when the electronic spin interacts with the external mag-
netic field B, which leads to the splitting of m, = £1. This interaction is described

as .

HEZ = gelB B-S= h")/e(B : S) (23)

where 11, is the bohr magneton, g.(2.0023) is electron g-factor and ~, is the electron
gyromagnetic ratio. If the external magnetic field is aligned along the NV quantization

axis, then the hamiltonian is given as :
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HEZ = hVe(BzSz) (24)

which result in linear splitting of the degenerate state as a function of applied
magnetic field and resonance frequencies for transitions from m, = 0 to my ==+1 is

giving as :
ve =D+ +7.B, (2.5)

Magnetic field Measurement

The difference between these two resonance frequencies can provide the magnitude of

the magnetic field along the NV axis:

Av=vy —v_=2vDB, (2.6)

This forms the basis for the NV center based Magnetometer.

2.3.3 Hyperfine interaction

The interaction of the electronic spin with the surrounding nuclear spin gives rise to
this HF splitting of spin sublevels. Apart from the C'? which has zero nuclear spin
quantum number (I = 0), NV surrounding can have C'? with nuclear spin quantum
no as I =3, N* with nuclear spin quantum number as I =1 and N5 with nuclear
spin quantum number as [/ :%. This leads to the additional splitting of the m; spin

levels into total of m; =2741 sublevels as shown in fig 2.5

(a) 13C (b) 15N (C) 14N
I=1/2 I=1/2 I =1
— +1
— =+ =+l +
my = %1 % % 0
== = N
hf + nZ hf + nZ Q + hf + nZ
— +1
—mI:+% —mI:+% / +
— =} — =}

—
Figure 2.5: Hyperfine structure of the NV~ center for different nuclear spins: (a) *C
(I =1/2), (b) N (I =1/2), and (c) N (I = 1). The splitting arises from hyperfine (hf),

nuclear Zeeman (nZ), and quadrupole (Q) interactions. Reproduced from [4]

The hyperfine interaction consists of isotropic Fermi contact interaction Hp and

anisotropic electron-nuclear magnetic dipole-dipole interaction Hyy [4] defined as:
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Hyp = Hp + Hag (2.7)

A 2[[,60 A

Hp = =3 VeGnin e P S 1=axS-1 (2.8)
A S.-1-3(S- e, )(e, 1
Hyg = 4—0 YeGnhin ( 5 e - D) (2.9)

where

e 1o is the permeability of free space.

e 7. and g, are the electron gyromagnetic ratio and nuclear g-factor, respectively.
e i, represents the nuclear magneton.

e |9, |? is the electron spin density at the nucleus.

e i is the isotropic hyperfine coupling constant.

e 71 is the separation distance between the electron and nuclear spins, with e,

being the corresponding unit vector.

Since the Fermi contact interaction depends on the electron spin density near the
nucleus, which means the nuclear spins very close to the NV center are of interest.
Whereas the dipole-dipole interaction is a long-range interaction and decays very fast

as it is directly proportional to %3 This can be summarized as:

Hyp=S-A-1 (2.10)

where A is the hyperfine tensor refer table 2.2 for more details and I is the nuclear

spin. Refer table 2.2 for more details

Nuclear spin Spin (/) Hyperfine splitting (MHz) v (kHz/G)
BBC (multiple lattice sites) 1/2 0 to 126 0.3077
UN 1 —2.16 -0.4316
1N 1/2 +3.03 1.071

Table 2.2: Hyperfine interaction strengths for NV~ centers. The splitting of ESR lines
arises from the contact hyperfine interaction with nearby nuclear spins. The gyromagnetic
ratio «y is also listed. The values are taken from [5, 7].
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2.4 Optically Detected Magnetic Resonance

As discussed in Section 2.2.2, the NV center exhibits spin-dependent fluorescence,
which combined with the zeeman splitting makes the basis for the Optically Detected
Magnetic Resonance.

ODMR is a technique which is used for the measurement of the magnetic field,
finding resonance frequencies for the transitions mg = 0 to m, = 1.

In ODMR experiment at some external magnetic field, the spin sublevel is po-
larised to ms; = 0 by the application of a green laser(532nm), which is also called as
spin initialization. A microwave field is employed to drive transitions between spin
sublevels of the ground state. When microwave frequency is swept, and the corre-
sponding fluorescence is recorded, then at resonance frequency transitions between
mg = 0 to mg; = £1, a change in fluorescence takes place as shown in fig 2.6. This
happens because of the ISC, and the splitting between the degenerate states is be-
cause of zeeman effect, which can also be seen in the ODMR spectrum. From this
splitting, we can extract the information about the applied magnetic field and the
resonance frequency. Detailed explanation about experimental protocols for ODMR

is given in section 3.3

i i
] |
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1 1
1 1
1 1
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c ] |
3 307000 A | 1
c ] |
2 Bvz v, — V- =2Veh;
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1 : 1
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Figure 2.6: ODMR spectrum of an NV center showing fluorescence dips corresponding to
the transitions ms = 0 = mg = £1. The splitting of the dips arises due to the Zeeman
effect in the presence of an external magnetic field. This data was taken on the confocal
microscope built in the lab at some magnetic field.
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2.5 Spin Rabi oscillations

Since NV centers can be treated as a two-level quantum system by the spin sublevels
ms = 0 and my = £1 of the ground state, so rabi oscillations can be observed in this
system when it is driven by resonant microwave field. From Rabi oscillations, we can
extract the information about the exact time period of microwave pulse required to
fully transfer the spin state from mg; = 0 to m, = 1 which is known as 7 pulse.

To observe the Rabi oscillation, a pulse sequence as shown in fig ?? can be designed.
The system is first prepared in m, = 0 state by a pulse of green laser (532nm), Then,
a pulse of microwave frequency, with a varying time duration, is applied, and the
resulting fluorescence intensity is measured. Since my; = 0 is a bright state and
ms = *£1 is a dark state, it will be observed that the signal is showing an oscillating
behaviour. The probability of finding the system in state mg; = 0 is given as:

P .—o(T) = = [1 4 cos(QgT)], (2.11)

DN | —

where (g is the Rabi frequency, which depends on the strength of the applied mi-
crowave field and 7 is the microwave pulse duration.

Ideally rabi oscillations should not decay over time, but due to the interaction of
the spin with the nearby spin bath, it starts to decay. This decaying is related to the
decoherence processes which lead the spin to loss it’s phase coherence with the spin

state. These decaying oscillations can be defined as :

]. *
Pr=o(7) = 5 [1 + 7T/ COS(QRT)] , (2.12)

where T3 is the dephasing time of the system.

T 27
Init. Readout c:; Lo
Laser B =t
MW (t) 20 E E
q 1 1
v I 2
sweep 1 L : : . . . . : : >
0O 05 1 15 2 25 3 35 4
(a) Rabi pulse sequence. MW pulse duration ¢ (us)

(b) Decaying Rabi oscillation.

Figure 2.7: Electronic spin Rabi oscillation of an NV centre. (a) Pulse sequence: laser
initialization, variable MW pulse of duration ¢, laser readout. (b) Photoluminescence vs.
MW duration showing Rabi oscillations decaying with 75. Dashed lines mark the 7 and 27
pulse durations [5].
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So, by measuring the Rabi oscillations, we can get information about the coherence
properties of the system, duration of m and 7 pulses with which we can manipulate
the spin state and form the basis for quantum control, quantum gates and quantum
computing. Some other methods like the Ramsey Interferometer can also be used to

observe the dephasing time.

2.6 NV centers as quantum Processor

NV centers can also be a good candidate for quantum computing because of various
reasons such as long spin coherence times, room temperature operation, optical ad-
dressability and readout. As discussed earlier, the ground state has electronic spin
S = 1, which behaves as a qubit or even a qutrit. Under ambient conditions, this
spin state has both long transverse and longitudinal relaxation times. Because of its
optical properties, it can be polarised into one my = 0 state, this is known as spin
polarisation or spin initialization, with mw pulse spin can be coherently driven into
other spin sublevels which is, called as spin manipulation and readout of the state can
be done by optically detected magnetic resonance (ODMR).

When the electronic spin shows coupling with the nearby nuclear spins, such as 3C,
1N, 15N through hyperfine interactions, these nuclear spins serve as long-lived quan-
tum states as they are weakly coupled with the environment. As hyperfine coupling
provides multiple levels, this electron-nuclear system can be realised as multi-qubit

registers.

2.6.1 Quantum Gates

In NV center quantum gates are the combination of various pulse sequences: a laser
pulse for initialisation, a microwave frequency for the manipulation of electronic spin,
a radiofrequency for the manipulation of the nuclear spin and again for readout, a
laser pulse is used. By applying different combinations of m, 7 pulses and various

other pulses, quantum gates can be realised.

2.6.2 Controlled-NOT Gate

Controlled-NOT(C-NOT) gate is a fundamental two-qubit gate, which, with other
arbitrary single-qubit gates, forms a universal gate set. In this gate, one qubit acts as
a control qubit and the other as a target. If the control qubit is 1, it flips the target
qubit. Mathematically, it is defined as:

le,t) — |, t @ c) (2.13)
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To realise this type of gate in NV centers, in general, electronic spin can act as
control qubit with ms = 0 as |0) and m, = £1 as |1) and nuclear spin as target
qubit if 7 = 1 then m; = —1 as [0) and m; = % as |1). This gate is represented as
C. — NOT,, if vice versa, it is represented as C,, — NOT,

We consider a system of a single electron spin (S = 1) and a *C (I = ) nuclear

spin as shown in fig 2.8, which can be defined as:

H = DS?+~.BS, + A)S. L, + AL (S, I, + S,1,) (2.14)

where symbols have their usual meaning as described before. In this system each
m; spin level splits into two sublevels as shown in fig 2.8 The eigenstates of this system

can be represented as |ms, 0) and |ms, 1).

— |1, 1)
@ — 11,1)
P \V/ < MWy
@
@ 0,) ——
’ 7
RE, S 0,7)

(a) Schematic of NV centerwith a 3C

nuclear spin. (b) Energy level diagram of NV-13C. MW, MW:
electronic spin transitions. RFj, RFs: nuclear
spin transitions.

Figure 2.8: (a) Schematic of the NV-13C spin system showing the nitrogen vacancy center
coupled to a '3C nuclear spin. (b) Energy-level diagram of the NV-13C system showing
the hyperfine levels for mgs = 0 and ms; = £1, along with the microwave (MW) and radio-
frequency (RF) transitions. Reference taken from [6].

For the implementation of the C-NOT gate, the first step is to initialize the state
into |0)., by the application of the green laser, since the green laser will polarise the
electronic spin, so the nuclear spin will be an incoherent mixture. For polarisation
of nuclear spin, methods described in [22], [4] and [23] can be used. After the
polarisation, let’s say that our system is in |0). We will apply a wpulse of MW,
corresponding to |00 >— |10 > transition, which works as a X gate. Since our system
is in [10), we will apply a 7 pulse of RF; which works as C-NOT gate here, as it will
only work when our system is in m, = +1 that is, the controlled qubit is |1). So after
applying Rf; our system is now in |11 > state.

For performing this operation discussed above, we should know what are the RF
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pulses are required for the respective transition. AS for microwave pulse, we do ODMR
and spin rabi oscillation, similarly we can do Electron-Nuclear Double Resonance and

nuclear spin rabi oscillation as shown in fig 2.9, for RF pulse [4].

(a) ENDOR pulse sequence (b) Nuclear spin Rabi pulse sequence
Laser —. Laser _u
1.7 3. ™ T
MW C ] C MW [ 1 [ 1
2. T
RF N RF
frequency sweep
(c) m-pulse gate sequence (d) Quantum circuit
X gate  CNOT X gate (MW 7)iNOT (RF =)
- 0 1) B
. J le)=(0) X
aser
Step 1
™
B 10) 0) 1)
MW Step 1 In)=|0) W)

Step 2

— W
.
RF o
2101) 2 State evolution

tRF X1 CNOT
|00) ——— [10) ——— |11)

Figure 2.9: NV-centerexperiment pulse sequences and quantum circuit. (a) ENDOR
sequence is used to get the resonance frequency for nuclear spin transitions: laser init,
MW 7 pulse (step 1), frequency-swept RF pulse (step 2), second MW 7 pulse (step 3).
(b) Nuclear spin Rabi sequence is done for optimisation of pulse duration for Rf : laser
init, MW 7 pulse, RF 7 pulse (variable duration), second MW 7 pulse. (c) Quantum gate
m-pulse sequence: laser init, MW 7 pulse (Step 1, X gate, t™W), RF 7 pulse (Step 2, CNOT,
XQI 110) CNOT, 11).

t8F). (d) Equivalent quantum circuit with state evolution |00)
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Chapter 3

Methods

3.1 Confocal microscope and Control system

Confocal microscopy is an established method which is used to acquire images with
high spatial resolution by eliminating of out-of-focus light through a spatial pinhole.
In this method, a focused laser beam of small diffraction-limited spot size excites
a certain volume within the sample, and subsequently, the emitted fluorescence is
selectively collected at the focal plane of the objective lens.

In this study, confocal microscopy proves to be a valuable tool for spatially isolating
NV centers in diamond with high spatial resolution. In addition to imaging of the
sample surface, it allows selective excitation and addressing of individual NV centers,
which is indispensable in experiments with coherent manipulation of spins.

A custom-made confocal microscope, schematically illustrated in Fig. 3.1, was
constructed for all experiments performed in this work. It is capable of operation in
both CW and pulsed regimes of laser excitation of the samples, making it suitable for
acquisition of ODMR and time-resolved spectra of spin dynamics of NV centers.

In general, the design of the confocal microscope can be divided into three main
parts: (i) the laser excitation, (ii) fluorescence detection, and (iii) control/synchronization

systems.

3.1.1 Excitation Path

To optically excite the nitrogen-vacancy centers, a continuous wave laser at 515 nm
(iBeam smart from TOPTICA Photonics) is used with maximum output power up
to 150 mW. Laser power can be precisely regulated by using the software of iBeam
smart control.

For reducing the size of the laser beam to about 1mm, a telescope configuration
with two plano-convex lenses of 100 mm and 50 mm focal lengths are used. The aim

of the telescope system is to shrink the laser beam to fit the aperture of the acousto-
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optic modulator (AOM), it is being driven by RF pulses from Urukul, discussed in
detail in the control system section. The latter is used for pulse laser operation.
Upon application of an RF signal to the AOM crystal, periodic modulation of the
refractive index is achieved, leading to the formation of a diffracting grating structure
with several orders of diffraction. During optimization, the first order of diffraction
contains maximal optical power of about 75 % of the input laser power. Other orders
of diffraction are blocked out by using an iris.

The first-order beam is then guided through an optical path by mirrors (M1 and
M2). Proper alignment must be made before the light enters the objective of the
microscope. It is important to make sure that neither the excitation light nor the
detected signal interacts with the microscope objective walls in any way.

A dichroic mirror is installed in the path of the objective as shown in fig 3.1
for distinguishing between excitation and collection optical paths, since the dichroic
mirror reflects the green excitation light while passing the fluorescence produced by
the NV centers. A 100x microscopic objective (EC Epiplan 100x objective) having a
numerical aperture (NA) 0.85 and a field of view of about 0.23 mm is used for focusing
the laser beam onto a diffraction-limited spot inside the diamond.

The diamond sample with NV centers is attached to a microwave antenna directly
and can be optically excited at the same time. And the microwave antenna is mounted
on an X-Y piezo stage, which allows for precise spatial scanning of the sample and

addressing of single NV centers in the confocal microscope setup.

3.1.2 Detection Path

After exciting the NV centers with the green laser, the emitted fluorescence is gathered
by the same microscope objective with high numerical aperture. The collected light
travels along the optical path as depicted in fig 3.1, passing through a dichroic mirror
that separates the excitation and emission paths by reflecting the excitation light but
passing the fluorescence.

Next, the fluorescence is filtered spectrally by placing a band-pass filter centered
around 633 nm with a band of 40nm. Filtering ensures that only the fluorescence
from the NV~ center passes through; it blocks any background signals, such as the
excitation beam and fluorescence from the NV° centers.

The filtered fluorescence is then focused by a 50 mm plano-convex lens to a 50
pm diameter pinhole. This pinhole serves as a spatial filter by rejecting out-of-focus
light, thus permitting confocal detection that improves spatial resolution.

Finally, the fluorescence is focused onto the end of a multimode optical fiber by the
lens and is conducted by the fiber to the detector, namely a single photon avalanche

diode. The detected photons are then measured by a time tagging device to analyse
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Figure 3.1: Schematic of the confocal microscope setup used for the experiment.

the timing information of the fluorescence.

3.1.3 Control System

The control system controls critical experimental variables such as laser excitation
timing, microwave frequency sweeps, microwave pulse timing, and the creation of
complex sequences of pulses. In this regard, we use Sinara, which is an open-source
hardware that is specifically designed for performing quantum experiments. The
Sinara system consists of various modifiable units, including Mirny for generating
microwave signals, Urukul for controlling RF frequencies, TTL modules for performing
digital input/output processes, and ADC modules for acquiring data from signals.
To program and control the Sinara hardware, we use the ARTI(Q (Advanced Real-
Time Infrastructure for Quantum Physics). ARTIQ is an open-source software frame-
work specifically developed for quantum information and quantum optics applications.

With the help of this framework, a person can design experimental sequences based on
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the Python language. After designing a sequence, ARTIQ translates it to the FPGA
device and executes it.

The inclusion of FPGA device results in the ability of ARTIQ to perform a se-
quence of instructions deterministically on hardware. Therefore, by executing the

instructions on the FPGA, nanosecond-scale timing can be achieved.

Figure 3.2: SINARA Hardware

Mirny: Microwave Synthesizer

For the control of the electronic spin of the NV center, it is necessary to have a very
accurate and reliable microwave signal. In order to do that, we use the Mirny module,
a frequency synthesizer working in the microwave range up to 4 GHz, which produces
up to 52 bits of frequency resolution from 53 MHz. It is operated via ARTIQ software,
allowing the production of microwave pulses in a precisely defined time interval.

The maximum output power of the Mirny module is about +5 dBm. However, it is
not enough to produce an efficient signal for spin manipulation in our experiment. In
order to increase the output power of the microwave signal, we use a microwave power
amplifier, which is ZHL-16W-43+, made by Mini-Circuits. It provides amplification
of the input signal by increasing its output power up to 42 dBm (16 W), which is
checked by a calibrated power meter.

Thus, the amplified microwave signal is fed to the microwave antenna and is re-
sponsible for manipulating the spin state of the NV center.

We can distinguish two main operational regimes of the Mirny module. First,
it is used to make frequency sweeps of the microwave signal in order to acquire the
ODMR spectrum of the NV center. The second regime implies generating precisely
time-controlled microwave pulses for spin manipulations, including Rabi oscillations

and Ramsey interferometry experiments.
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Microwave antenna

In order for efficient control of the NV spin state, it is necessary to provide a sufficiently
powerful oscillating transverse magnetic field (B;) near the place where the NV center
resides in the diamond crystal lattice. In order to accomplish this, a microwave
antenna, as shown in fig. 3.3, is used to transmit the microwave signal from the Mirny
module to the diamond sample.

In our experiment, a specially designed single-port microwave antenna is used that
operates at a resonance frequency of ~ 2.87 GHz. This corresponds to the zero-field
splitting between the ground states of the NV center, which allows the microwave
signal to resonantly excite the spin transition. The diamond is placed at the center
loop to provide maximum intensity of the microwave magnetic field near the NV
center. It also radiates at different frequencies, which allows us to perform various
experiments with different microwave frequencies, such as excited-state ODMR and
different quantum gates.

This was achieved by characterising the antenna with the vector network analyzer
(VNA) and measuring the magnitude of the return loss (S;;) of ~ —10 dB. The
latter means an impedance matching of 10% reflected power. For details regarding
the fabrication and simulation of the MW antenna refer to "Compact and portable

NV Center Magnetometer for Field Application" by Dipansh Raput.

Figure 3.3: Microwave antenna used for delivering the microwave signal to the sample.

Urukul: Direct Digital Synthesizer (DDS)

In a similar fashion, a precise control of the laser excitation is mandatory for the
successful execution of the experiment. To achieve this aim, aom is driven using the
Urukul module — a multichannel direct digital synthesizer (DDS) module that is part
of the Sinara ecosystem. The Urukul module is designed to generate RF signals with
frequencies ranging from 1 MHz to 400 MHz, with a resolution of 8 pHz. Every
channel can deliver an output power of up to +10 dBm (10 mW).

The Urukul module generates a highly accurate and tunable RF signal, which is

necessary to stimulate the acousto-optic modulator (AOM) required for pulsed laser
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control. Specifically, we use the ATM-2001A1 produced by IntraAction Corp.. In
order to operate efficiently within the Bragg diffraction regime, the AOM must be
driven by an RF signal with a frequency of about 200 MHz and a power of 600 mW.

The Urukul power output is not sufficient to be used directly on the AOM, hence
the RF signal is amplified by a 2-W RF amplifier. Before amplification, there is an
attenuation of 4.5 dB in the digital domain by the ARTIQ controller. The attenuation
helps in controlling the amount of RF power being sent to the amplifier and ensures
the AOM works at an optimal level of RF power.

In optimized conditions, the efficiency of diffraction from the AOM into the first-

order beam is approximately 75

TTL Digital I/0

For achieving accurate synchronization among all parts of the experiment, conven-
tional Transistor—Transistor Logic (TTL) output units are used. Using the AR-
TIQ-Sinara platform, these TTL units ensure deterministic digital manipulation with
sub-nanosecond timing accuracy and rapid switching rates. High temporal accuracy
is necessary for synchronization between various parts of the experiment, such as laser
pulses, microwave manipulation, and measurement protocols.

Several TTL outputs are employed to create and regulate various pulse trains, thus
providing versatility in designing the experimental protocol. The particular timing
schemes and pulse trains used in the current study will be explained in the next

sections.

3.2 Confocal Raster Scanning of NV Centers

3.2.1 Principle of Confocal Microscopy

As discussed at the start of this chapter, the confocal microscope is a high-resolution
optical imaging system with which one can spatially resolve the fluorescence from the
sample by reflecting out-of-focus light.

A tightly focused laser beam is used to excite the diamond with a high numerical
aperture objective lens. Due to diffraction, the focal spot has a finite size, which
limits the spatial resolution of the system The lateral resolution is given as:

0.61\
or ~ NA (3.1)

and the axial (depth) resolution is given by:



where A is the excitation wavelength, NA is the numerical aperture of the objective

lens, and n is the refractive index of the medium.

3.2.2 Raster Scanning Method

A two-dimensional image of the diamond to map NV-centers is generated using a

raster scan method. In this method, the sample is mounted on a piezo-electric nanopo-

sitioning. stage and then a scan is carried out in a line-by-line manner as shown in

fig 3.4, in which the x-axis serves as the fast axis and the y-axis as the slow scanning

axis.

For each fixed Y position, the X position is varied across the scan range. After

completing one line, the Y-axis moves to the next line, and this process is repeated

to scan the complete area. At each pixel (z;,y;), the fluorescence signal is recorded

over a fixed integration time.

](l’i, yj) X Nphotons

where Nphotons is the number of detected photons.
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Figure 3.4: Grid scan pattern: solid arrows indicate horizontal traversal within each row;
dashed diagonal arrows indicate long-range skip connections across rows. (This image was

created by taking a refernce from swabianinstruments.com)

3.2.3 Experimental Scheme

Position Control

A x-y piezo-electric stage was made for this experiment, as shown in fig 3.5 using
two piezo discrete round piezo stacks (PK25FA2P2) from Thorlab were used, which
can be controlled by Thorlabs MDT694B, and can be controlled through a Python
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interface. This stage was calibrated by michelson interferometer, from which it was
found that the displacement of the stage is not a linear function of a voltage, it also

follows to different paths while moving forward and backwards, as shown in fig. 3.6.

Figure 3.5: Pizeo-stage callibrated.

To make sure that the scan is linear, a unidirectional scanning method was used.

The displacement in the forward direction as a function of voltage is given as follows:
D(V) = —1.29V? —12.17V? 4 1046.1V + 60.6 (3.4)

where D(V) is the displacement in nanometers, and V' is the applied voltage.

The following procedure was used to take a linear scan:

1. The scan starts by setting a fixed position in y-axis first.

2. Then scan the z-axis in the forward direction only in such a way, let’s say the
whole travel of x-axis is 8um but we want to scan just 5um, so what we do is to
collect data for bum only and then moves to the end of its full range, i.e. 8um

without collecting data and then come back using the backward path.

3. As can be seen in the curve, after coming back, it shows a small displacement
on the y-axis also, so to make sure it comes back to the same (z,y) position

from where it started, a displacement of 728nm is given on the y-axis.

4. Then, to move to the next line, a displacement in y-axis is given again, and the

above steps are repeated.

Since the fluorescence was detected using a single photon counting module(SPAD),
which was connected to the swabianin time tagger. Both the swabianin time tagger
and the Thor lab pizeo controller MDT694B can be controlled through python, so

position control and data acquisition can be handled by a single code file, without the
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Figure 3.6: Pizeo-hysteresis.

need for a TTL signal to trigger one or the other. As a result, a fully synchronized

confocal image was generated.

3.3 Experimental Protocols for ODMR

As discussed in the previous chapter, the NV center has a triplet ground state with
spin sublevels m; = 0 and m,; = +1, which are split by a zero-field splitting (ZFS) of
approximately 2.87 GHz due to spin-spin interactions.

After the application of a magnetic field, the m, = £1 sublevels further split due
to the Zeeman effect, allowing for selective addressing of individual spin transitions.
To identify the resonance frequencies of these transitions, optically detected magnetic
resonance (ODMR) techniques are employed.

Three different methods of ODMR are used in this work: continuous wave ODMR,
pulsed ODMR, and differential ODMR, they follow the same principle for measuring
the splitting, by measuring the changes in fluorescence intensity under optical exci-
tation while applying microwave radiation to manipulate the spin state of the NV
center.

As described in section isc, a general ODMR measurement protocol is defined by

a logical sequence of operations:

1. Spin Initialization: The NV center is optically pumped into the m, = 0 state

using a green laser (is our case a 515 nm). This process polarizes the spin state
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by the ISC system.

2. Spin Manipulation: A microwave field is applied to the NV center, sweeping
across a range of frequencies around the zero-field splitting. When the microwave
frequency matches the energy difference between the spin sublevels, transition

between the my = 0 and m, = +1 states takes place.

3. Readout: The fluorescence emitted by the NV center is recorded as a function
of the microwave frequency. Due to the spin-dependent fluorescence, the m; =
+1 states exhibit reduced fluorescence compared to the m, = 0 state because
of non-radiative decay pathways as discussed earlier. As a result, a dip in
the fluorescence intensity is observed at the resonance frequency, indicating the

occurrence of spin transitions.

3.3.1 Continuous-Wave ODMR (CW-ODMR)

In CW-ODMR mode, the three steps, spin initialization, Spin Manipulation, and
readout, are done simultaneously. Continuous excitation of the NV center by the
green laser keeps it in its steady state, which selectively prepares it for excitation to
the my = 0 sublevel. At the same time, an MW field induces transitions between the
mg = 0 sublevel and the m, = 1 sublevels.

In our current experiment, the MW frequency sweep is done in discrete steps of
approximately 1 MHz within the range of a few hundreds of MHz (e.g., 2.7 to 3.0 GHz).
At each sweep frequency step, the fluorescence intensity is measured for a fixed period
(~1ms).

Experimental Implementation using ARTIQ

For the implementation of the CW-ODMR, a pulse sequence as shown in fig 3.7 is de-
signed using the ARTIQ control system. The sequence is structured to ensure that the

laser excitation, microwave control, and data acquisition are precisely synchronized.

1. Continuous Optical Pumping AOM is being driven by a digital Synthesizer
(DDS), which provides 200MHz RF excitation. According to the CW-protocol,
the AOM is enabled at the start of the sweep, and is kept active during the whole
pulse sequence, which means that the 515nm laser is continuously exciting the

NV center and polarising it into ms; = 0 during the entire measurement.

2. Microwave sweeping For microwave sweeping, the Mirny is coded in such
a way that it takes discrete frequency steps with a resolution of 1IMHz, sweep
starts from frequency f; (2.7 GHz) to f,, (3.0 GHz) which can also be varied, and

at each frequency step, the fluorescence is measured for a fixed integration time
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Figure 3.7: CW-ODMR pulse sequence with synchronized frequency-step triggering.
TTLO marks the sweep start, TTL4 defines frequency bins, and SPCM counts photons
for each step.

of 1ms. ARTIQ has some settling time after each frequency step, to make sure
that the microwave frequency is stabilized before the fluorescence measurement
starts, some delay is given. This is crucial for accurate measurement of the
ODMR spectrum, as any instability in the microwave frequency could lead to
inaccurate determination of the resonance conditions. The settling time allows
the system to reach a steady state after each frequency change, ensuring that
the measured fluorescence intensity accurately reflects the response of the NV

center to the applied microwave field at that specific frequency.

3. Data Acquisition and Sycnhronization This is a crucial step to make sure
that the fluorescence counts are correctly associated with the corresponding
microwave frequencies. The fluorescence signal is collected using a single-photon
counting module(SPCM), which sends the NIM pulse to a time tagger to record
the arrival times of the photons. To synchronize the data acquisition with
the microwave frequency steps, TTL signals are generated by ARTIQ and are
connected to the Time Tagger to ensure precise timing control. Two TTLs were
used in this experiment: one is TTLO which is used to track the number of
sweeps, and the other is TTL4, which is used to trigger the Time Tagger for

readout at the start of each frequency step.

This whole sequnece in repeated multiple times, a variable number of sweeps (e.g.,

Naweep = 20) is added in the loop, and every new sweep is averaged to improve the
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signal-to-noise ratio of the resulting ODMR spectrum. The final output is a plot of
fluorescence intensity versus microwave frequency, where dips indicate the resonance
frequencies corresponding to spin transitions in the NV center. Some time delay is
given after every sweep to allow the system to relax by switching off microwave fields.
This is important to prevent any unwanted heating effects and to ensure that each

sweep starts with the NV center in a well-defined initial state.

3.3.2 Pulsed Wave ODMR

In Pulsed wave ODMR, a pulse sequence is designed such that all three steps are
performed sequentially rather than simultaneously. First, a green laser is pulsed by
using AOM to initialize the spin state into the my = 0 state, then it is followed by a
microwave pulse to manipulate the spin state, and then a readout pulse to measure
the fluorescence intensity. This technique is more efficient than CW-ODMR as it
reduces the power broadening effects and allows for more precise control over the spin
state, which leads to sharper resonance features in the ODMR spectrum. Experiments
like Rabi oscillations, Ramsey fringes, and spin echo measurements can be performed
using pulsed ODMR to extract different spin properties such as 7 pulses, dechorence

time and can design Quantum gates in this mode.

Experimental Implementation using ARTIQ

A pulse sequence was developed as shown in fig 3.8, where the laser pulse is used for
initialization, followed by a microwave pulse for spin manipulation, then a readout
pulse to measure the fluorescence intensity and then different TTL signals for syn-
chronization. The timing of each pulse can be adjusted to optimize the signal and
minimise any unwanted effects such as power broadening or heating of the NV center.

The sequence goes as follows:

1. Spin Initialization: First step is to optically pump the NV center into the
m, = 0 state, for this, a pulse of green laser is given by using AOM, the duration
of the pulse can be optimized to ensure the polarization typically, the pulse
duration is in the range of a few microseconds (3-64s).For our experiment, it was
optimized to 4us. This pulsing of the laser using AOM is done by programming
the ARTIQ to generate a TTL pulse by the Urukul channel that controls the

AOM, allowing for precise timing of the laser excitation.

2. Spin Manipulation: After optically pumping the spin state to the m, = 0
state, the next step is to manipulate the spin state using a microwave pulse. The
microwave pulse of f; is generated by the Mirny module, which is programmed

to produce a pulse of specific duration and power. Generally, the duration of
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Figure 3.8: Pulsed ODMR sequence implemented in ARTIQ. Each frequency point con-
sists of laser initialization, microwave excitation, and fluorescence readout. The readout
is performed simultaneously with laser illumination, and the sequence is repeated multiple
times for averaging.

the microwave pulse is a 7w pulse, which corresponds to a full population transfer
between the mg = 0 and my = +1 states at resonance f;. The duration of the
7 pulse can be calculated by the Rabi oscillation. But in this experiment, the
duration of the microwave pulse was optimized manually by varying the pulse

length; a pulse length of 200us was given in this experiment.

3. Readout: After the microwave pulse, a readout pulse is applied to measure the
fluorescence intensity. In this step, the green laser is again pulsed to excite the
NV center, , first 300-400 ns are crucial as this corresponds to the Inter-system
Crossing(ISC) relaxation time, and this makes the difference in the fluorescence
intensity between the m; = 0 and my; = +1 states, so the readout pulse is
designed to capture this time window to maximize the contrast in the ODMR

spectrum.

4. Synchronization: Three different TTL signals from ARTIQ-Sinara are used

to synchronize the different parts of the experiment discussed as follows:

« TTL4 (Sweep Sync Marker): TTL4 is used to synchronize the start of
each sweep; it is connected with the time tagger channel 3, and it gives a
trigger to the time tagger at the start of each sweep, this TTL is crucial
for multiple sweeps and averaging, as it allows the time tagger to align the
photon counting data with the corresponding microwave frequency steps

across multiple sweeps.
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o« TTL1 (Frequency Step Marker): TTL1 is used to mark the frequency
steps; it is connected to time tagger channel 1, and it gives a trigger to
the time tagger when the frequency is changed to the next step, because
of which the time tagger moves to next bin for counting the photons, this
allows for precise correlation between the microwave frequency and the

corresponding fluorescence intensity.

o« TTLO (Gate): TTLO is used as a gated signal for photon counting; it
is connected to channel 4 of time tagger, and it makes sure that photon
counting happens only in this window, which is helpful in reducing the

background noise.

Note: For each microwave frequency point during a single sweep, the pulse se-
quence is repeated multiple times to bin sufficient photon counts and improve statis-
tical accuracy and contrast in this experiment it was done 1000 times. In addition,
multiple sweeps are performed and averaged to further improve the signal-to-noise

ratio.

3.3.3 Differential ODMR

This technique is more advance, accurate and reliable as compared with other odmr
methods, with this we can overcome the fluctuations caused by the laser power drift,
background fluorescence and environmental noise such as strain and temperature [24].
In this technique, one can extract information like splitting of dips, resonance peaks,
more accurately.

In this method, instead of measuring the signal at f;, it is recorded two points
which are slightly detuned by :I:% from f;. The difference in the fluorescence of
these two points is plotted at f;. The signal obtained by this method is directly
proportional to the slope of the ODMR spectrum [25].

The curve obtained from this method is no longer a Lorentzian in nature, instead
a dispersive(derivative-like) line shape with zero-crossing at the resonance frequency,
which makes it more useful for identification and tracking of resonance positions. This

technique is related to lock-in detection, which is discussed in [26].

Mathematical Derivation

Let the fluorescence intensity as a function of microwave frequency be denoted by

I(f). In the differential measurement scheme, two intensities are recorded:

Af

]i:I<fj:2> (3.5)

The differential signal, AT, is defined as the difference between these two points:
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Al =1, —1_ (3.6)

To interpret this signal in terms of the underlying spectral profile, we apply a

first-order Taylor expansion to I(f) around the central frequency f:

AfY Afdl 1 (AfF\° &2 ;
[(fi2>~[(f)i2df+2<2> g HOLr) (3.7)

Substituting these expansions into the expression for A, the even-order terms

(including the background intensity I(f)) cancel out, yielding:

Afdl Afdl
AT~ [](f) ¥ ;sz} - lzm - Qfdf] (35)
AT~ Af- fl; (3.9)

The resulting signal is therefore directly proportional to the slope of the original
ODMR line shape. This linearity near the resonance frequency significantly improves
the robustness of the system against external noise sources that shift the global in-

tensity without altering the local gradient.

Table 3.1: Comparison between Standard ODMR, and Differential ODMR, techniques.

Feature Standard CW-ODMR  Differential ODMR

Spectral Line Shape Lorentzian (Dip/Peak) Dispersive (First-Derivative)
Signal Source Absolute Intensity 1(f) Intensity Difference AT
Resonance Identification ~ Minimum/Maximum Point ~Zero-Crossing Point

Sensitivity to Power Drift High (Baseline shifts) Low (Common-mode rejection)
Tracking Performance Low (Zero slope at center) High (Maximum slope at center)
Primary Application Spectral Characterization — Precision Sensing & Tracking

Experimental Implementation using ARTIQ

A pulse sequence was developed for this as shown in fig 3.9. Experimental implemen-
tation is almost same as that of PW-ODMR, the key difference is lies in frequency
modulation, TTL trigger to differentiate between +% and —% and how the data is
being processed by time tagger.

The Sequence is as follow:

1. Frequency Modulation After spin intialization which is similar to PW-ODMR,

the modulation parameter Af is defined. For each frequency point f;, two mea-

surements are done, in first cycle, a microwave pulse of f; — &L is given by

2
Mirny synthesizer, and similarly, in the next cycle, a microwave pulse of f; + %
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Figure 3.9: Differential ODMR pulse sequence. Two measurements at f £ % are per-
formed per cycle. TTL1 encodes the frequency branch, TTL4 marks the sweep start, and
fluorescence readout occurs simultaneously with laser illumination.

is given. For optimizing the parameter Af different values were used, and it
was observed that the A f equal to the linewidth of the ODMR obtained in the
PW Mode gives the best result, which in this case was 10 MHz

2. Synchronization Three different TTL signals from ARTIQ-Sinara are used to

synchronize the different parts of the experiment discussed as follow:

o TTLA4 is being used in the same way as it was being used in PW-ODMR

for synchronizing the start of the sweep and for averaging different sweep.

o TTL1 is being used to synchronize the frequency modulation. When time
tagger detects the rising edge of of the trigger, it bins the data for f; — %
and when a falling edge is detected it starts to bin the data for f; + %.

And when it again detects the rising edges it move to f; 11 — % bin.

o TTLO is used in the same way as PW-ODMR for a gated signal for photon

counting.

NOTE: For each microwave frequency point during a single sweep, the pulse
sequence is repeated multiple times to bin sufficient photon counts and improve statis-
tical accuracy and contrast in this experiment it was done 1000 times. In addition,
multiple sweeps are performed and averaged to further improve the signal-to-noise

ratio.
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Chapter 4

Results and Discussion

4.1 Confocal Image

The confocal scan of the diamond was taken as described in the section 3.2. Figure 4.1
shows the 7um X Tum confocal scan, fluorescence at a single point was recorded for
a time period of 1 millisecond. The variations in count rate ranged from 1300 to 1700

count/ms, as shown in the colour scale.

1700

NV Confocal Scan

1650

1600

1550

1500

Photon counts / ms

1450

1400

1350

1300

Figure 4.1: Confocal scans hows the Tum X Tum scan with step size of 200 .

It can be observed that no single NV’s were present in the region of scan, several
different regions were scanned but no single NV’s were found. The diamond sample

used has a good level of doping with some spatial inhomogeneity.
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4.2 Excited state and Ground state zero field split-
ting

As it was discussed in the section 2.2.2, the NV centres exhibit zero field splitting in
both excited state and the ground state, to show this, an ODMR spectrum was taken
by using the pulse sequence discussed in the section 3.3.2 with the microwave sweep
range from the 1.3 GHz to 3 GHz with step size of 2 M Hz.
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Figure 4.2: Comparison of energy level structure and experimental /result plot.

Two resonance dips at 1.43 GHz and 2.87 Ghz were observed in the ODMR
spectrum due to zero field splitting, corresponding to the excited state (D.s) and
Ground state(Dys), respectively. This confirms the physics of the Intersystem cross-
ing(ISC). The excited-state ODMR can be helpful in studying the excited-state-level
anti-crossing (ESLAC). In this condition, the electron-nuclear spin mixing takes place,

which efficiently polarises the nuclear spin under optical excitation [23].
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4.3 Resolving the Resonance Frequency

For the coherent manipulation of spins, having Knowledge about the resonance fre-
quency is important in quantum computing. In NV centers, the resonance frequency
is given by the energy difference between the spin sub-levels participating in the tran-
sition mg = 0 — my = £1. Using microwaves at this exact resonance frequency allows
driving coherent transitions between the two spin sub-levels, thus implementing 7 and
/2 gates in quantum computing.

The accuracy of the resonance frequency knowledge is very important to make
high-quality operations with quantum states. In case of the resonance frequency
detuning, the operations will not work properly and result in errors and inaccuracies.
Knowing precisely this value is also necessary for using techniques that include Rabi
oscillation, Ramsey interferometry, and spin echo to evaluate the coherence of the
qubit states.

To experimentally determine these frequencies Optically detected magnetic reso-
nance is done. As discussed in section 3.3, three different methods can be used to
perform ODMR. Here all three methods are experimentally implemented and dis-

cussed :

4.3.1 Continuous Wave-ODMR

Continuous wave ODMR is the simplest technique. As described in section 3.3.1, in
this method, continuous illumination, microwave sweeping, and fluorescence detection
are done simultaneously. Fig 4.3 shows the results of CW-ODMR, the dip at 2.87 GH z
in Fig 4.3a shows the resonance frequency required for the transition from mg, =
0 — mg = £1, when no magnetic field is applied this is also know as zero field
splitting(ZF'S).
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(b) CW-ODMR spectrum in the presence of an
(a) CW-ODMR spectrum at zero magnetic field. external magnetic field.

Figure 4.3: CW-ODMR spectra (a) At zero magnetic field showing a single resonance
dip corresponding to zero-field splitting. (b) In the presence of an external magnetic field
showing Zeeman splitting into two distinct resonance dips.
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And fig 4.3b shows the ODMR spectrum at some uniform external magnetic field,
which was applied by the pair of Helmholtz coils, two dips can be observed for the
transitions my = 0 — my; = —1 and my, = 0 — my; = +1, observed resonance
frequency from this ODMR spectrum are 2.846 GH z and 2.897 GG H z respectively.

Although CW-ODMR is the simplest way to implement, the ODMR spectrum
obtained from it has many drawbacks, because the optical and microwave power
boarding dips are broad and of low contrast. It can be observed in fig 4.3 that the
signal-to-noise ratio is also bad in this mode of detection, so it becomes difficult to
resolve the splitting of levels when an external magnetic field is present and also to
measure the resonance frequencies with precision.

To overcome these issues and get more precise results with higher resolution, other

techniques are employed.

4.3.2 Pulse Wave-odmr

Pulsed Mode ODMR is done using the technique described in the section 3.3.2. This
technique is better than CW mode as it helps to reduce the effects of the optical and
microwave power broadening. Fig 4.4 show the results of the PW-ODMR. As it can
be observed, the FWHM and contrast are not optimal in the first measurement, so it
various optimisations, including change of the laser and microwave power were done

to get the optimal results.
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Figure 4.4: PW-ODMR spectrum before optimization, showing broad linewidth and low
contrast.
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Optimisation of ODMR signal

The ODMR spectrum is heavily dependent on the microwave and optical power being
delivered to the system. It was observed that the optimal signal, corresponding to an
optical power of 60 mW, was obtained.

For optimising the signal, corresponding to the microwave power, which was being
delivered by the Mirny synthesiser, a digital attenuation was given to the microwave
antenna ranging from 0.0dB to 30dB; this attenuation reduces the power delivered to

the microwave antenna.
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Figure 4.5: Variation of FWHM and contrast of the ODMR signal with microwave power
(controlled via attenuation).

Fig 4.5 shows the variation of the FWHM and contrast with changing microwave
power. It can be observed that, when the power of the applied microwave field is
highest, the signal obtained has the highest contrast, but the linewidth is also high
because of the power broadening.

As microwave power is reduced, the signal strength also decreases, and at the same
time, the effect of the power broadening is also reduced, so there is always a trade-off
between one and the other. So we choose an attenuation such that we can have the

optimal signal. In this case, a 15dB attenuation is chosen.
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Optimized signal

As we have the optimal parameter for the laser and microwave power, we can vary the
other parameters like microwave pulse length, laser polarisation time and acquisition
time period. Pulse sequence shown in fig 3.8 shows the optimised parameters that

were used for acquiring the data.
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Figure 4.6: Pulsed ODMR spectra under optimized conditions. (a) At zero magnetic field
showing a single resonance dip corresponding to zero-field splitting. (b) In the presence of
an external magnetic field showing Zeeman splitting into two distinct resonance dips.

We can clearly resolve the resonance frequency in this mode, it can be seen in
fig 4.6a when no external magnetic field is applied the resonance frequency for my =
0 — mg = £1 transition is simply zero field splitting i.e. 2.8710 GH z.

For the application of a uniform magnetic field, a pair of Helmholtz coils was used.
Fig 4.6b shows the ODMR spectrum recorded in the presence of an external magnetic
field. It is clearly visible that the single resonance dip has been resolved into two
resonance dips, which shows that the degeneracy between states m, = 41 has been
lifted due to Zeeman effect. These two resonance dips correspond to the transition
ms =0— mg, =—1and m, = 0 = m, = +1 with resonance frequency 2.8440 GHz
and 2.8970 G H z respectively.

Having knowledge of the exact resonance frequency is vital for quantum computing
and information. But it can be observed in the fig 4.6 that the dips are not that sharp;
there is a lot of noise because of various factors. So to extract the exact resonance

frequencies another method was employed.

4.3.3 Differential ODMR

Differential ODMR is an advanced measurement technique, which is discussed in
section 3.3.3. This technique enhances the sensitivity and signal-to-noise ratio of

conventional ODMR measurements. Since optimization of each parameter was already
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done in the pulsed wave ODMR, no further optimization of the signal was needed.

The parameters, as shown in fig 3.9, were used.
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Figure 4.7: Differential ODMR continuous-wave measurements at (a) zero magnetic field
and (b) when an external magnetic field is applied.

We can clearly see the difference in both the method. Here, the resonance fre-
quency is described as a point at zero-crossing, as shown in fig 4.7. In the fig 4.7a,
when no magnetic field is applied the resonance frequency is clearly resolved at exactly
2.870 G H z, which is zero-field splitting(i.e., transition between my; = 0 — mys = £1).

Fig 4.7b shows the differential ODMR spectrum in the when magnetic field is
applied , clearly resolves the splitting of the m, = +1 state. The resonance frequency
for the transition of mgy =0 — my = —1 and my, = 0 — m, = +1 can be easily found
by the zero-crossing point. Resonance frequency for the transitions ms; = 0 — m, =
—1 and mgy = 0 — m,; = +1 are 2.8466 GHz and 2.8957 G H z respectively.

Compared to PW-ODMR, the differential ODMR provides much sharper and well-
defined resonance frequency. Since this method depends on the zero-crossing point
instead of the broad dip, so it significantly improves the precision in the frequency
estimation.

Thus, the differential technique is a powerful method for resolving the transition
frequency, it detects more accurately and detects the small shifts. This technique can
also be used to track the varying magnetic field, as it is easier and faster to track the

shifting resonance frequency.

4.4 Magnetic field sensing using confocal micro-

scope

Magnetic field sensing using NV centres has been discussed in section 2.3.2, on the

application of the external magnetic field, the degenerate states starts to show splitting
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which is directly proportional to the applied magnetic field, because of zeeman effect,

splitting is given as:

Av=vy —v_ =2vBg-G; (4.1)

where v, = 2.8 M Hz/G is the gyromagnetic ratio of the electron and 4; represents
the i"" NV axis.

The dot product in Eq. (4.1) indicates that the NV centre is sensitive only to the
component of the magnetic field along its quantization axis. Each NV centre has a
well-defined crystallographic orientation inside the diamond lattice, represented by
the unit vector 4.

The effective magnetic field experienced by the NV spin is the projection of the
applied magnetic field along the NV axis, not the total magnetic field applied. Let’s
say the angle between the applied magnetic field and NV axis 6, then the splitting is

given as:

Av=v, —v_=2vy.Bycosb (4.2)

If the magnetic field is applied parallel to the quantisation axis i.e # = 0 then the

slope of splitting is optimal and given as :
gz = 27, = 5.6 MHz/G. (4.3)

Magnetic field sensing using a confocal microscope is an efficient way for for de-
tecting highly localised magnetic fields, such as those produced by single spins and
nanoscale structures, by isolating individual NV centres with nanoscale spatial reso-
lution. Single NV centres are therefore ideal for probing local magnetic fields at the
nanoscale [27].

In contrast, this work utilises high-density (ensemble) NV centres, where isolat-
ing single NVs is not feasible. Ensemble-based measurements are better suited for
detecting bulk and spatially averaged magnetic fields, as the collective fluorescence
from many NV centers significantly enhances the signal-to-noise ratio. This leads to
improved magnetic field sensitivity, typically in the nanoTesla to picoTesla per root
Hertz (nT/v/Hz to pT/vHz) range under optimized conditions. But in the confocal
microscope, the signal is from a small volume of diamond, which leads to reduced

signal as compared to open set up and sensitivity is given as :

~ Av
" oVR
where Av is the linewidth (FWHM) of the ODMR resonance, C' is the ODMR

contrast, and R is the count rate per second. So with reduced R, the sensitivity.

(4.4)
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4.4.1 Magnetic field callibration

For applying the external magnetic field, an electromagnet in a Helmholtz configu-
ration was used. This configuration provides a nearly uniform magnetic field in the

region between the coils, where the diamond sample is mounted.

Current (A) vs Magnetic Field (Gauss)
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Figure 4.8: Calibration curve showing the variation of magnetic field with applied current
for the Helmholtz coil configuration.

To control the strength of the magnetic field, a variable current was supplied to
the coils. The current was varied in steps of 0.5 A. The relationship between the
applied current and the resulting magnetic field was recorded at the place where the

diamond is mounted using a gaussmeter, as shown in Fig. 4.8.

4.4.2 Pulse Mode method

In pulse mode, the data was recorded by sweeping from 2.70 GHz to 3.0 GH z in step
of 1M H z, by varying the current in coils in steps of 0.5 A from 0 to 5.5A. Fig 4.9 shows
the ODMR spectrum in the form of a waterfall plot at different external magnetic
fields. Lorentzian curves are fitted to calculate the resonance frequencies, full width
at half maximum (FWHM), and contrast of each ODMR dip, results of which are

summarised within the figure only.
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ODMR Spectra of NV Centers vs. Magnetic Field (Waterfall)
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Figure 4.9: Waterfall plot of pulsed ODMR spectra of NV centres for different applied
magnetic fields. Dashed lines represent Lorentzian fits used to extract the resonance fre-
quency, linewidth (FWHM), and contrast. Insets show the extracted FWHM and contrast
values for both left and right branches.

To evaluate the orientation of the NV axis with respect to the applied magnetic
field, magnetic field vs Zeeman splitting was plotted as shown in fig 4.10. A linear fit
yielded a slope of 3.186 M Hz. Now using eq. 4.2 and eq. 4.3 we get the angle between
the NV axis and applied magnetic field € is given as :

3.186
cosf = =5 ~ 0.569 = 6 =~ 55° (4.5)
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Zeeman Splitting vs Magnetic Field
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Figure 4.10: Zeeman splitting (Af) as a function of the applied magnetic field. The
slope of 3.186 MHz/G confirms the linear Zeeman effect and is used to determine the angle
between the NV axis and applied magnetic field.

Sensitivity analysis

The sensitivity of magnetic field is calculated using :

Npw pfﬂ L

CPVV\/E Ve

where Py = 0.77 is the Lorentzian lineshape factor [28, 29], 7. = 2.8MHz/G,
other values taken from the ODMR spectrum corresponding to 4A, the calculated

(4.6)

sensitivity for parameters

vy = 2.8925 GHz, Avpw = 10.860 MHz, Cpw = 1.935%, R =15.24x 107 s}

(4.7)

1 10.860 x 106 Hz
= (0.7698 x X 4.8
Pw 2.8 x 106 Hz/G ~ 0.01935 x v/5.24 x 107 (48)
npw ~ 2.13 T /VHz|. (4.9)

The current sensitivity is mainly constrained by the linewidth (Avpw = 10.860 MHz)
and relatively low contrast (Cpw = 1.935%). Even though pulsed ODMR enables a
better manipulation of spin dynamics than the cw counterpart, the sensitivity stays

at the uT/+/Hz level owing to several factors, including power broadening, microwave
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instability, and inefficiency of optical collection.

Enhancing sensitivity can be done by improving the pulse sequence and minimising
other limiting factors, such as decoherence and inefficient optical collection; this could
bring the sensitivity to the nT/ VvHz level.

4.4.3 Differential Method

In differential mode, the data was again recorded by sweeping from 2.70 GHz to 3.0
GHz in steps of 1 MHz and Af = 10 M H z, by varying the current in coils in steps of
0.5 A from 0 to 5.5A. Fig 4.11 shows the ODMR, spectrum in the form of a waterfall

plot at different external magnetic fields.

Differential ODMR Spectra Waterfall Plot
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Figure 4.11: Waterfall plot of differential ODMR spectra of NV centres under varying
external magnetic fields. The differential technique enhances the slope of the resonance
signal, improving sensitivity to small frequency shifts.

To evaluate the orientation of the NV axis with respect to the applied magnetic
field, magnetic field vs Zeeman splitting was plotted as shown in fig 4.12. A linear
fit yielded a slope of 3.292 M Hz/Gauss . Now using eq. 4.2 and eq. 4.3 we get the
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Zeeman Splitting vs. Magnetic Field
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Figure 4.12: Zeeman splitting (Af) as a function of the applied magnetic field for differ-
ential ODMR. The slope of 3.292 MHz/G confirms the linear Zeeman response and is used
to extract the NV axis orientation.

angle between the NV axis and applied magnetic field 6 :

3.292
cosf = =5 ~ 0.587 = 6~ 53.9° (4.10)

Comparing it with 6 obtained in eq: 4.5, shows a deviation of only 1°, which can
be because of experimental uncertainties such as the curve fitting in PW mode for

Lorentzian peaks, frequency resolution and noise in both the modes.

Sensitivity Analysis

In the differential measurement mode, the magnetic field sensitivity is calculated using

the slope method. The differential signal is defined as:

5(f)=1<f+A2f>—l< —A2f> (4.11)

which approximates the first derivative of the ODMR lineshape, with the steepest
slope at the zero-crossing point corresponding to the spin resonance frequency fj.

The magnetic field sensitivity is given by [28, 29]:

g
=g 5 (4.12)

S e’ Tmeas
af eV

A7



where og is the standard deviation of the differential signal, dS/df is the slope
at the zero-crossing point, 7. = 28.024 GHzT~! is the NV electron gyromagnetic
ratio, and Tmeas is the total photon acquisition time per frequency point, which was

6ms.Other parameters are extracted from data corresponding to 4.5A as:

ds
i ~ 2.399 x 10™% counts Hz (4.13)
os ~ 563 counts (4.14)

Substituting into Eq. (A.11):

263

_ 415
7530 % 102 x 28.024 x 10° x +/6.00 x 103 (4.15)
0~ 77.2 uT/Viz (4.16)

However, the sensitivity obtained for differential ODMR is noticeably less as com-
pared to that of pulsed ODMR (~ 2.13 uT/vHz). Even though the differential
method provides an improved slope around the resonant frequency, the sensitivity
still strongly depends on the signal-to-noise ratio. In the present case, the differential
noise outweighs the slope enhancement, resulting in reduced overall sensitivity.

Further optimisation can be done by improving the photon collection efficiency,
frequency modulation and the background noise. This method can be helpful in

calculating the varying magnetic field if optimised better.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

The primary goal of this thesis was to develop a confocal microscope with the full con-
trol system in order to study NV centers in diamond samples for different applications.

The following experiments have been performed with the constructed instrument:

« Scanning has been performed to reveal the density of NV centers in the sample.
The high density of NV centers in the sample did not allow to find the individual
NV center.

o ODMR spectrum measurements were performed to illustrate the zero-field split-

ting effect both in the ground state and excited state.

» Different pulses sequences were used to explore the effect of Zeeman splitting

and to identify the resonant frequencies.

o It is demonstrated that a differential ODMR is the best technique to improve
the accuracy of measurement of resonant frequencies due to noise reduction and

increased signal contrast.

o In addition, it has been shown that NV centers can be used as a magnetic field

Sensor.
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5.2 Future Outlook

Since confocal microscope with full control system is ready. Future work will focus

on isotopically engineered diamond samples, which could involve the following:

e Measuring low-doped diamond samples in order to isolate and address single
NV centers.

o Coherent manipulation of spins via, for example, Rabi oscillation experiments
and characterization of spin coherence parameters such as 7, and 7T} relaxation

times of the spins.

« Exploiting isotopically purified diamond samples to implement more sophisti-

cated quantum logic, such as quantum gates, as described in Section 2.6.2.
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Appendix A

Additional Derivations / Data

A.0.1 Derivation of the Sensitivity Formula

The derivation of the sensitivity formula for the differential ODMR magnetometer

begins with the Lorentzian ODMR lineshape and its shot-noise limit.

Step 1: ODMR Lineshape
The fluorescence intensity as a function of microwave frequency f follows a Lorentzian

dip:

(Av/2)?
(f = fo)* + (Av/2)?

where Sy is the off-resonance baseline photon count rate, C' is the ODMR contrast,

I(f) =S |1—C- (A1)

fo is the resonance frequency, and Av is the full width at half maximum (FWHM).

Step 2: Differential Signal

In the differential method, two photon count rates are recorded at frequencies sym-

metrically detuned about f by a modulation depth e:

L= I(f + ;) (A.2)

The differential signal is:

Al=1, 1. (A.3)

Applying a first-order Taylor expansion of I(f) about f and substituting into
Eq. (A.3):
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edl 1/eN\2d?’] edl 1/eN\2d?’]
Al = [I(f>+2df+2<2> de] - [I(f)_de—i_2(2) de} (A4)

All even-order terms cancel exactly, yielding:

1
A[%s-;lf, e < Av (A.5)

The differential signal is therefore directly proportional to the local slope of the
Lorentzian lineshape. The derivative of Eq. (A.1) is:

A (AP )
7 = R BT

This is an antisymmetric function of (f — fy), producing the dispersive S-shaped

(A.6)

error signal observed experimentally. Importantly, dI/df = 0 at f = fy, so the
differential signal has a zero crossing precisely at the spin resonance frequency.
Step 3: Shot Noise Floor

The fundamental noise limit in photon counting is shot noise. For a mean photon
count rate N, measured over a total acquisition time T},eqs, the shot noise standard

deviation is:

05 = /N, - Tineas (A.7)

To normalise to a 1 Hz measurement bandwidth, og is divided by v/Tineas, giving

the noise spectral density:

gs

V Tmeas

Step 4: Minimum Detectable Frequency Shift

(A.8)

05 =

The minimum detectable frequency shift d f,;, is reached when the signal change
equals the noise spectral density:
0s os
8 fonin = —
min dS dS
= 5 "V Tmeas
|df df

where dS/df is evaluated at the zero-crossing point f = fy, where the slope is

(A.9)

steepest.
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Step 5: Conversion to Magnetic Field

From the linear Zeeman relation for9 NV symmetry axis:

0f =7.0B

(A.10)

where v, = 28.024 GHzT~! is the NV electron gyromagnetic ratio. When an
external magnetic field 0B is applied, the resonance shifts from fy to fo + 7.0B,

displacing the zero crossing of Al by the same amount. The minimum detectable

magnetic field is therefore:

’[7_

o 5fmin

gs

e

—dsS

df

Ye * V Tmeas

(A.11)

eq A.11 give the sensitivity of detection of magnetic field in differential ODMR.
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