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Abstract

Nitrogen Vacancy (NV) centers have been used for many quantum sensing and nav-
igation based applications. A diamond NV sensor with enhanced sensitivity through an
ensemble measurement, and the ability to coherently and independently control each of
the four defect orientations provides an efficient building block for these applications. Use
of all orientations in the ensemble, naturally aligned perfectly in the crystal, increases
the information content compared to using only one orientation. Selective control of each
orientation allows for vector quantities to be explored in parallel, reducing measurement
times. Optimal Control Theory (OCT) techniques, implemented with helical microwave
control fields allow for both of these to be achieved in a setup that is compatible with a
future compact sensing device. This thesis details the theory, build, and implementation
of OCT control with NV ensembles, laying the ground work for such future devices.

The first part of this thesis introduces some general applications of NV ensembles and
presents current solutions for controlling all four orientations. This is followed by a brief
introduction to the Nitrogen Vacancy center, including the energy level and Hamiltonians
relevant to this work. The main body consists of three parts. The first part develops a
generalized Hamiltonian model dependent on both the orientation and microwave control
field configuration for any NV orientation in three single crystal diamonds. This model
is then integrated with OCT pulses, and simulates key examples to show its applications
across (100), (110) and (111) single crystal diamonds with the same experimental config-
uration for both collective and selective control over all four NV orientations. Second, the
thesis details the design, build and characterization of the experimental apparatus required
for measuring ensembles of NV centers and to implement the necessary microwave controls
for OCT experiments. The last part consists of a set of characterization experiments to
learn the spin dynamics of NV ensembles and collect the necessary parameters needed to
implement OCT pulses. This is followed by a demonstration of selective transitions with
OCT pulses that optimize over the four orientations in a (100) diamond, in the absence of
a static magnetic field, and removing the geometric constraint of the active NV ensembles
located relative to the microwave microstrips.
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Chapter 1

Introduction

1.1 Thesis Goals

The main goal of this thesis is to use circularly-polarized microwaves in the absence of a
static magnetic field to implement optimal control theory (OCT) pulses for all four orien-
tations in an ensemble of nitrogen vacancy (NV) centers in bulk single crystal diamond.
The geometric constraint of the location of the NVs relative to the microwave control field
has also been removed. Demonstrating this control allows for NV ensembles to be used for
sensing vector quantities in a variety of applications. Performing collective control for all
four NV orientations, increases the number of useful centers in the ensemble, boosting the
signal to noise ratio by four times. Selective control of the four NV orientations allows for
more accurate magnetic field sensing compared to using just one or two orientations. OCT
control in the absence of a magnetic field with a helical microwave source enables both
of these operations removing some hardware constraints like requiring multiple microwave
frequencies to control the NV centers, or requiring a specific location of NV centers relative
to the microwave source.

First, the theory of designing and simulations of OCT pulses for NV ensembles in
single crystal diamond will be described, including a generalized Hamiltonian model for
any NV orientation in the (100), (110) and (111) diamond. Following this, a detailed
description for the design, build and characterization of the experimental setup suitable
for implementing NV ensemble experiments with helical microwaves is provided. Last,
characterization experiments for NV ensembles are completed, followed by a demonstration
of OCT experiments, showing collective control of four orientations in the (100) diamond.
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1.2 Thesis Outline

Chapter one of this thesis will introduce the attraction of NV centers and give a brief
overview of the state of ensemble work with NV centers. It will motivate the use of
circularly polarized microwaves for NV ensembles, and show the application for vector
magnetometry with NV ensembles and where OCT control of NV ensembles may bene-
fit these applications including a proposal for a chemical sensing device with NV ensembles.

Chapter two will introduce the NV center in single crystal diamond, its energy level
structure and ground state Hamiltonian. It will also provide a description of each of the
four NV orientations in single crystal diamond in the common lab frame for three typically
used diamonds in NV experiments. For NV ensemble work, it is critical to have a good
understanding of the physical space the NV centers occupy within a single crystal diamond.

Chapter three introduces the general control Hamiltonian used for any single NV and
then expands to NV ensembles using the same microwave configuration. Following this,
it will detail the control capabilities of optimal control theory pulses for NV ensembles,
simulated for the (100), (110) and (111) diamond orientations. Several key examples will
be shown for either collective targets operation for all NVs or selective control on each of
the four orientations.

Chapter four describes the necessary experimental configuration to achieve the OCT
experiments outlined in chapter three. It details the optical and microwave configuration
required for NV ensemble experiments. It will first describe the general layout and function
of each module of the design, and follow by characterizing and testing the function of the
design independent of the NV measurements.

Chapter five demonstrates several experiments conducted to learn the spin dynamics of
NV ensembles in a (100) diamond. It then uses the parameters collected through several
experiments to implement OCT experiments with helical control on NV ensembles.

Chapter six discusses the next steps and future applications of quantum sensing using
ensembles of NV centers in a single crystal diamond, and expansion of experimental testing
to other diamond orientations beyond the (100) diamond.
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1.3 Attraction and Applications of NV ensembles

NV centers are highly useful quantum centers, most notably for their ability to be used at
room temperature, sensitivity to external magnetic fields, optical initialization and optical
read out schemes, [59]. As a colour center in a diamond, it benefits from the thermally and
mechanically stable lattice, chemically inert environment and biocompatibility, [1]. This
expands the applications of NV centers for imaging small magnetic fields, [91], DC and
AC magnetic field sensing [1, 10], sensing crystal strain in the diamond lattice, [70, 71],
and use of its photon emissions for quantum internet nodes [85], to name a few. This is
by no means a complete list, but is meant to display the versatility of applications of the
NV center.

The NV center is one of many lattice defects in the diamond crystal. It is created
by substituting one carbon with a nitrogen and removing an adjacent carbon to create a
vacancy site, [64, 59]. The bond between the nitrogen and vacancy may be found pointing
to any of the four vertices of the characteristic tetrahedral lattice shape within a single
crystal diamond, giving four NV orientations, [59]. Under normal growth conditions in a
single crystal diamond, the distribution of the orientations are uniform, [82].

Ensembles of NV centers have improved sensitivity to magnetic fields compared to us-
ing a single center as the sensitivity is proportional to

√
N where N is the number of useful

centers, [59, 91, 113]. However, using ensembles of NV centers does not come without its
challenges compared to using a single NV center. Increasing the density of NV centers
in the crystal in turn creates other unwanted lattice defects such as sole substitutional
Nitrogen (P1 centers), and adds more crystal strain in the diamond, and temperature de-
pendence; both limiting the coherence of NV centers [3, 14, 24, 101]. The lifetime of the
NVs have also been shown to be dependent on the alignment of an external static magnetic
field with the principle axis of the NV center, [55, 101]. Naturally, as the volume of NVs
of interest is increased, the homogeneity of the microwave field would vary enough over all
centers to influence the control of the ensemble, [125].

Many experiments have focused on enhancing the properties of NV ensembles, including
lifetimes, through improved growth conditions of diamond crystals, [8, 13, 21, 30, 39, 45, 74].
There has also been work in improving the collection efficiency of NV ensembles through
fabricating structures out of diamond or collecting on the side of the crystal, [58, 74].
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The most notable piece to consider with the use of NV ensembles are their orientations
within the diamond crystal lattice. As the diamond crystal lattice is a tetrahedral struc-
ture, the NV may be found in one of four orientations, its principle axis pointing towards
one of the four vertices. This presents a challenge as both the optical and microwave con-
trol fields are sensitivity to the projection onto the principle axis of the NV orientation.

Control over all four orientations enhances the sensing capabilities of NV ensembles,
by increasing the number of useful centers within the NV volume by up to four times.
Additionally, selective control over each of the four orientations is very useful in vector
magnetometry. There has already been work demonstrating use of all four orientations for
vector magnetometry, by sequentially or simultaneously controlling all centers with multi-
ple microwave frequencies, [120, 123]. These techniques have also been used for detecting
both magnetic field and temperature simultaneously, [97].

This thesis will present the use of OCT techniques to use all four orientations of NVs in
the ensemble. This is not the first attempt at using OCT methods for NV ensembles, OCT
has been used to develop pulses robust to the hyperfine coupling to the Nitrogen nuclear
spin, [86]. As well, a thorough review on OCT works for Nitrogen-Vacancy Centers was
published recently, [89]. OCT pulses are also not the only solution for improving the
control, with composite and other advanced pulse sequences having been demonstrated
for NV ensembles, [78, 118, 129]. This thesis presents a general model for NV ensembles
in the (100), (110) or (111) oriented diamond and demonstrate OCT pulses in the (100)
diamond.
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1.4 Addressing Selective Transitions with

Helical Microwave Sources

In this thesis, circularly polarized (helical) microwaves are used to study the behaviour of
the NV ensembles, and to demonstrate the OCT controls simulated in chapter three and
implemented in chapter five. Use of OCT controls expands the capabilities of selective
single transitions in the NV ground state without the use of an additional static magnetic
field. The ground state of the NV center is a triplet state, with the states |0〉 and |±1〉
split by a zero field splitting, [64]. In the absence of a static magnetic field, the |±1〉 states
are degenerate, [64]. A convenient way to address the single transitions between the |0〉
and |+1〉 or |−1〉 states is to add a static magnetic field to split the degeneracy between
the |±1〉 states, [1, 10]. A linear microwave source on resonance with either the |+1〉 or
|−1〉 state will selectively address each transition from the ground state zero. As the other
transition is so far off resonance from the selected one, it is very unlikely it will be populated.

While the |±1〉 states are degenerate, they are sensitive to the polarization of the in-
coming microwave field. Using circularly polarized microwaves as the microwave source
allows for selective transitions between the |0〉 and |+1〉 or |−1〉 to be achieved in the
absence of a static magnetic field. Demonstrating selective transitions between the ground
states of the NV in the absence of adding a static magnetic field with circular polariza-
tion has been shown in a few works for both single NVs and ensembles of NV centers,
[6, 60, 77, 121, 122, 127, 128].

Two linearly polarized sources are used to create circularly polarized microwaves, by
changing the relative phase between the two channels. The most simple designs for achiev-
ing circularly polarized microwave controls use two [60, 77, 128] or four [122] parallel
microstrips, or two perpendicular microstrips [6]. Optimization of these designs with a
ring structure, parallel lines or crossed microstrips are shown in [121].

Using circular polarization to address the selective transitions has its advantage over
using a static magnetic field and linearly polarized microwave source. Using circularly
polarized microwave sources increases the Rabi oscillation frequency and contrast for the
same comparative linear source strength, [122]. Circularly polarized microwaves pave the
wave for zero-field magnetometry devices with NV centers, [60, 127, 128]. This thesis will
demonstrate selective transitions for an ensemble of NV centers using circularly polarized
microwave sources from two parallel microstrips.
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1.5 Vector Magnetometry with NV ensembles

The successful implementation of OCT controls for NV ensembles expands the already
impressive range of applications for NV ensembles, in particular their use for vector mag-
netometry. The applications of using NV ensembles for vector magnetometry have been
demonstrated in many works, [34, 51, 57, 61, 75, 83, 103, 108, 109]. They have also been
used to image 2D magnetic fields, [83, 103], bacteria and molecules attached to the surface,
[34, 51, 57, 75], and magnetic fields for integrated circuits, [108, 109] to list some examples.

NV ensembles are a wonderful medium for detecting vector quantities because they
have four orientations in the single crystal diamond. Magnetic fields may be recon-
structed by measuring the projection of the field on each one of these four orientations,
[66, 93, 107, 112, 119, 126]. The most simple method to measure a vector quantity is
through a optically-detected magnetic resonance (ODMR)-continuous wave (CW) mea-
surement. In the absence of an external magnetic field, the |±1〉 ground states of the NV
are degenerate. Adding an external field splits these levels proportional to the strength of
the external field projected along the NVs’ principle axis. As the same field will project
differently onto the four principle axes of the NVs within a single crystal diamond, the
Cartesian coordinates of the external field may be re-constructed using the measurements
from each orientation, [66, 93].

Enhancements to this scheme for both DC and AC field sensing, involve pulsed ODMR,
pulse quantum filtration, Ramsey fringe and Hahn echo experiments, [38, 53, 112, 119, 126].
Other improvements to vector magnetometry with NV ensembles acquire the signal from
the four orientations of the NVs simultaneously rather than sequentially, reducing the
length of experiment by four times and also boosting the sensitivity, [53, 93].

Much of the advancement in simultaneous detection of all four orientations is owed to
using multiple microwave frequencies to address the resonant frequency of each of the four
axis of NVs with the addition of a static field, [93, 119]. Along a different vein, other
work has focused on growing the NV ensemble along one axis, so there is only one of
four orientations present allowing the field to be reconstructed, [107]. OCT control of NV
ensembles not only allows for simultaneous control of all four orientations, but also allows
for selective control of each orientation, further illustrated in the following section.
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1.6 Chemical Sensing with NV Ensembles

The material properties of diamonds make them an excellent medium for chemical sens-
ing. Even without incorporating NV centers, diamonds have been used as an alternative
to glass based substrates for chemical sensing, desired for their mechanical and chemical
stability, outperforming other materials.

As the growth process of CVD diamond typically involves the use of methane and hy-
drogen gases, this results in a hydrophobic, hydrogen terminated surface. Having an inert
hydrogen surface prevents unintended bonding of other chemical species to the surface al-
lowing for more specific functionalization. Additionally, the hydrophobic surface prevents
unwanted water build up, which in turn prevents hydrolysis of the desired functionalized
groups, allowing diamond based sensors to be used for longer periods of time compared
with other more hydrophilic materials. Last, a lack of water on the surface prevents the
functionalized groups from bonding together with Van der Waals forces, reducing their
potential to bond with the desired target molecules, [20, 87, 102].

Diamonds have been functionalized with many different schemes for biological or chem-
ical sensing, [20, 102, 116]. One such scheme is to alter the surface to be terminated with
a carboxyl group, expanding the options for attaching other functional chemical species to
be sensed, [105].

Incorporation of NV centers as the chemical sensing scheme further expands diamonds’
chemical sensing capabilities. Use of NVs for chemical and biological sensing has already
been demonstrated in numerous works. This has been shown and is not limited to, sensing
and transferring the polarization of the NV centers to nuclear species on the surface of the
diamond [7, 16, 25, 33, 40, 65], sensing biological tissues, neural action potential and small
molecules [11, 48, 105], and sensing surface bacteria and molecules, [34, 51, 57, 75].

A proposal for one such chemical sensing scheme is outlined in figure 1.1. There are
many options for sensing chemical species on the surface of diamonds, this is merely an
example to illustrate the adaptability of diamond based sensors, and how they may be
enhanced with the inclusion of OCT protocols for controlling ensembles of NV centers.
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Consider an ensemble of NV centers uniformly distributed throughout a bulk single
crystal diamond. The figure shows the four orientations of NV, with their principle axes
highlighted with the vector. Below the diamond are two parallel microwave microstrips
used for the control of the NV ground state (black rectangles). On the surface of the
diamond, are an array of DNA aptamers (single stranded DNA) (black lines), with a
Gadolinium (Gd) particle attached to one end (blue circle). Gd is a spin-7

2
particle, com-

monly used in a few NV sensing schemes, [50, 105]. DNA aptamers are designed to have
preferential binding to target molecules, [79]. As the aptamer is capable of conformation
change, it will wrap around the target molecule (green star) when the target is within
close proximity of the aptamer. In doing so, this changes the distance of the Gd particle
relative to the NV centers within the diamond. In this sensing scheme, it is this distance
change (∆d) that is being detected by the NV centers. This may be done in a binary case
of detecting an extended or collapsed aptamer. The adaptability may also be seen in this
case, as a simple way to change the target molecule being sensed is to simply change the
DNA aptamer attached to the surface of the diamond.

d

Figure 1.1: A proposed scheme for chemical sensing with OCT. In this protocol, a bulk
single diamond contains an ensemble of NV centers. Their principle axes are indicated
with the black vector. DNA aptamers are attached to the surface, each terminated with
a Gd particle (blue circle). As DNA aptamers are sensitive to target molecules (green
star), they will undergo a conformational change in its presence, changing the distance of
the Gd particle relative to the NV ensemble. OCT pulses sourced with helical microwaves
enable the use of all four NV orientations, enhancing the ability to detect this distance
change (∆d). OCT enables this scheme to be easily adaptable to other sensing protocols
and applications without changing the experimental setup.

8



NV ensembles increase the sensitivity to magnetic fields, an attractive quality for chem-
ical sensing protocols. As NV centers have principle axis systems orienting in four possible
directions, the control of all four orientations is non-trivial. Some experimental setups
circumvent using all four orientations by suppressing the signal of all but one orientation
by changing the incoming optical polarization, [5, 110]. In other cases, there has been
an effort in growing diamond crystals which preferentially grow NV centers, reducing the
number of orientations, [35, 82, 107].

Increasing the control of the NV ensemble from one orientation to all four orienta-
tions expands the experimental applications and enhances existing schemes. In the above
example, controlling all four orientations simultaneously and having them behave as one
collective qubit, increases the signal by four times, compared to only using one orientation.
For more complex protocols, selective operations on each of the four orientations allows
for multiplexing through sequential or simultaneous measurements.

As previously discussed, there are schemes involving multiple microwave frequencies to
control all four orientations, but this comes at a cost of adding complexity to the exper-
imental setup. OCT techniques offer a solution to controlling all four orientations while
keeping with a modest setup design which is easily adaptable to future portable chemical
sensing devices.

To maintain this compact design, the OCT controls are implemented with two par-
allel microstrips, represented in the figure above. Using two independently controlled
microstrips provides a helical microwave source, enabling access to single transitions of
the ground state without the use of an external magnetic field. Access to these single
transitions has been demonstrated previously, but in these cases great care was taken to
position the NV ensemble where the use of circularly polarized microwaves would be at the
greatest advantage. The ensemble was at a specific height and in the middle between the
two microstrips, [60, 77, 128]. In this thesis, selective transitions are demonstrated for an
arbitrary position of the active NV ensemble away from the microstrips enabled by OCT
controls, allowing for a more generalized device fabrication and chemical sensing schemes.

The following chapters will detail the theory for designing optimal control theory pulses,
building an experimental setup suitable for NV ensemble measurements and last, a demon-
stration of NV ensembles experiments including an implementation of OCT experiments.
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Chapter 2

Nitrogen Vacancy Centers in
Diamond

This chapter will introduce the nitrogen vacancy (NV) center, giving a brief description
of the main aspects of the energy level structure. Addressing first the optical transitions
for initialization and readout, and then the microwave transitions for ground state control.
Following this, the ground state Hamiltonian will be introduced, and address which aspects
are important for this work. Last, a visualization of the NV center in the diamond lattice
unit cell, and further expanding this to how the four orientations of NV center reside in
the common lab frame for three diamond crystals will be presented.

2.1 The Energy Level Structure of the NV Center

The NV center is a common lattice defect in the diamond crystal. It is formed by substi-
tuting a carbon with a nitrogen, and removing an adjacent carbon to form a vacant lattice
site (vacancy), [92]. The NV center may be in a NV0 or NV−, the difference between them
being the absence or presence of an electron in the vacancy, [30]. The NV0 and NV− can be
easily differentiated as they differ in spin. The electronic ground state of the NV0 center is
an effective spin-1

2
particle, while the NV− center is an effective spin-1 particle, [9, 12, 67].

In addition, the NV− center has a spin-state dependent optical initialization and read-out
scheme while the NV0 does not, [9, 12, 67]. In this thesis, the NV− is the center being
studied, and will be referred to as an NV center for simplicity.
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In the lattice, the two unpaired electrons from the Nitrogen, three unpaired electrons
from the surrounding Carbon atoms, and the electron in the vacancy combine to form the
effective electronic spin-1 ground and excited states of the NV− center, [67, 92] . There are
also two singlet states present, which are not directly accessible through optical transitions.

A simplified version of the energy structure of the NV center is shown in figure 2.1.
The NV center contains two regimes of transitions, optical and microwave. The optical
transitions are used to initialize and readout the state of the NV center, while the microwave
transitions control the ground state, [59, 67, 92].
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Figure 2.1: The NV Energy Level Structure with main states and transitions. Both the
ground and excited states have single and triplet states. The zero field splitting (ZFS) in the
ground state permanently splits the |0〉 and |±1〉 states. The ZFS (2.87 GHz) lies along the
principle axis system (P.A.S); also the quantization axis of the NV. An external magnetic
field induces a Zeeman splitting on the |±1〉 state, lifting the degeneracy proportional
to the strength of the field projected onto the P.A.S. The NV center may be excited
and controlled using a combination of optical and microwave transitions. The optical
transitions initialize and readout, while the microwave transitions control the ground state
energy levels. At room temperature, green light excites off resonantly from the ground state
beyond the excited state to a vibronic band, which quickly decays to the excited state in
a spin conversing transition. When exciting from the |0〉 ground state, all spins return to
the ground |0〉 state, releasing a red photon, in a cycle of 13 ns. However, when excited
from the |±1〉 ground state, through inter-system crossing (ISC) promoted by spin-orbit
coupling, the excited |±1〉 states have a ≈ 1

3
chance of decaying to the singlet states. The

singlet states have a delayed decay of ≈ 300 ns back to the |0〉 state, making on average
less photons emitted when decaying from the |±1〉 excited state than the |0〉 state. This
allows for optical readout of the NV center ground state, as the |0〉 state give on average
more red photons than the |±1〉 states, known as the bright and dark states. There is a
release of infrared (IR) light (1042 nm) released during the singlet state transitions, an
alternative method of detection, [2, 29].

To excite the optical transitions of the NV at room temperature, a green laser is applied
off resonantly at 532 nm (563 THz) which excites from the ground state to a vibronic state
located above the excited state of the NV. There is a fast decay from the vibronic state to
the excited state of the NV center, resulting in a spin conserving optical transition from the
ground to the excited state. On the decay from the excited state to the ground state, the
NV releases a red photon in a range from ≈600 nm to 750 nm, in another spin-conversing
transition.

There are three spin states, |0〉 , |+1〉 , |−1〉, in the ground state of the NV center. In
the absence of a magnetic field, the |±1〉 states are degenerate, and separated from the |0〉
state by 2.87 GHz, the ZFS. The ZFS lies along the principle axis system of the NV. When
a static magnetic field is applied, the portion which lies along the P.A.S of the NV splits
the degeneracy of the |±1〉 states, proportional to the strength of the external field.
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To control the ground state population of the NV center, microwaves are applied at
2.87 GHz in the absence of a magnetic field. The frequency of the microwaves are changed
in the presence of a magnetic field to lie on resonance with either the |+1〉 or |−1〉 state
to achieve select transitions between the |0〉 and |+1〉 or |−1〉.

Optical transitions may not only be used to initialize the NV but to readout the ground
state as well. The ground state of the NV is read-out by comparing the intensity of red
photons released from the |0〉 and |±1〉 states. When the NV is excited from the |0〉 state,
the state will transfer from the ground to the excited |0〉 state, and then relax back to the
ground state, releasing a red photon, in a lifecycle of 13 ns, [42, 67, 92].

If microwaves are applied to populate the |±1〉 state and the NV is excited from here,
the state will reach the |±1〉 excited state. In this case, there are multiple pathways for
decay to the |0〉 ground state. In roughly ≈2/3 of the transitions, the states will decay
back to the |±1〉 in the ground state, releasing a red photon, followed by a fast vibronic
decay back to the |0〉 state. However, the remaining ≈1/3 of the time, the states will travel
to the singlet states by way of ISC from spin-orbital coupling [90]. Once in the excited
singlet state, there is a decay to the ground singlet state, with a release of an infra-red
photon (1042 nm), and then an eventual decay back to the ground state |0〉 once again.
The transition from the singlet to the ground state |0〉 is delayed by 300 ns, [42, 67]. Due
to the alternative pathway which does not release a red photon on decay and the extended
lifecycle of the delayed transition back to |0〉, the average amount of red photons emitted
from the |±1〉 excited state compared to the |0〉 state is less. Optical readout is achieved
by the intensity of red-photons being released from the NV center, with the |0〉 state being
the bright state and the |±1〉 states being the dark states, [4].

NVs are initialized to the |0〉 ground state with a continuous pumping of the laser. All
pathways, whether by a continuous excitation of the |0〉 state, or by the spin-conserving
and fast vibronic decay of the |±1〉 states, or by the ISC path, all eventually lead back to
the ground state |0〉. Thus just simply leaving the green laser on for some initialization
time, populates the |0〉 state and initializes the NV.

The energy level of the NV describes both the optical and microwave transitions for
the NV center. The optical transitions initialize and are used to readout the ground state,
while the microwave transitions control of the ground state. Having provided a description
of the energy level of the NV center, the ground state Hamiltonian may now be described.
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2.2 The NV Center Ground State Hamiltonian

The Hamiltonian of the NV center describes the dynamics of the ground state, including
the relationships within the NV center and may include interactions with nearby spins
in the diamond lattice, and the conditions on the lattice itself. Equation 2.1 shows the
Hamiltonian which describes the ground state energy levels for an NV center. Recalling the
contribution of the three electrons from the neighbouring Carbons, two from the Nitrogen
and the last from the electron found in the void combine to form an effective spin-1 particle,
for an NV−, [26, 56, 81, 88].

H = ∆S2
z + E(S2

x − S2
y) + γe ~B · ~S + γN ~B · ~IN

+ γC ~B · ~IC − AN ~S · ~IN − AC ~S · ~IC +QI2Nz
(2.1)

The zero field splitting (ZFS), (∆S2
z ), is a permanent splitting in the ground state of

NV, with a magnitude of 2.87 GHz, [56, 81]. There is a transverse zero field splitting
component as well E(S2

x − S2
y), but unless lattice conditions in the diamond crystal are

outside normal conditions, for example, large amounts of non-axial strain is present, this
term is often neglected [92].

The ground |±1〉 states are degenerate in the absence of a magnetic field, but in the
presence of a static magnetic field, will split, according to a Zeeman interaction, shown as
the γe ~B · ~S.

The nuclear spin of the nitrogen, with its most common isotope being N14 (99.6%
abundance) also contributes a nuclear spin-1, and is sensitive to the presence of an exter-

nal magnetic field, as seen with the γN ~B · ~IN term, [22, 47]. It is possible the nitrogen
isotope be an N15 (3.4% abundance), which contributes only a spin-1

2
nuclear spin, also

sensitive to an external magnetic field, [22]

There is a hyperfine splitting between the electron and nitrogen nuclear spin, AN ~S · ~IN ,
with axial strength of 2.3 MHz and transverse strength of 2.1 MHz, [81, 88, 117]. Addi-
tionally, as the N14 nuclear spin is larger than spin 1

2
, there is a nuclear quadropolar term

QI2Nz (-5.04 MHz), [81, 88].
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The NV center is not the only spin particle found within a diamond lattice. While
the diamond lattice consists of mostly carbon-12 atom (spin-0), there are also carbon-13
(spin-1

2
) at 1.1% natural abundance [30]. As such, there may be a hyperfine interaction

with the carbon-13 nuclear spin as well, included in the AC ~S · ~IC term, and the zeeman
term, γC ~B · ~IC , for the nuclear carbon-13 [15, 22, 42, 88]. There are many additional lattice
defects involving one or multiple substitutional atoms, [92]. These contribute to the overall
spin bath of the diamond lattice, but the details of these are beyond the scope of this thesis.

The experiments performed in this work are in zero applied field, and in a low strain
crystal so the Hamiltonian reduces to ∆S2

z . As it lies along the P.A.S of the NV center,
this term in real space has one of four orientations. The following section will show a
visualization of the P.A.S. of each of the four orientations of NV center in the crystal
lattice.
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2.3 Nitrogen Vacancy Centers in the Single Crystal

Lattice

Now that the energy level and Hamiltonian for the NV center have been defined, a visual-
ization of the center in the diamond unit cell is provided. Following this, a figure of each of
the four NV centers in three common diamond crystals are shown in the common lab frame.

Figure 2.2 shows the basic structure of the NV center within the diamond unit cell.
The diamond unit cell is a face centered cubic lattice structure, with a total of 8 Carbon
atoms, [54, 95]. The figure displays the nitrogen (red) and vacancy (blue) for each of
the four possible orientations within the unit cell. The bond between the nitrogen and the
vacancy form the P.A.S of the NV center, thus with four orientations, there would be four
directions of the P.A.S within the crystal, [92] .

Figure 2.2: Four orientations of an NV center in a diamond lattice unit cell. An NV Center
is formed by replacing a carbon atom (black) in a unit cell of a diamond with a nitrogen
(red), and removing an adjacent carbon to create a vacancy (blue). The vector between
the nitrogen and vacancy forms the P.A.S of the NV Center. As the Nitrogen and Vacancy
may replace any pair of Carbon atoms in the lattice, there may be four orientations of the
NV center and therefore four P.A.S. within a diamond crystal.

The NV center is an sp3 hybridized structure, with each of the four P.A.S oriented,
109.471◦ relative to each other, [26, 32]. It should also be noted that the position of the
Nitrogen and Vacancy may also be swapped, and so the negatives of these orientations are
also possible. Only the four oriented listed here will be used, as the eight are a reflection
of the two sets of four. Within the crystal frame, the NV bonds are labelled as (1,1,1),
(-1,-1,1), (-1,1,-1), and (1,-1,-1), [82].
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NV experiments focus on three main diamond single crystal cuts; (100), (110), and
(111), each useful for different applications, [32, 54, 82]. The name (100), (110), and (111)
refers to the vector perpendicular to the face of the diamond crystal. While the relative
angle between each of the NV orientations within the crystal has not changed as the crystal
structure does not differ between the (100), (110) and (111) diamonds, the relative angle
between the NV and the face of the diamond does change. In this thesis, the model and
simulations were developed for the (100), (110) and (111) orientations, and experiments
performed on the (100) diamond.

Visualizing NV Centers in the common lab frame

It is important to consider the orientation of each NV center within the common lab
frame. As the control Hamiltonian is defined by coordinates in the lab frame, and projects
uniquely onto each of the NVs, an understanding of their orientations in the lab frame
is critical. Figure 2.3 shows the four orientations of NV centers within the (100), (110)
and (111) diamonds, where the surface of the diamond lies along the xy plane. The “z”
axis represent each of the (100), (110) and (111) vectors, perpendicular to the face of the
diamond, and is also in line with gravity in the lab frame. As the z-vector of the diamond
crystal has been placed inline with the “z” axis in the lab frame, this figure represents the
orientation of the NV centers in the lab frame.

Recall that the diamond lattice between each of the (100), (110) and (111) crystals are
the same, thus the orientation between each of the NV centers does not change within the
crystal structure. What is different is the vector defining the face of the diamond, which in
turn changes the orientation of the NV centers relative to the surface, as is being reflected
in the figure.
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(100)

(1,-1,-1)

(-1,1,-1)

(-1,-1,1)

(1,1,1)

Z

X
Y

(110)

Z

(1,-1,-1)

(1,1,1)

(-1,1,-1)

(-1,-1,1)

Y

X

(111)

Z
(1,1,1)

(-1,-1,1)

(1,-1,-1)

(-1,1,-1)

Y

X

Figure 2.3: Recalling that there are three single crystal diamond orientations commonly
used for NV experiments, labelled, (100), (110) and (111). The four NV geometries within
each single crystal diamond change relative to the surface of the diamond. The figure
shows the NV P.A.S relative to the surface of the (100), (110) and (111) diamond, which
has been placed inline with the lab frame. The “x”, “y” and “z” axis here are represented
in the lab frame, with the surface of the diamond lying along the xy plane, and the (100),
(110) and (111) axes pointing along the “z” axis (along gravity) in the lab frame.

Looking at each orientation more closely, the (100) diamond has the NVs symmetrical
about the xy-plane, with the (1,-1,-1) and (1,1,1) orientations oriented 54◦ above the xy
plane, and the (-1,1,-1) and (-1,-1,1) oriented 54◦ below the xy plane. In addition to sym-
metry about the xy plane, there is also symmetry about the “z” axis, having the (1,1,1)
and (-1,1,-1) rotated a positive 54◦ from the “z” axis and the (1,-1,-1) and (-1,-1,1) being
a negative 54◦ from the “z” axis. The procedure to solve for these angles will be shown in
chapter three (section 3.1.2), but are summarized here to gain an intuition. With respect
to the surface of the diamond, this is the most symmetrical orientation the NVs may be
presented as they are split equally about the “z” axis and xy plane. This symmetry will
be advantageous for ensemble control of the NV centers.

The (110) crystal has the (1,-1,-1) and (-1,1,-1) NVs lying along the xy plane, oriented
109◦ apart on this plane. The (1,1,1) and (1,-1,-1) lie 35◦ and 144◦, off the “z” axis, notably
also separated by 109◦. Recall that 109◦ is the bond angle for an sp3 hybridized structure.
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The (111) crystal is unique from the other two in that the “z” axis in the lab frame, “z”
axis of the crystal frame and the “z” axis of the (1,1,1) NV all lie along the same vector.
The other three NV orientations lie 109◦ away from the “z” axis. The (111) diamond is the
easiest to visualize as the characteristic sp3 hybridized structure, because one of the P.A.S
points in the positive z-direction. It is important to remember all three crystal orientations
have this same structure, they are simply rotated relative to the crystal’s face.

This chapter provided the description of the energy level, ground state Hamiltonian
and a good visual representation for the orientations of the NV centers in the lab frame
for each of the three crystals being studied. Chapter three will now provide the procedure
of how to rotate the NV centers from their native frame dictated by their P.A.S to the
crystal frame and subsequently to the lab frame, so as to arrive at the figure shown in this
chapter. Following this, each of these three crystal structures will be explored in detail to
arrive at the control Hamiltonian used to create the control parameters for optimal control
theory pulses.
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Chapter 3

Optimal Control Theory Techniques
for NV Center Ensembles

Chapter two described the energy level structure, ground state Hamiltonian and concluded
with a visualization of each nitrogen vacancy (NV) center in the common lab frame. In
this chapter, the control Hamiltonian for each orientation will be described so OCT pulses
may be designed for NV ensembles. It will then show key examples of optimal control
theory (OCT) pulses for the most commonly used single crystal diamonds.

OCT optimizes a set of controls based on the given input control parameters, initial
conditions and control algorithm. Using these inputs, the algorithm optimizes the control
parameters to find the desired output target. Practically, this may be realized through
experiments such as optimizing the spacing time between applied π pulses to minimize the
sensitivity to magnetic fields as a function of the total sensing time and the phase of the
sensing field, [84]. In other instances, gradient and non-gradient based algorithms are used
to create shaped pulses designed to find desired target unitaries or state-to-state transfers
based on a set of input controls, cost functions and Hamiltonians, [89].

In this thesis, the gradient based gradient ascent pulse engineering (GRAPE) algorithm
is used to design shaped pulses which realize state-to-state transfers of NV centers for all
four orientations in a single crystal diamond. The inputs to the algorithm include the ini-
tial state, control Hamiltonians for each NV orientation, control parameters given by the
microwave control field, time step resolution of the shaped pulse and total time of the pulse.
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The control Hamiltonians are designed to include the four orientations of NV cen-
ters with a generalized microwave source. The OCT controls have also been designed to
demonstrate selective control of each orientation in the absence of a static magnetic field
and without the restriction of having a known geometric location of the NVs. There have
been previous works showing selective transitions for single and ensembles of NVs in the
absence of magnetic field, [6, 60, 77, 121, 122, 127, 128].

The quantization axis of the NV center lies along the principle axis system (P.A.S).
This vector is defined by the bond between nitrogen and vacancy in the crystal lattice.
Ensembles of NVs, require control of the four P.A.S in the crystal. An incoming control
field would project differently onto each principle axis, making the control solutions non-
trivial.

Outside of OCT control, some approaches to ensemble experiments focus on reduc-
ing the number of active orientations. One strategy is to select only one orientation by
suppressing the fluorescence from the others with a chosen optical polarization, [5, 110].
Another solution involves changing the growth of the crystal structure, so the lattice
grows preferentially along one axis, reducing the distribution of NV center orientations,
[35, 82, 107].

Chapter one also described experiments using multiple microwave frequencies to ad-
dress each orientation, [93, 119]. OCT controls are able to find a pulse to target all four
NV orientations within a single crystal in the absence of a magnetic field, with two inde-
pendently controlled microwave channels.

In this thesis, a general solution for the design of the control Hamiltonian is presented
for OCT control of NV ensembles. In the first section of this chapter, the generalized
control Hamiltonian will be described for any single NV orientation in any of the three
chosen single crystal diamonds (100), (110), and (111). This will be followed by describing
an ensemble of NVs within one single crystal for any incoming control field in the absence of
a magnetic field. In the second part of the chapter, simulated OCT controls will be shown
using a 2D magnetic field generated by two parallel microstrips, detailing key examples of
NV ensemble control on the (100), (110) and (111) diamonds. Chapter five will use the
insight from the simulations completed in this chapter to demonstrate experimental OCT
control on the (100) diamond.
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3.1 Describing the Control Hamiltonian

This section will describe the control Hamiltonian capable of performing OCT experiments.
First, a description of the eigenstates and values of the NV center ground state are found.
This is followed by expressing the control Hamiltonian and NV Hamiltonian in the same
frame. As the control Hamiltonian is defined by microwave fields in the lab frame, and the
NV frame is defined by its principle axis, these must be described in the same frame so
that the effective Hamiltonian may be found. The effective Hamiltonian is described for
both a single NV along any principle axis and then expanded to an ensemble of NVs. Once
the effective Hamiltonian is found, for a general microwave control field, an experimental
configuration is added to describe the control Hamiltonian reflective of the experimental
setup. Following this, OCT pulses will be simulated using the effective Hamiltonian to
demonstrate collective and selective control on NV ensembles in the (100), (110) and (111)
diamonds.

3.1.1 The Eigenstates and Values of the NV Ground State
Hamiltonian

To begin describing the control Hamiltonian for an NV center ensemble, eigenstates and
values for the ground state Hamiltonian must be defined. As explored in chapter two (sec-
tion 2.2), the crystal conditions allow for only the zero field splitting term of the ground
state Hamiltonian to be included, so the eigenstates and values are quite simple.

As the NV− center is an effective spin-1 particle, spin-1 (Sx, Sy, Sz) operators are used;
outlined in their matrix form below:

Sx =

 0 1√
2

0
1√
2

0 1√
2

0 1√
2

0

 ;Sy =

 0 −i√
2

0
i√
2

0 −i√
2

0 i√
2

0

 ;Sz =

 1 0 0
0 0 0
0 0 −1

 ; (3.1)

As these experiments will be conducted in the absence of a magnetic field, only the zero
field splitting (ZFS) term of the ground state Hamiltonian will be considered, H = ∆S2

z .
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The eigenstates are listed below:

|−1〉 =

 1
0
0

 ; |0〉 =

 0
1
0

 ; |+1〉 =

 0
0
1

 (3.2)

With eigenvalues:
λ|−1〉 = ∆; λ|0〉 = 0; λ|+1〉 = ∆ (3.3)

Typically, to address selective transitions between the |0〉 → |+1〉 or |−1〉, a static field
is added to split the degeneracy between the |±1〉 states. The control field is then put
on resonance with one of the two split states so the transition between the |0〉 and |+1〉
or |−1〉 state is favoured and the other state remains unpopulated, [80, 81]. While this
does allow to treat the NV as an effective spin-1

2
particle, it does so while sacrificing the

sensitivity to external magnetic fields that are aiming to be detected, [122].

While the |±1〉 states are degenerate, the transitions between them are sensitive to the
polarization of the incoming microwave control field. Selective single transitions from the
|0〉 → |+1〉 or |−1〉 may be achieved through the use of circularly polarized control fields,
[6, 60, 77, 121, 122, 127, 128]. Additionally, using circularly polarized microwaves grants
access to the |±1〉 state manifold, which enhances the sensitivity to external magnetic fields,
[76]. Circularly polarized controls are created by combining the fields from two linearly
polarized microwave sources. The details of creating circularly polarized microwave control
fields will be discussed in chapter four (section 4.3).
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3.1.2 Expressing the Control Hamiltonian and NV Principle Axis
System in the Same Frame

The control Hamiltonian is defined by microwave fields in the lab frame, while the NV
centers’ frame is dictated by its principle axis. As there are four orientations of NV centers
within a single crystal diamond, the control Hamiltonian will project differently onto each
of the four orientations of NV centers. Recall the four P.A.S of the NV centers are oriented
109.471◦ relative to each other, consistent with a sp3 hybridized structure, [26, 32]. For a
visualization of how the NVs are oriented within the diamond lattice structure, refer back
to figure 2.2.

To account for how the control Hamiltonian will project onto each of the four orienta-
tions, three frames are considered. These are labelled the NV frame, crystal frame and lab
frame.

Before proceeding, the “z” axis of each frame can be defined. This is where most of the
frame transformations will be centered about.

• NV P.A.S: The vector between the Nitrogen and the Vacancy within the diamond
crystal forms the P.A.S. This marks the NVs “z” axis. It is also the quantization
axis.

• Diamond crystal: (100), (110), (111) indicates the vectors perpendicular to the
diamonds crystal face and the diamonds “z” axis.

• Lab frame: Gravity marks the negative “z” axis. This may also be chosen as the
optical “z” axis. Gravity was chosen as it is easier to visualize.

Recalling back to chapter two, figure 2.3 shows each of the four NV centers P.A.S in
the lab frame for each diamond crystal. The rotation from the NV to the lab frame may be
broken into two stages. The first rotation stage is to find a rotation matrix which takes the
“z” axis of the diamond crystal to the lab “z” vector. The second stage is to find a rotation
matrix which takes the NV principle axis z vectors to the diamond crystal z vectors. The
product of the two rotations will take the NV P.A.S to the lab frame and the inverse, the
lab frame to the NV.

24



The bonds that form the diamonds’ lattice all lie along the (1,1,1) axis. The crystal
orientation is defined as the vector perpendicular to the face that the diamond was cut
along. This is found in a (100), (110) or (111) orientation, shown in figure 3.1. Cutting
the face of the diamond along the three different axes changes the relative orientation of
the (1,1,1) bond, the NV bond, relative to the surface. This does not change the relative
orientation of NVs relative to each other.

Figure 3.1 shows the diamond crystal “z” axis (red) and lab frame “z” axis (blue,
dashed). In the most trivial case, it is evident that the (100) diamond just requires a
simple π

2
rotation about the lab “y” axis to align the two axes. The (110) and (111)

crystals are not as trivial, but a general procedure to rotate can be found.

Zlab

(100)

(110)

(111)

Zlab Zlab

Figure 3.1: Rotating the diamond crystal “z” axis to the lab frame “z” axis. The lab frame
“z” axis is marked in (blue, dashed), while the diamond “z” vector is marked in (red).
The most trivial rotation is for the (100) diamond, which just requires a π

2
rotation about

the “y” axis to align the diamond (100) axis with the lab frame axis. The (110) and (111)
are less trivial, but a generalized solution can be found.
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As the frame rotations are not trivial, a generalized procedure is established. This is
listed below:

1. Normalize the starting vector being rotated (labelled ~a)

2. Find the cross product between the starting vector (~a) and the desired vector (~b) to
yield the rotation axis (~c)

3. Find the dot product between ~a and ~b to yield the rotation angle (θ(ab))

4. Create a rotation matrix, which rotates ~a about ~c by θ(ab) to arrive at ~b

Formally, the general form of the rotation matrix is given by the Rodrigues’ rotation
formula, where k is the rotation axis and θ is the angle of rotation. In practice, the rotation
matrices were found using the angles and rotation axis as inputs to the “RotationMatrix”
function in Mathematica.

R = 1 cos(θ) + [k]x sin(θ) + (1− cos(θ))kkT (3.4)

Applying this procedure finds, the resulting vectors ~cDL, and angles, θDL to rotate each
diamond crystal “z” vector to the lab frame “z” vector, shown in figure 3.2. As was seen
in the trivial case, rotating about the negative “y” axis by π

2
takes the (100) diamond to

the lab frame “z” axis. The (110) and (111) rotate about an axis on the xy plane, but with
different angles, to arrive at the lab frame “z”.

cDL for different Diamond Crystals

cDL θDL
(100) 0 -1 0 π

2

(110) 1
2

- 1
2

0 π

2

(111) 1
2

- 1
2

0 ArcCos 1
3


Figure 3.2: The vector ~cDL and angle θDL to rotate each diamond crystal “z” axis to the
lab frame “z” axis.

These vectors and rotations angles now yield the rotation matrix shown in figure 3.3.
This rotation matrix can now be applied to any vector in each diamond crystal to rotate
it to the lab frame.
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Crystal Rotation Matrix from Crystal to Lab Frame

(100)
0 0 -1
0 1 0
1 0 0

(110)

1
2 - 1

2 - 1
2

- 1
2

1
2 - 1

2
1
2

1
2

0

(111)

1
6 3 + 3  1

6 -3 + 3  - 1
3

1
6 -3 + 3  1

6 3 + 3  - 1
3

1
3

1
3

1
3

Figure 3.3: These rotation matrices may be applied to any vector in the diamond frame,
and have it rotated to the lab frame for each of the (100), (110) and (111) crystal lattices.

The rotation matrices are tested by applying them to the normalized crystal frame
vectors. When the rotation matrix is applied to the crystal vector, it is rotated to the lab
frame “z” axis. When the inverse of the rotation matrix is applied to the lab frame “z”,
each of the three crystal axes are found for the three rotation matrices.

Crystal Frame z Lab Frame z
1 0 0 0 0 1
1
2

1
2

0 0 0 1
1
3

1
3

1
3 0 0 1

Lab Frame z Crystal Frame z
0 0 1 1 0 0
0 0 1 1

2
1
2

0

0 0 1 1
3

1
3

1
3

Figure 3.4: The crystal frame “z” is multiplied by the rotation matrix for each crystal to
arrive at the lab frame “z” (left). Applying the inverse of the rotation matrix to the lab
frame z produces the crystal frame “z” (right).

The NVs may be labelled in their crystal axis description, which are permutations of
the (1,1,1) bond. The NVs in the crystal axis are labelled as (1,1,1), (-1,-1,1), (-1,1,-1) and
(1,-1,-1). Recall that the rotation matrix may be applied to any vector in the diamond
crystal. As such, applying the rotation matrices for each crystal to the NVs expresses them
in the lab frame. Figure 3.5 shows the NV vectors in the lab frame for each crystal. It
is noted here that the (1,1,1) NV in the (111) crystal is aligned with the lab frame “z”.
These vectors shown were used to create 2.3, depicting each of the four NV orientations in
the (100), (110) and (111) diamonds in the lab frame.
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NVs Transformation from Crystal to Lab Frame

NV in Lab Frame (100) NV in Lab Frame (110) NV in Lab Frame (111)

(1, 1, 1) - 1
3

1
3

1
3 - 1

6
- 1

6
2
3 0 0 1

(-1, -1, 1) - 1
3

- 1
3

- 1
3 - 1

6
- 1

6
- 2

3
- 2

3 - 2
3 - 1

3

(-1, 1, -1) 1
3

1
3

- 1
3

- 1
3

+ 1
6

1
3

+ 1
6

0 1
3 - 1

3
1
3 + 1

3
- 1

3

(1, -1, -1) 1
3

- 1
3

1
3

1
3

+ 1
6

- 1
3

+ 1
6

0 1
3 + 1

3
1
3 - 1

3
- 1

3

Figure 3.5: The NVs lie along the (1,1,1) axes of the crystal. These four orientations are
(1,1,1), (-1,-1,1), (-1,1,-1) and (1,-1,-1). Applying the crystal to lab rotation matrix to the
NVs with this description expresses the NVs as a lab frame vector.

Now that the NVs are expressed in the lab frame, the rotation matrix between express-
ing the NVs in the lab frame and in the frame of the P.A.S may be found. Note that for
each individual NV, the P.A.S is defined as the “z” axis {0, 0, 1}, so the rotation matrix
will rotate between each of the NV vectors in the lab frame, outlined in figure 3.5 and
{0, 0, 1}. The same procedure outlined to find the rotation matrix between the diamond
crystal “z”, and lab frame “z” may be applied and arrive at the rotation matrix for the
NV centers from their P.A.S to their lab frame vectors. Figure 3.6 shows the vectors ~c and
angles θ to rotate about.
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C vector to rotate about for NV to Lab Frame
(100) (110) (111)

(1, 1, 1)

1
2
1
2

0

- 1
2

1
2

0

0
0
1

(-1, -1, 1)
- 1

2
1
2

0

- 1
2

1
2

0

- 1
2

1
2

0

(-1, 1, -1)

1
2

- 1
2

0

1
3

+ 1
6

1
3

- 1
6

0

1+ 3
2 2
-1+ 3
2 2
0

(1, -1, -1)
- 1

2
- 1

2
0

- 1
3

+ 1
6

- 2+ 2
2 3

0

- -1+ 3
2 2

- 1+ 3
2 2

0

θ angle we rotate our C vec for NV to Lab Frame

(100) (110) (111)

(1, 1, 1) ArcSec 3  ArcCos 2
3  0

(-1, -1, 1) ArcCos- 1
3
 ArcCos- 2

3  ArcSec[-3]

(-1, 1, -1) ArcCos- 1
3
 π

2 ArcSec[-3]

(1, -1, -1) ArcSec 3  π

2 ArcSec[-3]

Figure 3.6: The rotation vector and angle to rotate the NV P.A.S to the lab frame for all
four orientations in each of the (100), (110) and (111) diamond.
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Using these rotation axes and angles, the rotation matrices from the NV to the lab
frame may be found. To avoid too much repetition, only the matrix rotating from the lab
to the NV frame is shown.

Rotation Matrix from Lab Frame to NV Frame
(100) (110) (111)

(1, 1, 1)

1
6 3 + 3  1

6 3 - 3  1
3

1
6 3 - 3  1

6 3 + 3  - 1
3

- 1
3

1
3

1
3

1
2 + 1

6
- 1

2 + 1
6

1
6

- 1
2 + 1

6
1
2 + 1

6
1
6

- 1
6

- 1
6

2
3

1 0 0
0 1 0
0 0 1

(-1, -1, 1)

1
6 3 - 3  1

6 -3 - 3  1
3

1
6 -3 - 3  1

6 3 - 3  1
3

- 1
3

- 1
3

- 1
3

1
2 - 1

6
- 1

2 - 1
6

1
6

- 1
2 - 1

6
1
2 - 1

6
1
6

- 1
6

- 1
6

- 2
3

1
3 - 2

3
2
3

- 2
3

1
3

2
3

- 2
3 - 2

3 - 1
3

(-1, 1, -1)

1
6 3 - 3  1

6 -3 - 3  - 1
3

1
6 -3 - 3  1

6 3 - 3  - 1
3

1
3

1
3

- 1
3

1
6 3 + 2 2  1

6
1
3

- 1
6

1
6

1
6 3 - 2 2  - 2+ 2

2 3

- 1
3

+ 1
6

1
3

+ 1
6

0

1
3 + 1

3
1
3 - 1

3 + 1
3

1
3

1
3 - 1

3
- 1

3 - 1
3

1
3 - 1

3
1
3 + 1

3
- 1

3

(1, -1, -1)

1
6 3 + 3  1

6 3 - 3  - 1
3

1
6 3 - 3  1

6 3 + 3  1
3

1
3

- 1
3

1
3

1
6 3 - 2 2  1

6 - 2+ 2
2 3

1
6

1
6 3 + 2 2  1

3
- 1

6
1
3

+ 1
6

- 1
3

+ 1
6

0

1
3 - 1

3
1
3 - 1

3 - 1
3

1
3

1
3 + 1

3
- 1

3 + 1
3

1
3 + 1

3
1
3 - 1

3
- 1

3

Figure 3.7: Rotation matrix from the lab frame to the NV frame for all NVs in three
crystals. NVs are labelled (1,1,1), (-1,-1,1), (-1,1,-1) and (1,-1,-1). Diamonds are labelled
(100), (110) and (111).

The general symbolic control Hamiltonian for any NV orientation

While the rotation matrices will rotate the control Hamiltonian to the NV frame for each
orientation, it is more convenient to write the Hamiltonian in a symbolic form so the gen-
eral relationships between the control field and the P.A.S may be found. Following this, the
values from the numerical rotation matrices may be substituted in for each NV orientation.

For the following calculations, the control Hamiltonian for only a single NV will be
considered, so the intuition for how to apply the same concept to an ensemble of NVs may
be gained. In this case, the control field will be rotated to the quantization axis of the NV
frame. The general rotation matrix is shown in equation 3.5. These generic values need
only to be replaced by those listed in the rotation matrices above for each NV.

R =

 xx xy xz
yx yy yz
zx zy zz

 (3.5)
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Equation 3.6, shows that the rotation matrix may be applied either after the control
field has been described in the lab frame (~C(t)), (left), or may be applied first to rotate

the vector describing the base spin operators (~S) (right). Both are equivalent. In this
text, the rotation matrix is applied first to the spin operators, as shown on the right.

(RT · ~C(t)) · ~S = ~C(t)(R · ~S) (3.6)

~C(t) is the vector describing the direction of the microwave field applied. A field in the xz

lab direction would be ~C(t) = {Cx(t), 0, Cz(t)} and ~S is the vector representing the spin-1

operators ~S = {Sx, Sy, Sz}

Applying the rotation matrix to the spin operators in their original frame expressed

them in the rotated frame ( ~̃S):

R~̃S =

 xx xy xz
yx yy yz
zx zy zz

 · (S̃x, S̃y, S̃z)T (3.7)

Expressing the individual spin operators in the rotated frame as:

S̃x → (xxSx + xySy + xzSz)

S̃y → (yxSx + yySy + yzSz)

S̃z → (zxSx + zySy + zzSz)

(3.8)

Applying the rotation to the control field in the lab frame, a general control Hamiltonian
with generic microwave field direction, in the NV frame is expressed as:

HCTRL = ~C(t) · ~̃S
HCTRL = Cx(t)(xxSx + xySy + xzSz)

+ Cy(t)(yxSx + yySy + yzSz)

+ Cz(t)(zxSx + zySy + zzSz)

(3.9)

At this point, the control Hamiltonian and NV ground state Hamiltonian are both ex-
pressed in the same NV frame. This general representation extends to any single NV. Now
that they are both in the same frame, the effective Hamiltonian may be found for a single
NV center.
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3.1.3 Finding the Effective Control Hamiltonian for a Single NV
along any Principle Axis

Now that the control Hamiltonian has been expressed in the frame of the NV P.A.S, the
effective Hamiltonian may be found. The total Hamiltonian is the summation of the ZFS of
the NV center and microwave control Hamiltonian. Recall that the rotation terms (xx,xy
etc.) are unique for each NV orientation.

HTot = ∆S2
z + Cx(t)(xxSx + xySy + xzSz)

+ Cy(t)(yxSx + yySy + yzSz) + Cz(t)(zxSx + zySy + zzSz)
(3.10)

The following equation is used to find the effective Hamiltonian:

HEff = U †(t)(HTot −HRot)U(t) (3.11)

Where the rotation Hamiltonian (HRot) is the P.A.S of the NV center set at the transmitter
frequency (ωT ):

HRot = ωTS
2
z (3.12)

And the matrix exponential of which is:

U(t) = e−iHRott = 1−
(
1− e−iωT t

)
S2
z (3.13)

The rotation Hamiltonian and its matrix exponential are substituted into equation 3.11:

HEff =
(
1−

(
1− eiωT t

)
S2
z

)(
(∆− ωT )S2

z

+ Cx(t)(xxSx + xySy + xzSz)

+ Cy(t)(yxSx + yySy + yzSz)

+ Cz(t)(zxSx + zySy + zzSz)
)(

1−
(
1− e−iωT t

)
S2
z

)
(3.14)

Equation 3.14 is expanded. To simplify, recall the following spin-1 operator relationships:

S2n
z = S2

z and S2n+1
z = Sz

S2
zSx/yS

2
z = 0

(3.15)

Some trigonometric identities and Euler’s formula may also be used to simplify:

(1− eiωT t)(1− e−iωT t) = 2− 2 cos(ωT t)

ei±ωT t = cos(ωT t)± i sin(ωT t)
(3.16)
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Finally, using the commutators and anti-commutator relationships of the spin operators:

{Sx/y/z, S2
z} = Sx/y

{(xxSx + xySy + xzSz), S
2
z} = (xxSx + xySy + xzSz)

{(yxSx + yySy + yzSz), S
2
z} = (yxSx + yySy + yzSz)

{(zxSx + zySy + zzSz), S
2
z} = (zxSx + zySy + zzSz)

[(xxSx + xySy + xzSz), S
2
z ] = xx[Sx, S

2
z ] + xy[Sy, S

2
z ]

[(yxSx + yySy + yzSz), S
2
z ] = yx[Sx, S

2
z ] + yy[Sy, S

2
z ]

[(zxSx + zySy + zzSz), S
2
z ] = zx[Sx, S

2
z ] + zy[Sy, S

2
z ]

(3.17)

Further expanding and simplifying using the above relationships, the effective Hamiltonian
for a general transmitter frequency (ωT ), microwave field direction (Cx, Cy, Cz) and NV
orientation (xx,xy, etc.) is found:

HEff = (∆− ωT )S2
z

+ (xzCx + yxCy + zzCz)Sz

+ (xxCx + yxCy + zxCz)
(
cos(ωT t)Sx− i sin(ωT t)[Sx, S

2
z ]
)

+ (xyCx + yyCy + zyCz)
(
cos(ωT t)Sy − i sin(ωT t)[Sy, S

2
z ]
) (3.18)

The microwave controls (Cx, Cy, Cz) can now be expanded to give more context for the
experiments conducted and abilities with each set of controls.

Consider the case where the microwave field is controlled by two independent channels.
Two independent channels were chosen as the combination of these will yield circularly
polarized microwaves, allowing single selective transitions between the |0〉 → |+1〉 or |−1〉
states.

These two channels may both emit in the (x,y,z) directions. An example may be two
microstrips which each have components in multiple directions. Under the assumption
of two independent channels emitting along the (x,y,z) directions, (Cx, Cy, Cz) may be
expanded as:

Cx = C1(t)wx1 + C2(t)wx2

Cy = C1(t)wy1 + C2(t)wy2

Cz = C1(t)wz1 + C2(t)wz2

(3.19)
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The quantities wx1/2 describes the x-component of the field for channels 1 and 2, re-
spectively. This is similar for wy1/2 and wz1/2. These fields are defined by the configuration
of the control field, but may be expressed in the general case above.

C1/2(t) represent the time dependent controls shaped by the arbitrary waveform gener-
ator (AWG), IQ mixer and set at the transmitter frequency. This will be further expanded
upon in chapter four (section 4.3.1). In an ideal case, C1/2(t) are:

C1/2(t) = I1/2(t) cos(ωT t) +Q1/2(t) sin(ωT t) (3.20)

To further simply, the squares of the cosine and sine functions may be expanded:

cos2(ωT t) =
1

2
(1 + cos(2ωT t))

cos(ωT t) sin(ωT t) =
1

2
sin(2ωT t)

sin2(ωT t) =
1

2
(1− cos(2ωT t))

(3.21)

Expanding the controls for each channel, (Cx, Cy, Cz), into the Hamiltonian in equation
3.18, and using the trigonometric identities listed above yields the generalized effective
Hamiltonian. In this instance, the values for I and Q are being analyzed at each discrete
time step, so the time-dependency has been dropped.

Heff = (∆− ωT )S2
z

+ (cos(ωT t)(I1wA1 + I2wA2) + sin(ωT t)(Q1wA1 +Q2wA2))Sz

+

(
1

2
(1 + cos(2ωT t))(I1wB1 + I2wB2) +

1

2
sin(2ωT t)(Q1wB1 +Q2wB2)

)
Sx

−
(
i

2
sin(2ωT t)(I1wB1 + I2wB2) +

i

2
(1− cos(2ωT t))(Q1wB1 +Q2wB2)

)
[Sx, S

2
z ]

+

(
1

2
(1 + cos(2ωT t))(I1wC1 + I2wC2) +

1

2
sin(2ωT t)(Q1wC1 +Q2wC2)

)
Sy

−
(
i

2
sin(2ωT t)(I1wC1 + I2wC2) +

i

2
(1− cos(2ωT t))(Q1wC1 +Q2wC2)

)
[Sy, S

2
z ]

(3.22)
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wA1/2, wB1/2 and wC1/2 represent the microwave field components and NV rotational
terms, gathered to reduce the complexity of the Hamiltonian.

wA1/2 = xzwx1/2 + yzwy1/2 + zzwz1/2

wB1/2 = xxwx1/2 + yxwy1/2 + zxwz1/2

wC1/2 = xywx1/2 + yywy1/2 + zywz1/2

(3.23)

As the experiments are all performed in the absence of a magnetic field, the center trans-
mitter frequency (ωT ), is set to the ZFS (∆). All resulting terms then proportional to
(2∆) may be dropped. The terms proportional to Sz also become negligible, as they would
induce a Zeeman splitting, proportional to the strength of the microwave controls, but
oscillating at 2.87 GHz, and so would be averaged out compared to the other more slowly
varying terms.

This yields the time-independent effective Hamiltonian for two independently controlled
channels for a generalized field in the (x, y, z) directions. The Hamiltonian is presented
with letter terms (A,B,C,D) for simplicity.

Heff = ASx + iB[Sx, S
2
z ] + CSy + iD[Sy, S

2
z ]

A =
1

2
(I1wB1 + I2wB2)

B = −1

2
(Q1wB1 +Q2wB2)

C =
1

2
(I1wC1 + I2wC2)

D = −1

2
(Q1wC1 +Q2wC2)

(3.24)

Finally, expanding the values for the microwave components (wB1) etc. yields the full
Hamiltonian.

Heff = ASx + iB[Sx, S
2
z ] + CSy + iD[Sy, S

2
z ]

A =
1

2
(xx(I1wx1 + I2wx2) + yx(I1wy1 + I2wy2) + zx(I1wz1 + I2wz2))

B = −1

2
(xx(Q1wx1 +Q2wx2) + yx(Q1wy1 +Q2wy2) + zx(Q1wz1 +Q2wz2))

C =
1

2
(xy(I1wx1 + I2wx2) + yy(I1wy1 + I2wy2) + zy(I1wz1 + I2wz2))

D = −1

2
(xy(Q1wx1 +Q2wx2) + yy(Q1wy1 +Q2wy2) + zy(Q1wz1 +Q2wz2))

(3.25)
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Equation 3.24 shows the basic structure with the letter format. Each pre-factor (A,B,C,D)
is dependent on the AWG envelope of control (I1/2, Q1/2), direction and strength of the
microwave field at the site of the NVs, (wx1/2, wy1/2, wz1/2) for each independent channel,
and last by the NV rotation term, (xx,xy,xz etc.).

Although this Hamiltonian describes a single NV, from here it is clear to see the diffi-
culty in controlling ensembles of NV centers as the projection of the effective Hamiltonian
is scaled by the orientation of the NV center, and if the volume of NVs is large, the mi-
crowave field strength and direction of each also scales over the volume.

In the following section, the Hamiltonian will be manipulated, without loss of generality
to show how to account for the projection of the Hamiltonian into each NV orientation in
a more mathematically convenient way for achieving single transitions.

3.1.4 Expressing the Control Hamiltonian with Pseudo Spin-12
Operators

To ease the calculations in solving for selective ground state transitions in the Hamiltonian,
the spin-1 operators may be written as a sum of pseudo spin-1

2
operators. These are of

course not true spin-1
2

operators, as the ground state |±1〉 states share a space with the
same |0〉 state. Expressing the spin-1 operators in this form, allows for the selective tran-
sitions between |0〉 → |+1〉 / |−1〉 in the absence of a magnetic field, to be found more easily.

The pseudo spin-1
2

operators are labelled as S±x and S±y for the |+1〉 and |−1〉 pseudo
sub-spaces, respectively. The operators are shown below:

S+
x =

1√
2

(Sx + i[Sy, S
2
z ])

S+
y =

1√
2

(Sy − i[Sx, S2
z ])

S−x =
1√
2

(Sx − i[Sy, S2
z ])

S−y =
1√
2

(Sy + i[Sx, S
2
z ])

(3.26)
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In matrix form, the resemblance to the Pauli operators can be seen, as is the intention.

S+
x =

 0 0 0
0 0 1
0 1 0

 ;S+
y =

 0 0 0
0 0 −i
0 i 0

 ;

S−x =

 0 1 0
1 0 0
0 0 0

 ;S−y =

 0 −i 0
i 0 0
0 0 0

 ;

(3.27)

The Hamiltonian in equation 3.25 has already been grouped in accordance to the pseudo
spin-1

2
operators, so substituting the pseudo spin-1

2
operators, and collecting to isolate for

these are trivial. Re-arranging the pseudo spin-1
2

operators in the original spin-1 form, the
following is substituted into the Hamiltonian:

Sx =
1√
2

(S+
x + S−x )

Sy =
1√
2

(S+
y + S−y )

i[Sx, S
2
z ] =

1√
2

(S−y − S+
y )

i[Sy, S
2
z ] =

1√
2

(S+
x − S−x )

(3.28)

Now re-arranging for the pseudo spin-1
2

operators, without loss of generality, the Hamilto-

nian is written with the pseudo spin-1
2

operators. New pre-factors (Ã, B̃, C̃, D̃) are used to
distinguish between the pre-factors for the Hamiltonian written in equation 3.25:

H = ÃS+
x + B̃S+

y + C̃S−x + D̃S−y

Ã =
1

2
√

2
(I1wB1 + I2wB2 −Q1wC1 −Q2wC2)

B̃ =
1

2
√

2
(I1wC1 + I2wC2 +Q1wB1 +Q2wB2)

C̃ =
1

2
√

2
(I1wB1 + I2wB2 +Q1wC1 +Q2wC2)

D̃ =
1

2
√

2
(I1wC1 + I2wC2 −Q1wB1 −Q2wB2)

(3.29)
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The full Hamiltonian written by expanding the terms wB1/2 and wC1/2, is shown below:

H =ÃS+
x + B̃S+

y + C̃S−x + D̃S−y

Ã =
1

2
√

2
(xx(I1wx1 + I2wx2) + yx(I1wy1 + I2wy2) + zx(I1wz1 + I2wz2) . . .

− xy(Q1wx1 +Q2wx2)− yy(Q1wy1 +Q2wy2)− zy(Q1wz1 +Q2wz2))

B̃ =
1

2
√

2
(xy(I1wx1 + I2wx2) + yy(I1wy1 + I2wy2) + zy(I1wz1 + I2wz2) . . .

+ xx(Q1wx1 +Q2wx2) + yx(Q1wy1 +Q2wy2) + zx(Q1wz1 +Q2wz2))

C̃ =
1

2
√

2
(xx(I1wx1 + I2wx2) + yx(I1wy1 + I2wy2) + zx(I1wz1 + I2wz2) . . .

+ xy(Q1wx1 +Q2wx2) + yy(Q1wy1 +Q2wy2) + zy(Q1wz1 +Q2wz2))

D̃ =
1

2
√

2
(xy(I1wx1 + I2wx2) + yy(I1wy1 + I2wy2) + zy(I1wz1 + I2wz2) . . .

− xx(Q1wx1 +Q2wx2)− yx(Q1wy1 +Q2wy2)− zx(Q1wz1 +Q2wz2))

(3.30)

To isolate the transitions between the |0〉 → |−1〉 or |+1〉, trivial solutions may be found to
yield the pre-factors equal to zero for each of the pseudo sub spaces. To isolate the positive
transition, (C̃, D̃) substitutions for the four control parameters are made to equate these
pre-factors to zero, and likewise for the negative transitions.

In addition to finding the conditions for single transitions in single NVs, expressing the
Hamiltonian grouped by the pseudo spin-1

2
operators allows for OCT solutions for collective

and selective NV control in an ensemble of NVs to be found more easily. To find the OCT
solutions, the design of the microwave control field must be substituted in. The following
section will outline an example of a configuration for the microwave control field.
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3.1.5 Experimental Configuration - Expressing the Control
Hamiltonian with Two Independently Controlled Microstrips

To find OCT solutions for single and ensembles of NV centers, it is now necessary to sub
in the values for the microwave control field to reflect the experimental setup.

The source of the control field is emitted from two independently controlled infinite strip
lines with fields only along the (x) and (z) plane. This would result in (wy1 = wy2 = 0),
resulting in the Hamiltonian being reduced to:

H =ÃS+
x + B̃S+

y + C̃S−x + D̃S−y

Ã =
1

2
√

2
(xx(I1wx1 + I2wx2) + zx(I1wz1 + I2wz2) . . .

− xy(Q1wx1 +Q2wx2)− zy(Q1wz1 +Q2wz2))

B̃ =
1

2
√

2
(xy(I1wx1 + I2wx2) + zy(I1wz1 + I2wz2) . . .

+ xx(Q1wx1 +Q2wx2) + zx(Q1wz1 +Q2wz2))

C̃ =
1

2
√

2
(xx(I1wx1 + I2wx2) + zx(I1wz1 + I2wz2) . . .

+ xy(Q1wx1 +Q2wx2) + zy(Q1wz1 +Q2wz2))

D̃ =
1

2
√

2
(xy(I1wx1 + I2wx2) + zy(I1wz1 + I2wz2) . . .

− xx(Q1wx1 +Q2wx2)− zx(Q1wz1 +Q2wz2))

(3.31)

The quantities wx1/2 and wz1/2 are the x and z components of the field emitted from the first
and second microstrips at the site of the NV center. As both the magnitude and direction
of the field is important, these components will be expressed in polar coordinates. The
microstrips are placed 150 µm apart in x. If a 500 µm diamond were placed on top of
the microstrips, and a typical oil immersion lens used with a working distance of 160 µm,
it is reasonable to expect the NV would likely be positioned approximately 400 µm away
from the microstrips in the “z” direction. For this simulation, the x position of the NV
has been chosen at a random position between the two microstrips, 108 µm. Using the
Cartesian coordinates of the position of the NV in “x” and “z”, the radial distance from
each stripline (r1/2) and angle from each stripline (φ1/2) is found, the summary shown in
figure 3.8:
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Geometric Location of the NV relative to Wires 1 and 2
x [μm] z [μm] r1[μm] r2[μm] ϕ1[°] ϕ2[°]
108. 400. 414.324 402.199 74.8904 95.9941

Figure 3.8: Example field components for an NV found in a thick diamond placed on top
of two infinite microstrips emitting a field along the x and z plane.
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Figure 3.9: Field distribution from the microstrips. The NV (blue) was placed at a random
distance between the microstrips, marked wire 1 (black) and 2 (red), in “x”, and at a
distance away from the microstrips in “z” that would reflect having a low depth of field
objective with a thick diamond. The radial distance from each wire r1/2 is noted with the
solid (black, red) lines, respectively. The field is marked with a dashed line, with the

field direction at the site of the NV noted as ~B1/2.
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Figure 3.9 shows this example of a field scenario. The NV is shown (blue), with each
of the microstrips shown (black, red). The radial distance from each stripline to the NV
is marked with a solid line. The dashed line indicates the field direction, and the fields
~B1/2 are marked at the site of the NV.

Using this field configuration, a couple definitions for the coordinates can be made:

• x-distance from stripline 1 to NV: x1 = x

• x-distance from stripline 2 to NV: x2 = x1− l = x− l where l is the distance between
the microstrips

• z-distance from stripline 1 and 2 to NV: z1 = z2 = z

The figure above properly illustrates the direction of the field, which is tangential to
the angle (φ) from each stripline to the NV center. To capture the direction of the field
and the distance from each stripline to the NV center, the field will be expressed in polar
coordinates.

r1 =
√
x2 + z2

r2 =
√

(x− l)2 + z2

φ1 = tan−1
(z
x

)
φ2 = tan−1

(
z

x− l

) (3.32)

The normalized vectors of the field γ1/2 may be expressed as:

γ1/2(φ1/2) = {cos(φ1/2), 0, sin(φ1/2)} (3.33)

The tangential field is the derivative of the field listed above:

γ̇1/2(φ1/2) = {− sin(φ1/2), 0, cos(φ1/2)} (3.34)

Assuming that the two microstrips are infinite compared to the NV center, the magnitude
of the field may be expressed with Biot-Savart ||B|| = µoI

2πr
, [23]. Substituting the magnitude

and direction, the equation for the field is shown below. I is the current running through
each stripline, and r is the distance from the stripline to the NV.

~B1/2 =
µoI

2πr1/2
{− sin(φ1/2), 0, cos(φ1/2)} (3.35)
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Substituting the field into the generic controls wx1/2 and wz1/2 in the Hamiltonian
expressed in equation 3.31, the expanded controls are shown. The current value, I has
been substituted for I1/2 and Q1/2:

I1wx1 + I2wx2 =
µo
2π

(
−I1
r1

sin(φ1)−
I2
r2

sin(φ2)

)
Q1wx1 +Q2wx2 =

µo
2π

(
−Q1

r1
sin(φ1)−

Q2

r2
sin(φ2)

)
I1wz1 + I2wz2 =

µo
2π

(
I1
r1

cos(φ1) +
I2
r2

cos(φ2)

)
Q1wz1 +Q2wz2 =

µo
2π

(
Q1

r1
cos(φ1) +

Q2

r2
cos(φ2)

)
(3.36)

This is just an example of a field design and how it connects to the Hamiltonian’s controls.
Another example could be a field emitted through a set of coils, along the “x” and “y” axes,
or a three-dimensional field sourcing a field along the “x”, “y” and “z” directions. The
three-dimensional field would be optimal for solving any general solution for single NVs
and NV ensembles, but a simple field that works well in two dimensions was investigated
here to show the basic concepts and control available.

The control Hamiltonian has now been described for any single NV center in a single
crystal diamond, with a microwave field generated by two independently controlled mi-
crostrips. To conclude this section, the Hamiltonian will be described for an ensemble of
NV centers in a single crystal diamond.
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3.1.6 The Effective Control Hamiltonian for an Ensemble of NVs

Thus far, the Hamiltonian has been described for any single NV. The Hamiltonian de-
scribed in equation 3.25 describes a general solution for the effective Hamiltonian in the
frame of the NV, with the quantization axis aligned along the NV P.A.S This Hamiltonian
may be expanded to describe an ensemble of NVs under the condition that the NVs are
independent, having no interaction between them, [115].

The ensemble Hamiltonian must be expanded to include the Hilbert space of each of the
four NVs with tensor products. HNVi refers to the Hamiltonian for each NV orientation.
13 is the spin-1 identity operator.

HEnsemble =HNV1 ⊗ 13 ⊗ 13 ⊗ 13

+ 13 ⊗HNV2 ⊗ 13 ⊗ 13

+ 13 ⊗ 13 ⊗HNV3 ⊗ 13

+ 13 ⊗ 13 ⊗ 13 ⊗HNV4

(3.37)

The ensemble Hamiltonian above includes the case where there is no interaction between
the NV centers, but still takes the full Hilbert space into account. In the case where the
NVs do have some coupling present, they can no longer be treated independently and thus
cannot be expressed in their individual quantization axis, but in the common lab frame.
In this case, the ensemble Hamiltonian would include each of the four NV orientations
expressed in the lab frame with the addition of the coupling terms between each NV ori-
entation, as has been shown for some particular examples in [19, 80, 115, 129].

The control Hamiltonian described in this section accounts for the orientation of the NV
center, the location of the NV center relative to the microwave source, the configuration
of the microwave source as two infinite microstrips and is expressed in both a spin-1 and
pseudo spin-1

2
operators. Using this control Hamiltonian, the next section will show the

OCT controls for NV ensembles, under the condition where there is no interaction between
the NVs.
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3.2 Optimal Control Theory Pulses for

Collective Control

3.2.1 Implementing Pulses with the GRAPE Algorithm

In this section, simulations for optimal control theory (OCT) pulses for NV ensembles are
shown for a few key examples in the (100), (110) and (111) diamonds. The principles of
these simulations will be applied in chapter five, demonstrating OCT control in the (100)
diamond. OCT is a tool which optimizes the shape of a control pulses to achieve a target
output restrained by a set of control parameters. OCT may utilize a variety of algorithms
to optimize for the desired pulse shape, both gradient and non-gradient based. In this the-
sis, the gradient ascent pulse engineering (GRAPE) algorithm is used to find the desired
sequences for the OCT pulses for NV ensembles, as a tool given in the Quantum Utils
program in Mathematica, [114].

To create a pulse, an initial guess is made for the shape to achieve the desired target.
After each proceeding time step, the output state is evaluated, which then serves as the
updated input guess for the next time step. The control parameters are then adjusted, and
the process repeats, the accuracy improving with each step. The range of amplitude for the
control parameters, target unitary or state transfer, target fidelity, internal Hamiltonian,
control Hamiltonian and parameter distributions are all inputs. The total length of the
pulse is given by the number of time steps multiplied by the resolution of the length of
each time step. This algorithm is described in great detail in the following works, but in
this case was only used as an existing tool for finding the desired output pulses, [43, 52, 89].

The “FindPulse” function from the QuantumUtils package in Mathematica accepts the
following inputs, [114]. This function is used to generate the pulses used in the following
simulations and the experiments shown in chapter five (section 5.8.2).

• Number of time steps

• Resolution of the time steps

• Initial Guess for the pulse

• Description of the Internal and Control Hamiltonian

• Control Parameters and their Ranges
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• Desired Target State-to-State Transfer or Unitary Operator

• Desired Target State Overlap or Unitary Fidelity

For the simulations shown in this chapter, the time step resolution was 2 ns with 500
time steps, for a total pulse time of 1 µs to accommodate a typical T2

∗ value for a CVD
grown diamond (1 µs), [99, 100]. The initial guess for the pulse is made by the “Ran-
domSmoothPulse” function in the QuantumUtils package, [114].

The internal Hamiltonian used in the control pulses includes only the zero field splitting
of the NV center. This internal Hamiltonian may be expanded to include the hyperfine
interaction with the nitrogen nuclear spin, and other ground state features of the NV
Hamiltonian in future optimizations.

There are four iterations of the control Hamiltonian being used, given by the four
Hamiltonians that describe each NV orientation for a chosen diamond crystal. These con-
trol Hamiltonians also depend on the geometric location away from the microwave source
as outlined in the previous section, shown in equation 3.31. The control Hamiltonian was
written in the pseudo spin-1

2
operator form, as it makes it easier for the algorithm to find

the correct target. Writing the control Hamiltonian in this manner also allows trivial so-
lutions to be found for individual NVs for selective control of the |0〉 → |−1〉 or |+1〉 states.

There are four control parameters used, I1, I2, Q1 and Q2, which reflect the four control
channels available in the AWG. An example of how the control parameters vary over the
length of the pulse is shown in figure 3.10. Each of these four control parameters may be
restricted to the desired range and in whatever unit is desired for that particular pulse,
typically given in frequency, power, current, voltage or an arbitrary amplitude which may
then be scaled by a global envelope. The control parameters shown in the figure, vary in
amplitude of the Rabi frequency, with a maximum allowed amplitude of 50 MHz. Using a
Rabi frequency at the site of the NV ensemble as the amplitude control is a convenient tool
that allows pulses to be designed independent of the microwave source geometries. For the
purposes of the simulations conducted here, a sample location for the NV was chosen so
the angle and relative distance from each stripline was chosen to scale the frequency of the
controls at the site of the NV. To design a pulse for the experimental setup, the geometry
of the NV ensemble located away from the microwave source must be taken into account,
so the control parameters will vary with a unitless amplitude, then scaled by experimental
values. This will be elaborated upon in chapter five (section 5.8.2).
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Figure 3.10: OCT Sample Controls. A sample plot for the four control parameters I1 etc,
with maximum allowed amplitude 50 MHz, 2 ns resolution and total pulse length 1 µs.
The 2 ns resolution was chosen in line with the switching time capable of the AWG. This
pulse is an example of what would be the instructions sent to the AWG to be implemented
in an experiment. It is noted that this is just a sample of the controls and independent of
the microwave source geometry.

For all of the following simulations, the desired target was given by a state-to-state
transfer, given by an initial and desired density matrix. An example is shown below for a
selective transition between the |0〉 and |+1〉 state, labelled as a π+ pulse.

|0〉 〈0| → |+1〉 〈+1| (3.38)

The success metric of the pulse is given by the state overlap between the target and real-
ized output density matrix. In the case where the target is given by a unitary, this metric
would be determined by the fidelity of the output unitary.
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The targets are arranged so each control Hamiltonian referencing a specific NV orienta-
tion is given a specific target output. As the control Hamiltonians being used assume the
NVs are independent, they may be treated as separate non-interacting Hamiltonians and
the pulses may be optimized for each of their individually set targets. The targets may be
set so the NV orientations are instructed to find the same output target density matrix,
or individual matrices for each.

The following sections will exhibit a few sample state-to-state transfers for the same
desired target for all NV orientations within the (100), (110), or (111) diamond. This will
then be proceeded by demonstrating individual target state-to-state transfers for each NV
orientation. All of these simulations were completed with a microwave field aligned along
the “x” and “z” axis to understand the response of each diamond crystal under these field
restrictions. Of course in an ideal experimental world, a microwave field along the “x”,“y”
and “z” direction may be designed so universal control for each crystal may be achieved,
but this analysis was done in a sense that is viable with a more simple experimental setup,
more easily scalable for a portable device. In this instance, understanding the response to
the direction of the field may be better understood than in an ideal case.
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3.2.2 Collective π Pulse for Sub-Ensembles in the (100) Diamond

The first example of OCT pulse will be a selective transition between the |0〉 〈0| →
|+1〉 〈+1| state in the (100) diamond in the absence of a magnetic field. The starting
state is the |0〉 〈0| state for all orientations, achieved through the initialization process.
The control field is simulated as originated from two microstrips, generating a microwave
field in the “x” and “z” lab frame, the same geometry as shown in figure 3.9.

Under a control field in the “x” and “z” lab frame, the (xx,xy,zx,zy) components of the
rotation matrix for each NV orientation are used. These are listed in table 3.1 below for
each NV orientation in the (100) Diamond. Recall that in chapter two, figure 2.3 illustrated
NV orientations for the (100) diamond. Each NV is oriented at equal angles away from the
“x” and “z” axes with opposite signs. The symmetry between these values result in the
uniform behaviour between the (1,1,1) and (-1,1,-1) pair and (-1,-1,1) and (1,-1,-1) pair,
resulting in the orientations acting as two pairs of orientations rather than four unique
NVs. Recall that from the figure dictating the NV centers in the lab frame, the (1,1,1)
and (-1,1,-1) NVs were rotated positively away from the “z” axis while the (1,-1,-1) and
(-1,-1,1) were oriented negatively about the “z” axis. This shows there is selection about
the “z” axis, but not about the “x” and “y” axis with this configuration of magnetic control
field.

Table 3.1: Rotation matrix components in the control Hamiltonian for the (100) diamond
with field aligned along the “x” and “z” axes.

NV xx xy zx zy

(1,1,1) 1
6
(3 +

√
3) 1

6
(3−

√
3) − 1√

3
1√
3

(-1,-1,1) 1
6
(3−

√
3) 1

6
(−3−

√
3) − 1√

3
− 1√

3

(-1,1,-1) 1
6
(3−

√
3) 1

6
(−3−

√
3) 1√

3
1√
3

(1,-1,-1) 1
6
(3 +

√
3) 1

6
(3−

√
3) 1√

3
− 1√

3

This symmetry will be important when designing pulses for the (100) diamond. Treating
the (100) diamond as having two pairs rather than four orientations allows for target state-
to-state transfers to be achieved with only designing pulses for two orientations rather than
four.
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Evaluating the evolution of the designed pulse using the eigenstates of the NV
center

Here the trajectory of the state will be shown using two methods. The first is observing
the state overlap with the |0〉 , |+1〉 and |−1〉 states through the evolution of the pulse.
This is followed by the introduction of using two adapted Bloch spheres, used to describe
the evolution of the states for each the |+1〉 and |−1〉 evolution. As the NV is a spin-1,
one Bloch sphere may not give the full state description, but two modified Bloch spheres
can.

The first method to discern the success of the pulse is to observe the overlap of the
target state with the eigenvalues of the NV center through their evolution in time. Figure
3.11 shows the time evolution of the eigenstates for each NV orientation under the designed
pulse for a state-to-state transfer of |0〉 〈0| → |+1〉 〈+1|. The left most column depicts the
evolution of the |0〉 〈0| state, the middle, the |+1〉 〈+1| and the right column, the |−1〉 〈−1|.
The rows show the evolution of each of these three states for all four NV centers, from top
to bottom, the (1,1,1),(-1,-1,1),(-1,1,-1) and (1,-1,-1).

To produce the figure below, the trace of the density state generated by the pulse is
evaluated at each time step (ρt) for the observables associated with each eigenstate of the
NV center:

〈0〉 = Tr[|0〉 〈0| .ρt]
〈+1〉 = Tr[|+1〉 〈+1| .ρt]
〈−1〉 = Tr[|−1〉 〈−1| .ρt]

(3.39)
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Figure 3.11: Evolution of the Spin-1 Observables in time for all NV orientations - target
state-to-state transfer |0〉 〈0| → |+1〉 〈+1|. The evolution of the spin-1 observables for each
NV orientation in the (100) diamond. Recall that under an “x” and “z” microwave field,
the NV orientations in this diamond are split into two pairs, which is reflected in their
responses, where the same evolution is observed for the (1,1,1) and (-1,1,-1) pair and the
(-1,-1,1) and (1,-1,-1) pair. Under the evolution of the designed pulse, the evolution does
not appear to follow any regular pattern, but the desired population is reached.
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As the pulse progresses, the evolution of all four NVs proceeds from the starting state of
|0〉 〈0| with a value of 1, and finishes with the |+1〉 〈+1| state fully populated for each NV
with a value of 0.99, while the |−1〉 〈−1| state remains unpopulated, as was the design of
the pulse. What should also be observed is the symmetry between the (1,1,1) and (-1,1,-1)
NV pair, and the (-1,-1,1) and (1,-1,-1) pair. Both pairs follow identical trajectories with
this pulse. This relationship confirms the symmetry relationship with the (100) diamond
using a magnetic field configuration aligned along the “x” and “z” axis. This symmetry
under these field conditions can be used as a convenient tool to design pulses meant for
two orientations and have them enact on four orientations.

The final population of the NVs are shown in table 3.2. This is a convenient metric to
use to judge the success of the target state overlap. In this case, the target state overlap
was 0.99 into the |+1〉 〈+1| state, beginning from the |0〉 〈0| state. It is clear that the target
has been met looking at the populations of the states below.

Table 3.2: Final state for |0〉 〈0| → |+1〉 〈+1| pulse for all NVs in (100) diamond. Evalu-
ating the final state shows the pulsing sequence was successful, rotating each NV to the
|+1〉 〈+1| state, from the starting state of |0〉 〈0|.

Final Expectation Values

(1, 1, 1) (-1, -1, 1) (-1, 1, -1) (1, -1, -1)
〈0〉 0.00048 0.00051 0.00048 0.00051
〈+1〉 0.99526 0.99767 0.99526 0.99767
〈-1〉 0.00426 0.00181 0.00426 0.00181
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Plotting the Trajectory of the State on two Bloch Spheres

While evaluating the state overlap of the final state shows the success of the OCT pulse, it
does not provide a good visual for observing the trajectory of the state. A more convenient
tool for visualizing the trajectory of the state may be viewed on a Bloch sphere. As the
NV is a spin-1 particle, a simple Bloch sphere can not be used to represent the full state
description. However, two Bloch spheres may be used to describe the |0〉 〈0| → |+1〉 〈+1|
and |0〉 〈0| → |−1〉 〈−1| domains.

Evaluating the trajectory of the state on the positive and negative Bloch sphere makes
use of the positive and negative operators used to describe the Hamiltonian. Recall the
spin-1 operators, (Sx, Sy, Sz) may be written in the form of (S+

x , S
+
y ) and (S−x , S

−
y ) opera-

tors to distinguish the actions of the positive and negative transitions in the ground state.
Their matrix form shown is in equation 3.27.

To plot the trajectory onto two Bloch spheres, the trace of the positive and negative
operators on the full state (ρt) is evaluated at each time step as shown in the equation
below: 〈

X+/−〉 = Tr[S+/−
x .ρt]〈

Y +/−〉 = Tr[S+/−
y .ρt]〈

Z+/−〉 = Tr[S+/−
z .ρt]

(3.40)

The positive and negative pseudo spin-1
2

operator for Sz has also been introduced here,

analogous to the S
+/−
x and S

+/−
y operators.

S+
z =

1

2
Sz + 13 −

3

2
S2
z

=

 0 0 0
0 1 0
0 0 −1

 ;

S−z =
1

2
Sz − 13 +

3

2
S2
z

=

 1 0 0
0 −1 0
0 0 0

 ;

(3.41)
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At each time step, the {X+/−, Y +/−, Z+/−} components of the state are gathered, and
expressed as a vector in each of the positive and negative Bloch spheres to show the tra-
jectory, the same as it would be plotted on a traditional Bloch sphere for a spin-1

2
particle.

Visualizing the Bloch sphere as two representing the positive and negative domains is just
a convenient tool for visualizing the state trajectory and showing the selectivity between
the positive and negative ground states of the NV.

Figure 3.12 shows the positive (left column) and negative (right column) Bloch spheres.
For each column, the state trajectory for each NV orientation is shown in the rows, from
top to bottom (1,1,1),(-1,-1,1),(-1,1,-1) and (1,-1,-1). The starting state |0〉 〈0| is marked
by a red sphere, and the final state |+1〉 〈+1| marked by a black sphere. The blue line
plots the trajectory of the state under the OCT pulse. The “z”-axes of each Bloch sphere
mark the |0〉 and |+1〉 or |−1〉 states, respectively. It is noted that the |0〉 state is along
the positive “z” axis in the positive domain and the negative “z” axis in the negative
domain, consistent with the sign of the |0〉 state in the S

+/−
z operator. The xy axes em-

ulate the states analogous to a spin-1
2

Bloch sphere, for each of the positive and negative
domains. The specifics of the xy axes will be elaborated upon when discussing π

2
like pulses.

Though the trajectory is not trivial, the Bloch sphere describing the positive domain
shows the successful transition of the starting |0〉 〈0| state to the final |+1〉 〈+1| state. It
is interesting to compare this to the evolution of the state in the negative sphere. The
beginning |0〉 〈0| state is again marked by a red sphere, but the final state is at the origin.
This would indicate that there are no components of the final state left in the negative
domain, showing a complete state transfer to the |+1〉 〈+1| state.

As with observing the trace of the |0〉 〈0| , |+1〉 〈+1| , |−1〉 〈−1| states of the NV center
shown in the figure 3.11, the Bloch sphere shows that there is not exclusively evolution in
each of the positive or the negative domains. As the NV ground state is a spin-1 particle,
exclusive evolution in the positive or negative spheres would not be expected.
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( - 1, - 1, 1)
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Figure 3.12: OCT Pulse - π+ pulse, |0〉 〈0| → |+1〉 〈+1| for all NVs in the (100) diamond.
The microwave source used to simulate this pulse was from two wires emitting a field in
the “x” and “z” lab frame, the geometry shown in figure 3.9. This pulse shows the state
transfer from the |0〉 〈0| → |+1〉 〈+1| state for all NVs in the (100) diamond. Both images
show the starting state (red) and final state (black), with the trajectory of the state
(blue) plotted as a function of each increment of the pulse. Recalling that the NV is an
effective spin-1 particle, a Bloch sphere cannot be used to describe the full state description,
so two Bloch spheres, showing the |0〉 〈0| → |+1〉 〈+1| and |0〉 〈0| → |−1〉 〈−1| domains
can be used in its place. The positive domain is quite clear in indicating the final desired
state of |+1〉 〈+1| was reached for all NV orientations. Another interesting point to see is
that in the negative domain, the starting state is the same as the positive |0〉 〈0|, but the
final state is at the origin, indicating that there is no remaining piece of the state in the
negative domain. Observing the evolution in this manner also shows the evolution occurs
in both domains, as expected as the NV is a spin-1 particle and does not have exclusive
subspaces.

This section demonstrated a selective pulse from the |0〉 〈0| → |+1〉 〈+1| for all NV ori-
entations in the (100) diamond. The trajectory of the state was shown, evaluated for both
the expectation value of the |0〉 , |+1〉 , |−1〉 states and the positive and negative domains
of an adapted Bloch sphere. Thus far, all the state-to-state descriptions have detailed
a density matrix form of |initial〉 〈initial| → |final〉 〈final|. From this point on, the
state-to-state transfer will be only described using the notation of |initial〉 → |final〉 for
simplicity, but it is noted, the pulses themselves have all been designed as a transfer of an
initial and final density matrix.

The following section will show the capabilities of a (100) diamond when designing a π
2

like pulse for all NV orientations.
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3.2.3 Collective π
2 Pulse for All Orientations in the (100)

Diamond

A second example of a state-to-state transfer is now considered. Recall that the symmetry
of the (100) diamond makes only two distinguishable pairs of NVs with a field along the
“x” and “z” axes. In this section, a π

2
like pulse will be implemented in a (100) diamond

optimizing on the pairs of NVs. In this example, the state-to-state transfer of |0〉 → |0〉+|+1〉√
2

will be designed for the (1,1,1) and (-1,-1,1) NV orientations. Table 3.3 shows the final
populations for the output states given this design. The final output states do show that
the populations for all the NV orientations do reach the desired output, with an even divide
between the |0〉 and |+1〉 states.

Table 3.3: Final state for a |0〉 → |0〉+|+1〉√
2

state transfer in the (100) diamond. Due to the

symmetry of the diamond, the controls were only given to the (1,1,1) and (-1,-1,1) NVs,
while the other two evolved freely under the pulse. The populations indicate that for all
NVs, the desired population levels were reached, having the populations equally divided
between the |0〉 and |+1〉 states.

Final Expectation Values

(1, 1, 1) (-1, -1, 1) (-1, 1, -1) (1, -1, -1)
〈0〉 0.4889 0.5054 0.4889 0.5054
〈+1〉 0.51109 0.4939 0.51109 0.4939
〈-1〉 0.00001 0.0007 0.00001 0.0007

While the populations of the eigenstates of NVs do show that the desired distribution
of the |0〉 and |+1〉 population for all orientations, it does not indicate the success of the
phase of the achieved pulse. The Bloch trajectories outlined in the previous section may
be used to show if the designed pulse has reached the correct output state. The |0〉+|+1〉√

2
state lies on the positive “x” axis of the positive Bloch sphere.

Table 3.4 shows the final state overlap with the XYZ expectation values 〈X±〉 , 〈Y ±〉 , 〈Z±〉.
As by the pulse design, the (1,1,1) and (-1,-1,1) NVs do populate X+, corresponding to

the |0〉+|+1〉√
2

state. The (-1,1,-1) and (1,-1,-1) NVs freely evolve under the pulse and result

in a final state aligned along the negative and positive Y + axes, respectively. The negative
and positive Y + axis represent the |0〉−i|+1〉√

2
and |0〉+i|+1〉√

2
states.
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Table 3.4: Final positive domain expectation values for a |0〉 → |0〉+|+1〉√
2

state transfer

in the (100) diamond. The (1,1,1) and (-1,-1,1) indicate the correct final state of X+,

corresponding to the |0〉+|+1〉√
2

state, while the (-1,1-1) and (1,-1,-1) NVs evolve freely under

the pulse, resulting in the negative and positive Y + to be occupied, corresponding to the
|0〉−i|+1〉√

2
and |0〉+i|+1〉√

2
states.

Final Expectation Values

(1, 1, 1) (-1, -1, 1) (-1, 1, -1) (1, -1, -1)
〈X+〉 0.99944 0.99802 0.02463 0.04916
〈Y+〉 0.02463 -0.04916 -0.99944 0.99802
〈Z+〉 -0.0222 0.0115 -0.0222 0.0115

The Bloch plots reflect the same final state as table 3.4 indicated. As with the section
above, the initial state is indicated by the red sphere, the final state by the black sphere
and the trajectory of the state with the blue line. The positive Bloch plot is shown in the
left column, while the negative Bloch plot is shown in the right column each divided into
four rows representing the four NV orientations. The (1,1,1) and (-1,-1,1) orientations rest

in the positive domain on the positive “x” axis, the |0〉+|+1〉√
2

state, which was the designed

target state. The (-1,1,-1) and (1,-1,-1) orientations also result in a final state in the posi-
tive domain, but have a 90◦ phase shift from the target state.

Another interesting piece to observe here is by looking at the final state of the negative
Bloch spheres. In these spheres, the final state does not rest at the origin as was seen
with the π like pulses. This is because the positive and negative Bloch spheres share the
common |0〉 state. The final state lying on the “z” axis, halfway between the starting |0〉
state and origin is expected, as the final state has half of the population in the |0〉 state
and does not have any final components in the X or Y axes of the negative Bloch sphere
for any of the orientations.

57



( 1, 1, 1)
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Figure 3.13: OCT Pulse - |0〉 → |0〉+|+1〉√
2

pulse, given to NVs (1,1,1) and (-1,-1,1). The
pulse was successful for the two desired orientations. Due to the symmetry of the diamond,
the other two orientations also show a π

2
rotation, but result in a rotated phase from the

(1,1,1) and (-1,-1,1). This could be used as an advantage for observing different phases in
a sensing experiment if this were the starting state.
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This configuration of magnetic field control allows for only control over two of the four
orientations, so free evolution of two orientations is a necessary piece of this pulse design.
This phase difference between the freely evolving orientations may be used as an advantage
when designing a pulse which desires a different final state for all four orientations of the
(100) diamond. This will be explored later in this chapter (section 3.3.1), this section is
only demonstrating pulses designed for the same final state of all orientations of NV centers.

Optimizing for only two of the four orientations in the (100) diamond is still advanta-
geous because it first allows for easier analysis of the NV response to the magnetic field
configuration and second, for more simple pulses to be tested. The following section will ex-
plore the (110) diamond, which does allow for control over all four NV orientations. In this
case, a pulse designed for the correct population distribution and final phase distribution
is possible.

3.2.4 Collective π
2 Pulse for All Orientations in the (110)

Diamond

Unlike the (100) diamond, the (110) possess four unique orientation responses under the
x and z control fields. Again, the microwave configuration being considered is outlined in
figure 3.9. The components included in the Hamiltonian are listed in table 3.5. Comparing
these rotation values to that of the (100) it can be seen immediately there is much less
symmetry. The combination of these rotation values yield four unique control Hamiltoni-
ans.

Table 3.5: Rotation matrix components in the control Hamiltonian for the (110) diamond,
with field aligned along the x and z axes.

NV xx xy zx zy

(1,1,1) 1
2

+ 1√
6

−1
2

+ 1√
6

− 1√
6

− 1√
6

(-1,-1,1) 1
2
− 1√

6
−1

2
− 1√

6
− 1√

6
− 1√

6

(-1,1,-1) 1
6
(3 + 2

√
2) 1

6
− 1√

3
+ 1√

6
1√
3

+ 1√
6

(1,-1,-1) 1
6
(3− 2

√
2) 1

6
1√
3

+ 1√
6
− 1√

3
+ 1√

6
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To demonstrate the success of the unique response, the desired state-to-state transfer
of |0〉 → |0〉+|+1〉√

2
, that is a π

2
rotation about the Y axis in the positive domain, was given to

each NV orientation in the (110) diamond. As with the (100) diamond, the final eigenstates
indicated the correct distribution of even population between the |0〉 and |+1〉 states for
all orientations. For more clarity on the success of the pulse, the final distribution of the
〈X±〉 , 〈Y ±〉 , 〈Z±〉 values is found. Recall the 〈X+〉 represents |0〉+|+1〉√

2
, which is the desired

final state. Table 3.6 shows the final state of each NV orientation after the pulse was
simulated. Each orientation correctly results in the desired final state of |0〉+|+1〉√

2
, aligning

along the positive “x” axis of the positive Bloch sphere.

Table 3.6: Final state for a |0〉 → |0〉+|+1〉√
2

state transfer in the (110) diamond. Each NV

orientation arrived at the correct final state of 〈X+〉, representing the |0〉+|+1〉√
2

state.

Final Expectation Values

(1, 1, 1) (-1, -1, 1) (-1, 1, -1) (1, -1, -1)
〈X+〉 0.99523 0.99403 0.99393 0.97379
〈Y+〉 -0.00139 0.06706 -0.08872 -0.03619
〈Z+〉 -0.0884 -0.0064 0.01624 0.12081

The Bloch plots clearly show the successful |0〉 → |0〉+|+1〉√
2

state transfer for the (110)

diamond, achieving not only the correct population distribution between the |0〉 and |+1〉
states, but the correct phase as well. This is most evident by looking at the positive Bloch
sphere with all the final states aligning along the positive “x” axis. As with the (100)
diamond, the final state in the negative Bloch sphere is aligned along the “z” axis, halfway
between the |0〉 state and the origin, indicating there is population left in the |0〉 state, but
no coherence on the X or Y axis of the negative Bloch sphere.
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Figure 3.14: OCT Pulse - |0〉 → |0〉+|+1〉√
2

state transfer for all NV orientations in the (110)

diamond. The plot indicates not only the correct population distribution for the |0〉 and
|+1〉 states, as was achieved with the (100) diamond, but also the correct phase. This is
due to the unique response of each Hamiltonian with the fields aligned along the “x” and
“z” direction.
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The success of this simulation indicates that this crystal orientation is the most optimal
to be used for control fields lying along the x and z axis as each NV may be controlled
uniquely, allowing any desired state to be reached. This analysis was conducted this way to
compare the many useful experiments that may be achieved with the (100) diamond, ana-
lyzing at first a more simple response with only two orientations to consider. While there
are many applications available to the (100) diamond with this microwave field geometry,
for universal control of all the orientations of NV centers, the (110) diamond should be used.

In the following section, the (111) diamond will show as an example of an interesting
case where linear and circular polarization control are mixed within the same diamond
crystal. It indicates the success of control for the applications of when the (111) diamond
is desired for experimental purposes.

3.2.5 Collective Control on Three Orientations in the (111)
Diamond

The previous section showed the possibilities of control when there are four unique projec-
tions of the NV orientations with magnetic field control in the “x” and “z” direction. This
section will show the applications of control when there are four unique projections, but
for one orientation, only linear microwave polarization is used to control the NV.

The (111) diamond has one of the NV orientations which aligns perfectly along the
lab and crystal frame (“z” axis). When an x and z microwave control source is used, this
source is unable to access selective single transitions for the (1,1,1) orientation as one of the
sources lies parallel to the axes and is therefore treated as a single linear source. Circular
polarization is required to access the single transitions. This is shown in table 3.7 which
shows the rotation matrix values incorporated into the control Hamiltonian with a field
along the x and z axes. The limitations for the (1,1,1) orientation are obvious here, as
the only component that is non-zero is the xx value. As the other three orientations have
unique values for both the x and z rotation values, select control of these orientations is
possible. The optimal field value for this diamond crystal would be along the x and y field
direction as that field uses the rotation matrix values of xx=1 and yy=1 for the (1,1,1)
orientation, but here, the results are being compared directly with the other crystals under
the designed field along the x and z axes.
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This section is analyzing the opportunity to use the (111) diamond with this magnetic
field configuration. If the experimental applications require the use of the (111) diamond
specifically, analysis with this magnetic field configuration is required.

Table 3.7: Rotation matrix components in the control Hamiltonian for the (111) diamond
with field aligned along the x and z axes.

NV xx xy zx zy

(1,1,1) 1 0 0 0

(-1,-1,1) 1
3

−2
3

−2
3

−2
3

(-1,1,-1) 1
3

+ 1√
3

1
3

1
3
− 1√

3
1
3

+ 1√
3

(1,-1,-1) 1
3
− 1√

3
1
3

1
3

+ 1√
3

1
3
− 1√

3

As an example to show the control over the (111), if a state transfer of the |0〉 → |+1〉
is desired, all orientations are able to reach the desired output population, except for
the (1,1,1) NV. It performs as a linear microwave π pulse would, evenly distributing the
population between the |±1〉 states.

Table 3.8: Final state for |0〉 → |+1〉 pulse for all NVs in (111) diamond. As the (1,1,1)
orientation lies along the “z” axis, the source is seen as one linear source instead of two
sources combining to form a circular polarization which is required to access the single
transitions. The population is therefore shown to be evenly distributed in the |±1〉 states,
as it would be for a linear source. The other orientations, which lie off the “z” axis, show
a successful selective π pulse to the |0〉 → |+1〉.

Final Expectation Values

(1, 1, 1) (-1, -1, 1) (-1, 1, -1) (1, -1, -1)
〈0〉 0.00007 0.00016 0.00017 0.00002
〈+1〉 0.49997 0.99814 0.99863 0.99997
〈-1〉 0.49997 0.0017 0.0012 0.00001
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Control of the (111) diamond for three orientations is possible given the current mi-
crowave field configuration. It is possible to keep the (1,1,1) in the |0〉 state, with linear
control only, while controlling the other three orientations as desired. As a toy example,
a |0〉 → |0〉+i|+1〉√

2
pulse has been designed for all NVs except the (1,1,1) orientation, while

the (1,1,1) orientation is set to remain in the |0〉 state. Table 3.9 shows the results of the
〈X+〉 , 〈Y +〉 , 〈Z+〉 values for the final state of each NV orientation. The pulse designed

for the |0〉+i|+1〉√
2

final state aligns with the positive “y” axis in the positive Bloch sphere,

so a complete overlap with the 〈Y +〉 state is expected for this state-to-state transfer. As
designed, all orientations, except the (1,1,1) NV show the target overlap of 0.99 with this
state. The (1,1,1) state shows a final overlap of 0.99 with 〈Z+〉, as expected. The positive
“z” axis in the positive Bloch sphere represented the |0〉 state.

Table 3.9: Final state for a |0〉 → |0〉+i|+1〉√
2

state in the (111) diamond for all NV orientations

except the (1,1,1). The (1,1,1) had a target pulse to remain in the |0〉 state. This pulse
was successful, achieving the desired population transfer for each orientation.

Final Expectation Values

(1, 1, 1) (-1, -1, 1) (-1, 1, -1) (1, -1, -1)
〈X+〉 0.00703 -0.05904 0.13821 -0.0199
〈Y+〉 -0.05886 0.98648 0.98891 0.98726
〈Z+〉 0.99736 0.13582 0.01223 0.125

The Bloch plot evolution of the desired target is shown in figure 3.15. All NV orien-
tations with the exception of the (1,1,1) NV was given the target state to state transfer

of |0〉 → |0〉+i|+1〉√
2

, which is successful. The (111) diamond may be compared to the (100)

diamond with this magnetic field configuration. While the (100) diamond did have the
correct population distribution between the |0〉 and |+1〉 state, it could only optimize the
same phase for two of the four orientations. In the case of the (111) diamond, the same
final state may be achieved for three of the four orientations.
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Figure 3.15: OCT Pulse - |0〉 → |0〉+i|+1〉√
2

pulse for three NV orientations in the (111)

diamond, |0〉 → |0〉 for NV (1,1,1). Rather than letting the (1,1,1) NV evolve freely, it was
given a target pulse to remain in the |0〉 state so it does not add noise to the results. The
other three orientations evolve as desired.
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3.2.6 Target State Overlap Summary for Collective Control

The first examples of OCT pulses have been shown in this section, for collective control
on each of the (100), (110) and (111) diamond. Collective control has been defined here
as having the same target state-to-state transfer given to each NV orientation for each
of the three diamonds. In each case, a π like pulse and π

2
like pulses were given, though

these are not an extensive list of the achievable pulses. As these are state-to-state transfers
rather than unitaries, they cannot be exactly addressed as π and π

2
, but the exact density

state transfers defined. The following tables show a summary of results for the target state
overlap of the target pulses, for a field along the “x” and “z” axis in the lab frame. Of
course the field may be adjusted such that it is suited for each diamond crystal orientation,
and in the best scenario, a field that is designed to be along the “x”,“y” and “z” direc-
tions would be the most ideal for achieving any target state-to-state transfer within each
diamond crystal.

Analyzing the advantages of each crystal with respect to a set 2D field yielded interest-
ing results. The symmetry of the (100) diamond reduces the orientations from four unique
to two sets of sub-ensembles. This reduces the computational demands on the pulse. The
(110) diamond possess four unique responses to the field, and thus may be used to achieve
any target state-to-state transfer. The (111) diamond is able to use three of the four orien-
tations, while keeping the (1,1,1) orientation in the |0〉 state. Each of these three crystals
may be used for unique applications, without the need to change the setup if an xz field is
used.
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Table 3.10 shows the summary of results for all diamond crystals targeting a |0〉 → |+1〉
or |−1〉 state transfer. The (100) and (110) diamonds are able to achieve these desired state
transfers for all orientations of NVs, while the (111) diamond may do this if the (1,1,1)
NV orientation is kept at the |0〉 state.

Table 3.10: Pulse target state overlap for the collective π pulses on all NV orientations in
each of the diamond crystals. With the field sourced from two microstrips, aligned along
the “x” and “z” direction in the lab frame, the target state overlap of 0.99 for the (100)
and (110) diamond has been reached for all orientations of NVs. The (111) diamond may
reach the desired target state overlap if the (1,1,1) NV remains in the |0〉 state.

Target State Overlap - OCT Target Pulse π) 0�→ +1�or -1� on all NVs

(100) (110) (111)
+1� → 0.997113
-1� → 0.993346

+1� → 0.990949
-1� → 0.990017

+1� → 0.875 Except(1,1,1)→ 0.995881
-1� → 0.864512 Except(1,1,1)→ 0.991689
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Table 3.11 shows the summary of target state overlap for achieving a |0〉 → |0〉+i|+1〉√
2

(x)

or |0〉 → |0〉+|+1〉√
2

(y), for all orientations. The (110) diamond is successful in achieving these

exact state transfers. The (100) diamond is able to achieve the desired population for a
π
2

pulse, but the phase differs for each of the orientations.The target state overlap shown
below is for a pulse designed for only the (1,1,1) and (-1,-1,1) NV while the other two
orientations evolve freely. The target overlap shown indicated the success of the target
state overlap for only the two orientations that the pulse was designed for. Last, again the
(111) diamond shows the desired target state overlap if the (1,1,1) NV orientation is kept
in the |0〉 state.

Table 3.11: Pulse target state overlap for the collective π
2

pulses on all NV orientations
in each of the diamond crystals. The (110) diamond is best suited for having a control
field along the xz field, with a target state overlap of 0.99 and as was seen in those specific
results, can achieve the correct phases as well for the outlined state-to-state transfers. The
(100) diamond is interesting as it is able to achieve a π

2
pulse, but the phases between

pairs of ensembles of NVs are not the same, so while the population distribution is correct
between the desired states of |0〉 and |+1〉 or |−1〉, the phase value will different between
orientations. This may be used to an advantage if the experiment is looking to pick up
different phases between each NV orientation. The (111) diamond is able to achieve the
target state overlap if the (1,1,1) NV is given the target pulse of |0〉 → |0〉.

Target State Overlap - OCT Target Pulse π/2)x/y on all NVs

(100) (110) (111)
x → 0.994729
y → 0.993584

x → 0.99418
y → 0.990026

x → 0.9375 Except(1,1,1)→ 0.990378
y → 0.9375 Except(1,1,1)→ 0.993041

This section detailed the abilities of a control field aligned along the “x” and “z” field
for each of the (100), (110) and (111) diamond for the same state-to-state transfer. The
next section will show the abilities of this field configuration if unique output states are
desired for the NV orientations.
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3.3 Optimal Control Theory Pulses for

Selective Control

The previous section established how this magnetic field configuration may control an
ensemble of NVs within the (100), (110) and (111) diamonds with the same target state-
to-state transfer. In some experimental cases, it is desired to have only one NV orientation
active while the other orientations remain in the |0〉 state. The NVs may also be controlled
with unique operators for each, with each having a different target. Being able to con-
trol the NVs individually, and actively move each orientation from the |0〉 state to some
other state, allows each of them to be turned on sequentially without the need of changing
hardware. Recall there are existing schemes which already accomplish this using multiple
microwave frequencies to target each orientation, [93, 119]. This method achieves a similar
result without having to alter the setup from the magnetic field configuration shown in
figure 3.9.

The following section will demonstrate examples for each of the (100), (110) and (111)
diamonds and their ability to have individual targets on each orientation.

3.3.1 Selective Control for NV Sub-Ensembles in the (100)
Diamond

Demonstrating selective single transitions for sub-ensembles

The previous section demonstrated single transitions from the |0〉 → |+1〉 or |−1〉 state
for each of the pairs of orientations in the (100) diamond. Keeping with treating the ori-
entations as two pairs, rather than four orientations, each of the pairs may be selectively
controlled while the other pair is kept in the |0〉 state. Figure 3.16 shows a selective state-
to-state transfer which rotates the (1,1,1) and (-1,1,-1) NVs from the |0〉 to the |+1〉 state,
while the (-1,-1,1) and (1,-1,-1) are instructed to transfer from the |0〉 → |0〉 state.

While this shows the success of selective control on the sub-ensembles of NV orientations
within the (100) diamond, it does not show the full potential of designing a control pulse
for only two of the four orientations and achieving four unique state-to-state transfers.
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Figure 3.16: OCT Pulse - selective |0〉 → |+1〉 pulse for one pair, and 1 on the other pair
of NVs. The symmetry of this diamond allows for selective pulses on two sub-ensembles
rather than four orientations. The beginning state of all orientations (red) is |0〉 while the
final state (black) of the (1,1,1) and (-1,1,-1) has been set to |+1〉 and the final state of
(-1,-1,1) and (1,-1,-1) is |0〉. The trajectory of the pulse is shown in (blue). The positive
Bloch sphere indicates these beginning and final states quite clearly. The final state of the
negative sphere is at the origin for the |+1〉 final states and |0〉 for the intended |0〉 states.
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Using crystal symmetry to achieve unique final states

In this pulse, the control was intentionally only placed on the (1,1,1) and (-1,-1,1) NVs.
As was seen when the collective control was attempted to transfer all NV pairs from
|0〉 → |0〉+|+1〉√

2
, if control was placed only on the (1,1,1) and (-1,-1,1) NV, and the other

orientations were allowed to evolve freely, all achieved the correct distribution of popu-
lation between the |0〉 and |+1〉 states, but the phases were only correct for the target

orientations. The (-1,1,-1) evolved to the |0〉−i|+1〉√
2

state, while the (1,-1,-1) evolved to the
|0〉+i|+1〉√

2
state, ∓90◦ from the intended final state.

In this case, this phase evolution was intentionally used so that four unique final states
could be achieved by only targeting two orientations. The (1,1,1) NV was given the target

state-to-state transfer of |0〉 → |−1〉+|0〉√
2

. The (-1,-1,1) NV was given the target of |0〉 →
|−1〉+i|0〉√

2
. The (-1,1,-1) and (1,-1,-1) were left to evolve freely under these target pulses.

Table 3.12: Final states for the selective pulse on NVs (1,1,1) and (-1,-1,1) to a superposi-
tion of the |0〉 and |−1〉 states. The (1,1,1) and (-1,-1,1) evolve as designed to the positive
X and “y” axis in the negative Bloch sphere, while the (-1,-1,1) and (-1,1,-1) evolve freely
to the negative Y and “x” axis in the negative space. By optimizing only two orientations,
four unique states may be reached.

Final Expectation Values

(1, 1, 1) (-1, -1, 1) (-1, 1, -1) (1, -1, -1)
〈X-〉 0.99911 0.00002 0.00764 -0.98173
〈Y-〉 0.00764 0.98173 -0.99911 0.00002
〈Z-〉 0.02493 -0.09917 0.02493 -0.09917

The Bloch plots in figure 3.17 show how the pulse was successful in achieving a unique
final state for each NV orientation. The 90◦ phase difference accumulated when the pairs
of NVs evolve freely under the target pulse was used as an advantage here to set all four
orientations in a superposition of the |0〉 and |−1〉 plane with a different phase. The posi-
tive Bloch sphere shows the final state aligned along the “z” axis, with no phase in the “x”
or “y” plane, halfway between the |0〉 and origin, indicating there is a shared population
with the |0〉 state, but no phase in the positive Bloch sphere as intended.
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Figure 3.17: OCT Pulse - selective pulses for NVs (1,1,1) and (-1,-1,1) while NVs (-1,1,-1)

and (1,-1,-1) evolve freely. Intentionally setting the (1,1,1) NV to evolve to |−1〉+|0〉√
2

and

(-1,-1,1) to |−1〉+i|0〉√
2

and allowing the other two orientations to evolve freely results in four

unique outputs. The symmetry within the (100) crystal may be used to create intentional
useful final states given these limits.
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The negative Bloch sphere indicates the four final unique state, corresponding to table
3.12. Recall the axes in the Bloch sphere aligning with the following states:

(1, 1, 1) → |−1〉+|0〉√
2

; + |X−〉

(−1,−1, 1) → |−1〉+i|0〉√
2

; + |Y −〉

(−1, 1,−1) → |−1〉−i|0〉√
2

;− |Y −〉

(1,−1,−1) → |−1〉−|0〉√
2

;− |X−〉

(3.42)

Complete selective control is possible for the sub-ensembles of the (100) diamond, each
containing a pair of NVs. In addition, the symmetry of the crystal may be used as an
advantage so that pulses designed to be optimized over only two orientations allows for
four unique final states. Arriving at a unique final state after using the pulse allows for
each NV to then evolve with a different starting phase, useful for sensing applications.

The next section will show how each of the four NVs may be actively controlled with
a unique state-to-state transfer while the other three NVs remain in the |0〉 state in the
(110) diamond. Unlike the (100) diamond which allows control over two sub-ensembles,
the (110) allows for any combination of state-to-state transfer for all four orientations.

3.3.2 Selective Control for Four NV Orientations in the (110)
Diamond

The (110) oriented diamond has already shown to be well suited for this configuration
of microwave geometry, achieving the same target state-to-state transfer for all four ori-
entations of NVs in the ensemble. This section will show how a selective state-to-state
transfer may be achieved for one orientation of NV while the the three remaining remain
in the |0〉 state. This was demonstrated for the two sub-ensembles in the (100) diamond,
but extending this to all four orientations in the (110) enhances magnetic field sensing
capabilities.
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As an example to show the achievable selectively in this crystal orientation is to demon-
strate a |0〉 → |0〉+i|+1〉√

2
pulse on NV (1,1,1), while all the other orientations are kept in the

|0〉 state. Four experiments could be run sequentially, moving each NV orientation into
the transverse plane for sensing, while the other three are kept in the |0〉 state, as has been
conducted in previous sensing experiments, [120, 123]. This achieves the same results, with
a more compact experimental design.

The final states achieved after implementing the pulse are shown in table 3.13. A final
state overlap with the positive “y” axis 〈Y +〉 = 0.99 for the (1,1,1) NV corresponds to the

state transfer of |0〉 → |0〉+i|+1〉√
2

while the other three final states overlap with the positive

“z” axis 〈Z+〉 = 0.99 in the positive Bloch sphere, corresponding to the |0〉 → |0〉 state-to-
state transfer.

Table 3.13: The final states for a selective state-to-state transfer on the (1,1,1) NV to the

positive “y” axis, |0〉 → |0〉+i|+1〉√
2

, while all others remain in |0〉. The pulse on (1,1,1) NV

corresponds to a state overlap of 〈Y +〉 = 0.99 and 〈Z+〉 = 0.99 for all other orientations.

Final Expectation Values

(1, 1, 1) (-1, -1, 1) (-1, 1, -1) (1, -1, -1)
〈X+〉 0.0212 -0.02027 0.03801 0.00371
〈Y+〉 0.98789 0.03722 -0.02257 -0.02443
〈Z+〉 0.09197 0.99779 0.99762 0.99893

The Bloch plots show the trajectory for each NV orientation under this pulse design, and
indicate the correct final state as table 3.13. The positive Bloch sphere shows the desired
state-to-state transfer for the (1,1,1) NV orientation. The remaining three orientations
show an identity like pulse, with the starting and stopping state overlapping with |0〉 =
0.99.
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Figure 3.18: OCT Pulse - |0〉 → |0〉+i|+1〉√
2

pulse for the (1,1,1) NV and |0〉 → |0〉 on all others

in the (110) diamond. The positive Bloch plot indicates the success of this pulse. This
serves as an example for the selective abilities of the (110) diamond with a field aligned
along the x and z axes. Any target unitary for each of the four NVs is possible with this
field orientation and crystal. The ability to selectively rotate one orientation of NVs and
keep the others in a |0〉 state in four successive pulses, each designed for one of the four
orientations, allows for selective sensing of each of the four orientations, advantageous for
sensing applications.
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While this is only one example to demonstrate state-to-state transfer for selective NV
orientations, the (110) diamond is able to perform any selective target unitary for each in-
dividual NV orientation. This makes it the most adaptable for experimental applications
with the given control field lying along the “x” and “z” axis. The (100) and (111) diamond
may also be controlled as the (110) diamond has been shown in this case, but with a field
aligned along the “x” and “y” direction. However, the purpose of this thesis is to dictate
the capabilities of a microwave field configuration that is realized in a planar structure,
using two microstrips. This configuration is easily adaptable for a portable sensing device,
as the envelope for a PCB board with two printed microstrips already has a low profile.

The following section will show the capabilities of the (111) diamond for selective control
on individual NV orientations.

3.3.3 Selective Control for Three NV Orientations in the (111)
Diamond

As was the case with the collective pulse on each of the four orientations within the (111)
diamond, the (1,1,1) cannot have selective control beyond those allowable for a linear mi-
crowave source while the field is aligned along the “x” and “z” axes. This restricts the
control within this crystal to the other three NV orientations, but within these three ori-
entations unique selective control of each is possible. Like as was seen with the (110)
diamond, three of the orientations may be selectively rotated while the others are kept idle
at |0〉. In doing so, again, some sensing experiments may be performed, which utilizes three
of these four orientations. This crystal may be chosen over the (110) diamond because the
relative orientations of each of the three active NV orientations would have a different re-
lation to the surface compared to the (110) diamond. If this relationship between the NV
orientation and the diamond surface can change how the NVs are interacting with surface
moieties it may be advantageous to use three active NV orientations in the (111) diamond
compared with four active NV orientations in the (110) diamond.

In this toy example, four different target final states were given to the NVs in the (111)
diamond. The starting state for all orientations is |0〉. Within the limitations of the field
relative to the crystal orientation, the (1,1,1) orientation is kept at |0〉, achievable with
linear microwave control. The other three orientations were given final states resulting in
a selective superposition between the |0〉 and |+1〉 or |−1〉 and with differing phase. This
is different from achieving four different final states in the (100) diamond case.
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In the case of the (100) diamond, the symmetry of the diamond was used as a conve-
nient tool to result in NVs having a superposition of the |0〉 and |+1〉 state with different
phases while only designing a pulse for two of the four orientations. For the pulses de-
signed in the (111) diamond, each control Hamiltonian was given a different target control
to demonstrate OCTs range of abilities.

The target states for each of the four NVs are as such:

(1, 1, 1) → |0〉 ; + |Z+〉 = − |Z−〉
(−1,−1, 1) → |−1〉+i|0〉√

2
; + |Y −〉

(−1, 1,−1) → |0〉+|+1〉√
2

; + |X+〉
(1,−1,−1) → |0〉+i|+1〉√

2
; + |Y +〉

(3.43)

Table 3.14 yields the corresponding final state overlap values in the positive and negative
domains. All state overlaps yield a target state overlap of ≥ 0.98.

Table 3.14: Final state overlap for unique selective pulses on the (111) diamond.

(1,1,1) NV |0〉 → |0〉; (-1,-1,1) NV |0〉 → |−1〉+i|0〉√
2

; (-1,1,-1) NV |0〉 → |0〉+|+1〉√
2

; (1,-1,-1) NV

|0〉 → |0〉+i|+1〉√
2

Final Expectation Values

(1, 1, 1) (-1, -1, 1) (-1, 1, -1) (1, -1, -1)
〈X+〉 0.00836 0.0977 0.9781 0.0427
〈Y+〉 -0.08385 -0.02504 -0.18467 0.9981
〈Z+〉 0.99466 0.49069 -0.09553 -0.0227

Final Expectation Values

(1, 1, 1) (-1, -1, 1) (-1, 1, -1) (1, -1, -1)
〈X-〉 0.00836 0.15115 0.00027 -0.02504
〈Y-〉 0.08385 0.98332 -0.00884 -0.02823
〈Z-〉 -0.99466 0.00323 -0.45217 -0.48755
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The positive and negative Bloch plots in figure 3.19 show the success of the designed
pulse. The positive spheres show the successful pulse of the (-1,1,-1) and (1,-1,-1) ori-
entations, while the negative sphere shows the successful final state of the (-1,-1,1) NV
orientation. As the |0〉 state is indicated in both the positive and negative spheres, the
(1,1,1) final state is evident in both.

( 1, 1, 1)

( - 1, - 1, 1)

( - 1, 1, - 1)

( 1, - 1, - 1)

( 1, 1, 1)

( - 1, - 1, 1)

( - 1, 1, - 1)

( 1, - 1, - 1)
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Figure 3.19: OCT Pulse - Selective pulses for all orientations in the (111) diamond. All
orientations are shown to begin in the |0〉 state (red). The (1,1,1) NV orientation was
given a target final state of |0〉, evident in both the positive and negative Bloch spheres.
The final state of the (-1,-1,1) NV is evident in the negative Bloch sphere, arriving at the

intended |−1〉+i|0〉√
2

state. The positive Bloch sphere shows the final states of the (-1,1,-1)

and (1,-1,-1) NVs, |0〉+|+1〉√
2

and |0〉+i|+1〉√
2

, respectively. The (1,1,1) NV does have limited
control with this control field, but the other three remaining NVs may reach any point on
either Bloch sphere. This toy model was shown to demonstrate four unique final states.

This is a key demonstration to show the selectivity capabilities for each NV orientation,
even given the restraints on the crystal orientation with respect to the control field. While
the (1,1,1) state is effectively removed from the output of the experiment, the other three
NV orientations may reach anywhere on either the positive or negative Bloch sphere, inde-
pendently. Thus far, a view of each of the three diamonds has been analyzed for selective
control of the NV orientations. The chapter will conclude to summarize the abilities of
selective control on each of the three diamond orientations with the same microwave field
configuration.
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3.3.4 Target State Overlap Summary for Selective Control

As with the collective control on each of the (100), (110) and (111) diamonds, the selective
control for each of these diamonds may be summarized. A table containing the summary of
target state-to-state overlap achieved for selective single transition control pulses is shown
in table 3.15. The selective transitions were tested with |0〉 → |+1〉 or |−1〉 while the other
orientations were kept at the |0〉 state. The (100) diamond is treated as two sub-ensembles
as opposed to having four orientations of NVs, which allows the target state overlap of 0.99
to be reached. The (110) diamond demonstrated individual control of each NV orientation
allowing select NVs to be rotated to the single transition while the other three orientations
remained in the |0〉 state. The (111) diamond is unable to achieve the target state overlap
while including the (1,1,1) NV orientation as it only sees a linear field, so single selective
transition is not possible. If this orientation is removed by being kept at the |0〉 state, the
other three orientations may be individually rotated.

Table 3.15: Pulse target state overlap for selective single transitions to the |+1〉 or |−1〉
states for all diamond single crystals. The (100) and (110) diamond are able to achieve
selective pulses for the two pairs of NVs in the (100) diamond and all orientations in the
(110) diamond. The (111) diamond is able to achieve selective pulses for all orientations
with the exception of the (1,1,1) orientation.

Target State Overlap - OCT Target Pulse π)±1 on select sub-ensembles (� on other)

(100) (110) (111)
+1� → 0.990073
-1� → 0.991981

+1� → 0.992715
-1� → 0.993158

+1� → 0.875 Except(1,1,1)→ 0.990668
-1� → 0.875 Except(1,1,1)→ 0.990461

The summary of target state overlap achieved for selective π
2

like pulses is shown in

table 3.16. In this example, a transition to either the |0〉+|+1〉√
2

or |0〉+i|+1〉√
2

was attempted

for one of the NV orientations while the others were given a final state of |0〉. The same
trends were seen as previously, the (100) diamond being able to rotate single orientations
selectively. The target state overlap of 0.99 is achieved when control is given only to
each pair of ensembles, not all four orientations, while the other two are allowed to evolve
freely under the designed pulse. If all four are targeted, a state overlap of 0.92 was reached.
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It is clear that for a field aligned along the “x”-“z” axes in the lab frame, the (110)
diamond is the most optimal to use for selective control. The (111) diamond is able to
optimize over three of the four orientations, again useful for many applications. Also recall
that while the phase of the π

2
pulses in the (100) diamond are not the desired phase,

the populations are still the desired populations, so there are applications in which this
pulse would be useful for experiments that can differentiate the phase picked up from each
orientation, while keeping the other sub-ensembles in the identity state.

Table 3.16: Pulse target state overlap for the selective π
2

pulses, and 1 on others for
each of the diamond crystals. Recall the (100) diamond achieves the correct population
distribution, but incorrect phase. The (110) diamond is able to achieve π

2
for all select

orientations, and the (111) diamond is able to achieve for all orientations except the (111)
orientation.

Target State Overlap - OCT Target Pulse π/2)x/y on select sub-ensembles (� on other)

(100) (110) (111)
x → 0.992039
y → 0.99452

x → 0.99083
y → 0.990143

x → 0.9375 Except(1,1,1)→ 0.990013
y → 0.9375 Except(1,1,1)→ 0.992558

In the examples, π
2

like pulses were shown as it is an easy way to visually gauge the
success of the pulse in addition to using the state overlap as a metric of success. For the
(110) and three of the four orientations of the (111) diamond, complete access to anywhere
on the positive and negative Bloch sphere is possible, but more difficult to visually indicate,
so they were not shown in these toy examples.

These two tables are not an exhaustive list of the capabilities of the OCT pulses, but do
provide a summary demonstrating the reach of the controls. Combined with the collective
control summary, the intuition for the OCT pulses with this microwave configuration and
three diamond crystals may be gained.
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Simulations to the experimental setup

This chapter described how a control Hamiltonian may be written for any general NV
orientation in a single crystal diamond, expanding to an ensemble of NVs within one di-
amond. Two independently controlled channels may be used to implement the control
Hamiltonian. An example configuration was shown, featuring two parallel microstrips, to
achieve OCT pulses. The features of the OCT controls simulated for the (100), (110) and
(111) diamonds were shown with key examples, comparing cases were the same target
state-to-state transfer is desired for all NV orientations, or selective control of each ori-
entation. Compared to previous results, it was also shown that a random position of the
NV ensemble does not impede the performance of the pulses, being able to find the target
pulse for any position relative to the microstrips.

The (110) diamond was shown to be the most suitable crystal for this configuration of
control field, capable of achieving any unique target state-to-state transfer for collective or
selective NVs. If it is desired to have control over all four orientations uniquely, the (110)
is most desired. The (111) diamond was shown as an interesting case to compare how
OCT pulses may be implemented with only linear control on the (1,1,1) NV, and circular
polarization on the other orientations. The (111) diamond may also be chosen because
of its differing angle of orientation relative to the surface, compared to the other crystals.
The (100) diamond possesses helpful symmetries, with this microwave field configuration,
which reduces the orientations from four to two effective pairs, a very useful testbed to
implement the pulses. The (100) diamond will be used for the experimental setup to im-
plement the pulses in chapter five.

The following chapter will present the experimental setup required to implement the
OCT pulses. A detailed account of the design and characterization of the optical and
microwave configurations for NV ensemble experiments will be given.
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Chapter 4

Experimental Setup

This chapter presents the experimental setup, capable of studying nitrogen vacancy (NV)
ensembles. This chapter is divided into three main sections. First the optical layout of the
experimental setup is explained. Following the description of the optical layout, the next
section will describe the requirements of the beam power, collimation, profile, diameter
and polarization for NV ensemble work. The final section describes both the layout and
characterization of the microwave portion of the apparatus.

Two separate control systems are required to manipulate the optical and microwave
transitions of the NV centers. This is realized through having an optical table controlling
all incoming and detected photons from the NVs, while the top layer of the system houses
all the microwave components. Figure 4.1 shows a picture of the complete setup. While
this system is currently in use for NV ensemble measurements, it was designed to be easily
adaptable to study single NV centers.
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Figure 4.1: A picture of the complete system, with a more detailed photo of the optical
and electronics layout. (a) The whole system, split into two levels, with the optics on the
bottom floating table, while the electronics controlling all the active optical components
and microwave components are placed on top. (b) Shows a view of the components required
for microwave control while (c) shows a view of the optical table.
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4.1 Experimental Setup Optical Requirements

The optical modules featured in this setup are the laser box, switch arm, mode shaping
arm, scanning optics and detection box. Figure 4.2 shows the block layout containing each
of these sections. The laser box generates the beam. A double pass switch arm follows,
containing an optical switch for fast switching times and provides a high contrast between
the ON and OFF intensity. Control of the polarization is used as a technique to re-direct
the beam with a polarizing beam splitter (PBS) within the switch arm to save space on
the optical table. From the switching arm, the mode shaping arm re-shapes the Gaussian
beam and selects the desired polarization required for the NV ensembles. A dichroic mirror
at the end of the mode shaping arm reflects green light into the scanning optics. Upon
passing through the scanning optics, the green light excites the NVs, which then fluoresce
with red light. This red light passes back through the same beam path as the incoming
light, and then transmits through the dichroic mirror into the detection box. The detection
box uses a pinhole as a spatial filter for unwanted emitters, and is then focused onto an
avalanche photo diode (APD).
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Figure 4.2: The block layout of the optical setup. The laser box generates a continuous
beam at 532nm. A double pass switch arm contains the optical switch, used for its fast
switching times and large contrast ratio between the ON and OFF intensity. The mode
shaping arm corrects for beam shape aberrations as well as sets the desired optical po-
larization of the beam. The scanning optics focus the beam into the diamond sample,
exciting the NVs with green light. The detector box collects the emitted red photons from
the sample.

The figure above only shows the main components of each of the modules. Its purpose
is to show how the main modules fit together and gather a sense for the general flow of the
beam in the optical setup.
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4.1.1 Laser Box

The laser box generates the beam, establishing its initial power, shape, collimation, diame-
ter and polarization conditions. The layout of the laser box is shown in figure 4.3, followed
by the table of associated parts in table 4.1. The laser model is a Coherent, Ti-sapphire
laser, emitting up to 100 mW of light at 532 ± 2 nm. An attenuation wheel is used to
attenuate the initial power of the beam, most often for alignment. It may also be attenu-
ated for some experiments which desire a lower laser power to not overwhelm the photon
count of the detector, or have an unwanted high level of reflected green light, lowering the
output photon contrast. The telescope in the laser box expands the beam by two times its
original diameter. This is done to satisfy the beam diameter requirements in the switch
and mode shaping arm.

L.1

L.2

L.3

L.4

L.5L.6

2x TelescopeTo Switch
Arm

Figure 4.3: The layout of the laser box. The laser (L.1) supplies a Gaussian beam at
532 nm, up to 100 mW. The beam may be attenuated for alignment or some experimental
purposes that desire a lower laser power by an attention wheel (L.3). A telescope (L.5/6)
expands the diameter of the beam by two times.
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Table 4.1: Laser Box components corresponding to figure 4.3.

List of Components By Block
Label Component Name Make Part No.

L.1 Laser Coherent. 532-100 CW S/N 1176686
L.2 Mirror Thorlabs Inc. BB1-E02
L.3 ND Filter wheel Thorlabs Inc. FW1A

L.3A ND Filters Thorlabs Inc. 50% : NE03A,
31% : NE05A,
25% : NE06A,
5% : NE13A,
1E − 4% : NE60A

L.4 Mirror Thorlabs Inc. BB1-E02
L.5 Lens (f=50 mm) Thorlabs Inc. LA1131-A
L.6 Lens (f=100 mm) Thorlabs Inc. LA1509-A
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4.1.2 Switch Arm

The beam exits the laser box and enters the switch arm, beginning with two mirrors re-
directing the beam towards the optical switch. The switch arm contains the optical switch
for the setup, in a double pass design, with a forward and backward pass. The double pass
design improves both the contrast between the ON and OFF ratio of incoming power to
the NV centers and is also used to save space. The layout and associated parts for the
switch arm are shown in figure 4.5 and table 4.2, respectively.

On the forward pass, the beam is accepted from the laser box, and passes through a
half wave plate (HWP) followed by a PBS. The PBS passes p-polarized light, and reflects s-
polarized light. After passing through the PBS on the forward pass, the light is focused into
the optical switch, an acousto-optic modulator (AOM), via a telescope, and re-collected on
the opposite side of the AOM. Modulating the AOM changes the refractive index in the
crystal, controlling its ON and OFF conditions. When OFF, the AOM simply passes the
incoming 0th order beam. When ON, it diffracts into multiple orders. Figure 4.4 shows
the diffracted beams through the AOM. The switch arm is designed to select the 1st order
beam path, and block all others, when the AOM is ON.

Oth

Oth

1st

Bragg Angle

MHz

Figure 4.4: The concept of an acousto-optic modulator (AOM). The AOM contains a
piezo crystal in the inner medium. The refractive index of the crystal changes when an
acoustic wave is applied. When a beam enters the medium, while it is being modulated,
the beam diffracts into multiple orders, with each order diverging at the Bragg Angle from
the normal. The beam which follows along the original path is called the 0th order beam.
The distance between the 0th and 1st order is two times the Bragg Angle (2ΘB). The 1st

order beam is selected in the setup by placing an iris to block the 0th order beam and pass
the 1st order.
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After passing through the AOM, the beam travels through a quarter wave plate (QWP),
reflecting off a mirror and passes through the same QWP again, resulting in a rotation of
the polarization from p to s-polarized light. On the back pass of the switch arm, the beam
passes back through the AOM, and toward the PBS. With the rotated polarization, the
PBS now reflects the s-polarized light into the mode shaping arm. An iris in the mode
shaping arm acts with the same purpose as the one in the switch arm, blocking the 0th

order beam, and selecting the 1st order beam from the back-pass of the AOM.

To Mode 
Shaping Arm

SA.1

SA.2
SA.3SA.4

SA.5

SA.6SA.7SA.8SA.9SA.10SA.11

From 
Laser Box

AOM

Figure 4.5: The layout of the switch arm. The beam enters from the laser box, travels
through a HWP (SA.3) and then PBS (SA.4), which transmits p-polarized light and reflects
s-polarized light. The AOM (SA.7), is the optical switch. A lens (SA.6) focuses the light
into the AOM, while another lens (SA.8) on the back side re-collimates the light. When
turned on, the AOM diffracts the beam into multiple orders. The zeroth order is blocked
while the first beam is passed by an iris (SA.9). The first order diffracted beam passes
through a QWP (SA.10), rotating the polarization of the beam by 45◦. Hitting a mirror
(SA.11) and passing back through the QWP rotates it a further 45◦ so the beam is now
s-polarized on the back pass. When the beam hits the PBS once more, it now reflects into
the mode shaping arm. The act of passing through the AOM twice is known as a double
pass switch arm, and is used to improve the ON:OFF ratio of the beam intensity.
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Table 4.2: Switch Arm components corresponding to figure 4.5.

List of Components By Block
Label Component Name Make Part No.

SA.1 Mirror Thorlabs Inc. BB1-E02
SA.2 Mirror Thorlabs Inc. BB1-E02
SA.3 Half Wave Plate @

532 nm
Thorlabs Inc. WPH05M-532

SA.4 Polarizing Beam
Splitter

Newport 05BC16PC.3

SA.5 Beam Blocker Thorlabs Inc. LB1
SA.6 Lens (f=175 mm) Thorlabs Inc. LA1229-A
SA.7 AOM Isomet 1250C-848
SA.8 Lens (f=150 mm) Thorlabs Inc. LA1433-A
SA.9 2” Iris Thorlabs Inc. ID25
SA.10 Quarter Wave Plate @

532 nm
Thorlabs Inc. WPHQ05M-532

SA.11 Mirror Thorlabs BB1-E02
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4.1.3 Mode Shaping Arm

The mode shaping arm cleans up any spatial aberrations from the laser and switch arm,
and selects the incoming polarization for the NV ensembles. The layout and corresponding
parts for the mode shaping arm are shown in figure 4.6 and table 4.3, respectively. The iris
at the beginning of the mode shaping arm is used to select the 1st order diffracted beam
from the AOM, an overhang from the switch arm. Of course this may be done in the switch
arm, but for spatial reasons, the iris was placed in this position. Two alignment mirrors
direct the beam into the single mode fiber (SMF) with associated fiber couplers on either
side. The SMF allows only one spatial mode of light to pass through the core, acting as
a filter and correcting any spatial aberrations accumulated from the laser and switch arm.
It is important the beam has a circular profile heading into the objective because it evenly
distributes the power of the beam along the radius of the beam, close to an ideal Gaussian
beam.

Following the SMF, a telescope is used to expand the size of the beam by two times.
Expanding the beam satisfies both the diameter requirements of the scanning optics and
detection box. Two alignment mirrors direct the beam into a HWP, used to correct for a
random polarization error induced by the SMF and to select the desired polarization for
the NV ensembles.

The final component of the mode shaping arm is the dichroic mirror, which reflects one
colour and transmits another. In this case, the dichroic mirror reflects green and transmits
red. The incoming beam of green light is reflected off the dichroic mirror and into the
scanning optics along the excitation path to excite the NVs. The emitted red light from
the NVs will travel back along the same path in the scanning optics, but upon intersecting
with the dichroic mirror, will transmit through and into the detection box.
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Figure 4.6: The layout of the Mode Shaping Arm. The Mode Shaping Arm corrects
for aberrations in the beam shape, sets the desired polarization for the experiments, and
uses a dichroic mirror to re-direct the green light into the scanning optics, later used to
transmit red light into the detection box. Aberrations in beam shape are corrected using
a SMF (MSA.4), which allows only one spatial mode of the light to pass. The beam is
then expanded by a telescope (MSA.8/9) beyond the fiber, important to satisfy the size
requirements of the scanning optics and detection box. A HWP (MSA.13) is placed after
the telescope to both correct for the polarization errors induced from the fiber and select
a polarization that is optimal for the NV ensemble. Once the beam has the correct shape
and polarization, it then hits the dichroic mirror (MSA.14), which is reflected into the
scanning optics.
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Table 4.3: Mode Shaping Arm components corresponding to figure 4.6.

List of Components By Block
Label Component Name Make Part No.

MSA.1 1” Iris Thorlabs Inc. ID12
MSA.2 Mirror Thorlabs Inc. BB1-E02
MSA.3 Mirror Thorlabs Inc. BB1-E02
MSA.4 Fiber Coupler Thorlabs Inc. F240FC-A 543 nm
MSA.5 Single Mode Fiber Thorlabs Inc. P1-460B-FC-1
MSA.6 Fiber Coupler Thorlabs Inc. F240FC-A 543 nm
MSA.7 Mirror Thorlabs Inc. BB1-E02
MSA.8 Lens (f=50 mm) Thorlabs Inc. LA1131-A
MSA.9 Lens (f=100 mm) Thorlabs Inc. AC-254-100-A
MSA.10 Mirror Thorlabs Inc. BB1-E02
MSA.11 Mirror Thorlabs Inc. BB1-E02
MSA.12 Mirror Thorlabs Inc. BB1-E02
MSA.13 Half Wave Plate @

532 nm
Thorlabs Inc. WPH05M-532

MSA.14 Dichroic Mirror Semrock LPD01-532RS-25
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4.1.4 Scanning Optics

The dichroic mirror reflects the incoming green light from the mode shaping arm into the
scanning optics. At this point, the beam has now been corrected for spatial aberrations,
is able to be switched on and off, the majority of the power loss through the system has
been accounted for, and the polarization may be changed to suit the selected NVs. The
scanning optics is now used to re-size the beam to the requirements for the chosen objective
and focus it onto the NV sample. It contains the stage and NV sample, mounted atop the
PCB board which delivers the microwave control field. It is the point at which the optical
and microwave control setups meet.

The layout and corresponding table of parts for the scanning optics are shown in figure
4.7 and table 4.4. The dichroic mirror is shown in the layout for context in the scanning
optics. Similar to the switch arm, the scanning optics have both a forward and backward
pass, in this case referred to as the excitation and emission paths. The NVs are excited
from the green light reflected off the dichroic mirror, passing through the scanning optics
telescope and objective toward the sample. The telescope used in this module expands
the beam by approximately three times, to overfill the back of the objective. When the
objective is overfilled, the intensity of the power transmitting through the objective is
more uniform, approaching a planar profile, essential for the initialization and readout of
the NVs. It also ensures that the beam exiting the objective is collimated. To overfill,
the beam is sized such that the diameter of the beam exceeds the diameter of the back
of the objective. If the beam is set to be larger than this size, there is just more power
loss, but the power would be more uniform through the objective. This setup was built
to be a hybrid system, capable of being used for high and low density diamonds and for
both ensemble and individual NVs, which requires two objectives to be used interchange-
ably. Therefore, the beam was expanded to be compliant with overfilling a 10x Nikon
air-objective, with the diameter at the back of the objective being 12 mm. A 100x Nikon
oil-immersion objective may be swapped (back diameter of 5.2 mm), with a minor loss in
overall power to the NVs, without having to change the telescope of the scanning optics.
A 10x objective would of course capture more NV centers, but the inhomogeneity due to
the increased spot size (52 µm) depth and (2.71 µm) diameter for the 10x compared to
(2.51 µm) depth and (0.59 µm) diameter for the 100x is an added experimental challenge,
so the majority of the experiments were performed with a 100x objective.
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As the excitation and emission paths of the scanning optics must support two different
wavelengths of light, it is important the scanning optics are built so that the green and
red paths are both collimated and overlap for the entire the beam path. If this does not
happen, the microscope will lose its confocal ability, focusing the green and red at two
different focal points. To accomplish this in practice, a red diode alignment laser is di-
rected backwards through the detection box and scanning optics, while the green light is
simultaneously directed from the green laser through the rest of the setup. Removing the
objective from the scanning optics, the spatial overlap and collimation of the two paths
are checked over many meters by deflecting the beam path with multiple mirrors.

The sample is mounted atop a PCB board, fixed to a three axis stage with manual
actuators. For more precise measurements, piezo controlled stages may be added with no
interference to the setup, however for the experiments performed, these were not required.

SO.1

3.125x Telescope
From Mode

Shaping Arm

To Detection
Box

Stage and 
Sample

Objective

SO.2

Dichroic

SO.3 SO.4 SO.5

SO.6 SO.7

SO.8
SO.9
SO.10

Figure 4.7: The layout of the scanning optics. The scanning optics contain the objective,
diamond sample and stage. The green light comes in from the mode shaping arm, passing
through the alignment mirrors (SO.1/2), telescope (SO.3/4) and into the objective (SO.7)
to excite the NVs. The sample (SO.8) sits on atop a PCB board with two microstrips
and mounted to a stage controlled by manual actuators. Once excited with green light,
the NVs emit in the red spectra, which pass back through the same beam path and now
transmits through the dichroic mirror into the detection box. It is important the scanning
optics are built so that the green and red paths are both collimated and overlap for the
entire length of the beam path. The telescope is used to expand the beam to overfill the
objective. This system was built such that a 100x and 10x objective may be exchanged.
With an objective with lower magnification, the volume of NVs increases greatly. For the
chosen sample, the number of NVs was sufficient such that a 100x objective was used, so
a smaller volume could be accommodated.
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Table 4.4: Scanning Optics components corresponding to figure 4.7.

List of Components By Block
Label Component Name Make Part No.

SO.1 Mirror Thorlabs Inc. BB1-E02
SO.2 Mirror Thorlabs Inc. BB1-E02
SO.3 Lens (f=80 mm) Thorlabs Inc. AC254-080-A
SO.4 Lens (f=25 mm) Thorlabs Inc. AC254-250-A
SO.5 Mirror Thorlabs Inc. BB1-E02
SO.6 Mirror Thorlabs Inc. BB1-E02
SO.7 100x oil immersion

objective
Nikon Plan Fluor 100x/1.30 N.A

(D.O.F 2.51 µm and min
beam diameter 0.59 µm)

SO.8 Diamond Sample Element Six
Technologies

DNV-B1 (3×3×0.5 mm)

SO.9 PCB Sample Board Home Built printed
on Laminate (Rogers
Corporation)

Laminate: TMM10i
(0.76 mm thick)

SO.10 3 axis manual stage Thorlabs Inc. 3x PT1
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A picture of the diamond, PCB board and objective while the laser is on is shown
in figure 4.8. The microstrips, two input and two output ports from the PCB board are
visible. The sample beneath the objective appears to be entirely bathed with green light,
however, only a small spot size of depth 2.51 µm and diameter 0.59 µm is actually in the
focal point of the objective. Outside this focal volume, the intensity of the beam is very
small, so only NVs within the focal volume are considered as part of the ensemble. Visible
in person, stray red light emitted from the NV centers is seen on the edges of the diamond.

Figure 4.8: A picture of the mounted sample, objective and PCB board. The picture
shows a large swelling of green light on the sample, but only those NVs that lie within
the focal volume with depth of field 2.51 µm and diameter 0.59 µm are considered part
of the ensemble. Most of the excess green light cannot be collected by the objective. The
intensity of the green light that is re-collected by the objective is reduced by a knotch and
long pass filter. The pinhole also blocks light from outside the focal point.
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Mapping the intensity of the Gaussian Beam within the sample

The intensity of the Gaussian Beam may be mapped to gain an estimate for the number
of NVs in the focal volume of the objective. The intensity of a Gaussian beam I(r, z), is
a function of the radial, (r) and axial, (z) distance away from the focal point (r=0,z=0),
[98]:

I(r, z) =
ω2
o

w(z)
e

(
−2r2

w(z)2

)
(4.1)

ωo is the minimum beam waist at the focal point (z=0), shown below.

ωo =
λ

πθo
= 0.297± 0.001 µm (4.2)

λ = 532 ± 2 nm is the incoming wavelength and θo = arcsin
(
NA
nd

)
is the minimum beam

diameter half angle, NA= 1.3 is the numerical aperture of the objective and nd = 2.41 is
the refractive index of the diamond.

w(z) describes how the beam waist expands as a function of z, the axial distance away
from the focal point.

w(z) = ωo

√
1 +

(
z

ZR

)
(4.3)

The Rayleigh length, ZR, is the point the beam waist has increased to
√

2ωo and the
peak intensity along the optical axis (r=0) is half the maximum value. ZR is a function
of the minimum beam waist (ωo), the refractive index of the medium (nd = 2.41) and the
wavelength (λ = 532± 2 nm) of light:

ZR =
πω2

ond
λ

= 1.257± 0.005 µm (4.4)
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Within the Rayleigh length, the beams’ waist reduces to the minimum beam waist in
accordance with w(z). Outside the Rayleigh length, the beam expands linearly. The degree
of the divergence is given by the beam divergence angle (θz):

θz =
λ

πndωo
= 13.5◦ (4.5)

Figure 4.9 shows the Gaussian Beam intensity at the focal point of the objective. The
minimum beam waist (ωo) and Rayleigh length (ZR) are illustrated. The depth of the field
is defined as twice the Rayleigh length, ±ZR away from the center of the beam, (z=0).
The minimum beam diameter is twice the beam waist, ±ωo away from the center (r=0).
For the 100x oil immersion objective being used, the beam diameter is 0.594±0.002 µm
and the depth of field is 2.514±0.009 µm.
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Figure 4.9: The intensity of a Gaussian Beam at the focal volume of the objective.
The beam diameter is twice the minimum beam waist, ωo. The depth of the field is
twice the Rayleigh length ZR. For the 100x objective being used, the beam diameter is
0.594±0.002 µm and the depth of field is 2.514±0.009 µm. At the Rayleigh length, along
the optical axis, the intensity of the beam is 50% of the intensity at the maximum. At the
edge of beam waist, the intensity is 1

e2
of the maximum at the center.
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The intensity of the beam is maximized at the center of the beam (z=0,r=0). Away
from this center, the intensity follows a Gaussian pattern along the radial and axial direc-
tions. Along the axial direction (r=0), at the Rayleigh length, ZR, the intensity is reduced
to half compared to the center. Along the radial direction (z=0), at the beam waist, (ωo)
away from the center, the intensity is 1

e2
of the maximum.

Figure 4.8 showed a large swelling of green light surrounding the diamond. It is im-
portant for only the NVs inside the focal volume to be excited. Figure 4.9 showed how
quickly the intensity decayed away from the focal volume. Just 4 µm away from the focal
point in the axial direction, and 0.5 µm away from the focal point in the radial direction,
the intensity of the beam is only ≈ 1% of the maximum.

Figure 4.10 puts the intensity beyond the focal volume into context, showing the relative
sizes between the objective (grey trapezoid), microstrips (black lines) and diamond.
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Figure 4.10: The simulated image shows the beam being focused into the diamond sample,
indicating relative sizes of the diamond, PCB microstrips and NVs within the spot size
of the objective. While there is swelling of the green light observed, the intensity of this
quickly decays outside the focal volume. At z = 120 µm and r = 15 µm away from the
focal point, this intensity is only ≈ 0.01% of the maximum intensity.
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The thickness of the (100) diamond used for the experiments is 500 µm, far exceeding
the working distance of the objective (160 µm). Assuming there is a small droplet of oil
with thickness ≈ 60 µm between the objective and the surface of the diamond, the objec-
tive would focus about 100 µm into the diamond. In the x direction, the focal point has
been placed halfway in between the microstrips, spaced 150 µm apart. For this model, the
change in beam divergence from the objective to the diamond is not shown, and the travel
of the beam has been calculated as if existing in only the diamond.

The figure shows the swelling of the beam outside the focal point. The triangle indicates
the linear divergence at θz away from the focal point. Although the swell of the beam looks
large, the intensity of the beam is only up to ≈ 0.01% of the maximum beam intensity,
within 120 µm axially, and 15 µm radially of the focal point. Within 40 µm axially and
10 µm radially, this only increases to ≈ 0.1% of the intensity. Only the NVs within the
focal volume, have a beam intensity great enough to be excited and initialized for the
experiment.

Collecting the NV emission

It is also important to consider the capture of red light emitted from the NVs. As the
NVs emit in a sphere, half of the photons will be lost due to being pointed away from the
objective. In addition, not all the photons emitted toward the objective will be captured.
Diamond is a material with a high refractive index, (n = 2.41). When light travels from
a high to a lower index material, only a portion of the photons will pass through from
one medium to another. Any photons outside the critical angle will be reflected back into

the diamond, due to total internal reflection. The critical angle is θc = arcsin
(
n2

n1

)
, where

n1 is the refractive index of the materials the photons start in, and n2 is the medium the
photons are travelling into.

An oil-immersion lens is used to help increase the critical angle between the diamond
and the objective. Not shown in the figure 4.10 is the oil added in between the objective
(grey trapezoid) and diamond surface. Oil is added to reduce the contrast between the
refractive index of the diamond and the objective, and therefore increase the amount of
photons collected by the NVs. In the absence of the oil, travelling from diamond (n= 2.41)
to air (n= 1), a critical angle of 24◦ passes photons from the diamond to air. With an oil-
immersion lens (n= 1.3), this angle is increased to 32◦. This roughly increases the amount
of photons accepted into the objective by 1.75x.
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Estimating the Number of NVs within the focal volume

The intensity of the Gaussian beam is clear in determining that only the NVs within the
focal volume may be initialized and used in experiments. Outside this volume, the inten-
sity is so low, the centers are not useful for experiments.

The focal volume can be approximated by a cylinder of length equal to the depth
of field (DOF) (DOF = 2.514 ± 0.009 µm) and diameter equal to the beam diameter
(2× ωo = 0.594± 0.002 µm), giving a total volume of Vf = 0.6978± 0.007 µm3.

To find the number of NVs within this ensemble, the concentration of NVs within the
sample being used must be accounted for.

The lattice constant of a diamond is ao = 3.57 Å at 300K, [96]. As the lattice is a cubic
structure, the total volume of the unit cell is a3o = 4.54× 10−11 µm3.

To find the mass of Carbon within the unit cell, recall there are 8 atoms within the unit
cell. Assuming they are all Carbon atoms, the total mass of Carbon (mC) in kg, within
the unit cell is:

mC =
MC× NC

NA
/1000

mC = 1.59× 10−25 kg
(4.6)

MC is the molecular mass of Carbon, (12.011 g/mol), [22]. NA is Avogadro’s number
(6.022× 1023 #/mol), and NC is the number of Carbons within the unit cell (8), [54, 95].

The mass of Nitrogen within the unit cell is given by the concentration relationship
between Carbon and Nitrogen. The sample being used is a (100) orientation, DNV-B1
from Element six, [99, 100]. The concentration of Nitrogen [N] reported is 800 PPB. The
mass of Nitrogen (mN) in kg, is given by:

mN = [N ] (PPB)×mC (kg) = 1.28× 10−28 kg (4.7)
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The number of Nitrogen (NN) atoms within a unit cell is shown below, where MN is
the molecular mass of Nitrogen (MN = 28.014 g/mol), [22].

NN =
mN× NA

MN
= 2.74× 10−6 (4.8)

The conversion rate from Nitrogen to NV centers is typically at a rate of 1%. However,
this sample has undergone treatment by the manufacturer, Element Six, to have a higher
conversion ratio of 37.5%, reporting NV concentrations of 300 PPB, [99, 100]. This gives
the number of NVs per unit cell (nNV) to be 1.029× 10−6.

To find the volumetric density of NVs (ρNV ), the number of NVs per unit cell must be
divided by the volume of the unit cell

ρNV =
nNV

a3o

ρNV = 22 615

(
1

µm3

) (4.9)

The total number of NVs within the focal volume is given by the volumetric density of
NVs (ρNV ) multiplied by the focal volume:

#NV sf = ρNV × Vf = 15 782± 200 (4.10)

In reality, this level of precision for determining the number of NVs is unrealistic for an
ensemble of such size. Rather, the calculations are shown as a step by step guide to give an
order of magnitude for the number of NV centers. These calculations indicate that the ex-
periments are being conducted with tens of thousands of NV centers, around 15 000 centers.

If it required for experimental purposes to have a more accurate number of centers, the
focal volume should be defined as the proper Gaussian shape which has an evolving beam
diameter as a function of the depth of field, rather than approximating the volume as a
cylinder of height and constant width equal to the DOF and beam diameter, respectively.
In addition, measurements on the NV concentration to determine the uncertainties on this
number should be conducted.
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An estimate of the NVs outside the focal volume, but still within the swell of the beams’
path, can also be estimated. Recall that outside the Rayleigh Range, the beam waist ex-
pands linearly, at the divergence angle (θz = 13.5◦). The volume of NVs outside the focal
volume can be estimated as a cone with height equal to the difference of between the di-
amond thickness and the focal depth hC =≈ 400 µm and radius rC = Tan(θz) × hC =
96 µm. The cone is outlined in figure 4.10 as a triangle. The total volume of the cone of
NVs under these conditions is ≈ 3.89× 106 µm3. The volumetric density of NVs through-
out the sample is invariant, so the total number of NVs within this cone is on the order of
1× 1010.

While this number seems large, recall that the intensity of the beam here is less than 1%
of the intensity at the maximum, and for most of the total volume is much less than 0.01%
of the total intensity. So while there are many NVs present within the beam path, these
should not contribute to the detected signal as the beam power is so low, they cannot be
initialized and read-out within the experimental sequence. The initialization and readout
time will be discussed in the chapter five (section 5.3).

The purpose of the scanning optics module is largely focused on exciting the NV en-
semble with the incoming green light. However, it is also designed such that it may collect
the red light emitted from the NVs and have it travel along the same beam path, without
loss of the confocal conditions, and direct it towards the detection box.
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4.1.5 Detection Box

The detection box collects the red light emitted from the NV ensemble, and focuses it
through the pinhole and into the detector. In many ways, the combination of the scanning
optics and detection box do not differ greatly from the original confocal microscope design.

According to the original design by Marvin Minsky in its basic form, a confocal micro-
scope requires a mirror to re-direct the incoming light and a lens to focus onto the desired
sample, [72]. The reflected light is sent back through the lens and mirror and focused into
a detector. This basic design is adapted, allowing for fluorescent rather than reflective
centers, shown in figure 4.11. In place of the pellicle mirror, a dichroic mirror is used to
reflect the green light and transmits the red light on the excitation and emission paths.
An objective is used in place of a lens to focus into a smaller spot size, and a pinhole is
used as the second focal point to act as a spatial filter for unwanted emitters.

Gr
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Dichroic	Mirror
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Detector
Sample	in	Focus

Single	Point	Emitter

Figure 4.11: The conceptual drawing of a confocal microscope. The scanning optics and
detection box form a confocal microscope. A confocal microscope gathers its name from
a microscope with two conjugate focal points. The first point occurs at the focal point of
the objective and the second at the pinhole. The solid line depicts the ideal beam path,
with the sample in focus travelling through the objective (lens) and focused through the
pinhole to be collected by the detector. If an unwanted emitter is either outside the focal
plane, along the optical axis, or on the focal plane, but outside the optical axis, it will be
blocked or out of focus on the conjugate point at the pinhole. The role of the dichroic
mirror is also depicted here, reflecting the incoming beam of green light to the excitation
pathway and passing the emitted red light through to the pinhole.
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The conjugate focal (confocal) points are seen between the sample in focus and the pin-
hole. If an emitter is off axis in the xy plane, its confocal spot will be focused on the body
of the pinhole and will be blocked, while emitters lying along the optical axis, but ahead
or behind the focal plane will be focused behind or in front of the pinhole. This results
in either being out of focus or having portions of the beam blocked entirely, depending
on the size of the pinhole. If the green and red paths differ, this skews the desired focal
points, focusing the desired emitters in front or behind the pinhole, which is why great
lengths are taken to ensure the green and red paths overlap and focused at the same points.

Expanding beyond the basic components of the confocal microscope, the layout of the
detection box is shown in figure 4.12.
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Figure 4.12: The layout of the detector box. To reduce the intensity of stray green light
from the scanning optics, a long pass (D.1) and knotch filter (D.2) are added first. A
lens (D.7) focuses the beam into the pinhole (D.8), which acts as a spatial filter, blocking
unwanted fluorescence from outside the objective’s focal point. After the pinhole, the beam
is re-collimated by a second lens (D.9) and then focused into the single photon detector
(D.13) . To aid with alignment, ensuring the green and red paths of light are overlapping,
a red diode laser (D.16) is added to send light backwards through the detection box and
into the scanning optics.
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First, the emitted red light from the scanning optics passes back through the dichroic
mirror and into the detection box. Knotch and long pass filters remove stray green light
from the incoming beam, before hitting three alignment mirrors and a lens which focuses
the beam into the pinhole. The pinhole acts a spatial filter, blocking any light from un-
wanted emitters collected by the objective. Following the pinhole, the light is captured
by a second lens, re-collimating the beam, before being focused onto the APD. A second
beam path is added with a mirror mounted on a flip mount. This beam path is for a red
diode laser, used to send red light back through the detection path. This may be used
for initial alignment of the lenses and pinhole, and to align the optics in the detector and
scanning optics so that the paths for green and red light are overlapped.

Table 4.5: Detection Box components corresponding to figure 4.12.

List of Components By Block
Label Component Name Make Part No.

D.1 Long Pass Filter Thorlabs Inc. LP02-568RU-25
D.2 Knotch Filter Thorlabs Inc. NF03-532E-25
D.3 Mirror Thorlabs Inc. BB1-E02
D.4 Mirror Thorlabs Inc. BB1-E02
D.5 Mirror Thorlabs Inc. BB1-E02
D.6 1” Iris Thorlabs Inc. ID12
D.7 Lens (f=100 mm) Thorlabs Inc. AC254-100-A
D.8 50 µm Pinhole Thorlabs Inc. P50D
D.9 Lens (f=100 mm) Thorlabs Inc. AC254-100-A
D.10 1” Iris Thorlabs Inc. ID12
D.11 Mirror (on flip mount) Thorlabs Inc. BB1-E02
D.12 Lens (f=75 mm) Thorlabs Inc. AC254-075-A
D.13 Avalanche Photo Diode

(APD)
Excelitas SPCM-AQRH-13

D.14 3-axis stage Thorlabs PT3
D.15 Mirror Thorlabs Inc. BB1-E02
D.16 Red Diode Laser with

fiber and coupler
Thorlabs Inc. S1FC600
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4.2 Characterization of Optical Setup

The optical layout was explained to understand the general function and interconnectedness
of each module. This section will not be divided by module, but rather by each aspect
of the beam that is critical for the function of the setup. The main beam aspects that
will be addressed in this section are the beam power, collimation, profile, diameter, and
polarization. Each aspect is explained, its ideal behaviour mapped through the setup, how
to measure each and how to tune the setup so it may behave optimally. It is important to
understand the health of the optical setup before the sample is mounted, and have tests
to measure its function independent of measuring the NVs.

4.2.1 Beam Power

The beam power is a great first litmus test that the microscope is functioning correctly.
If unexpected major power losses in the beam are encountered, it could mean a major
misalignment, or faulty component, to name a few examples. At the site of the NV, the
beam power needs to be at a minimum in order to excite the NVs, and the power across the
profile needs to be as uniform as possible. The power across the profile will be explained
in more detail in the beam profile section. This piece will focus on the major components
affecting the beam power and what minimum is required at the site of the NV centers.

A power meter is placed in the beam path to measure the beam power. The measure-
ment points are outlined in table 4.7. Note that all measurements were conducted with the
S120C photodiode power sensor from Thorlabs, which has an uncertainty of ±5% on the
measured power in [mW]. This uncertainty applies to all reported measured power values.
Beam power measurements may be used to indicate general alignment through passive
components, as well as determine if the active components are functioning correctly. If
not aligned well, large power losses will be observed as the beam is likely cut on the com-
ponent. All measurements were done with a power meter and the laser lowered to an eye
safe level. All power measurements did have an absolute value associated with them, but
a percentage value of power loss is more useful for gauging if the beam power is correct.
For example, if the SMF is only translating 5% relative power, it may be better aligned to
yield a higher percentage of relative power transmitted through the fiber.
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The main aspects that affect the beam power are within the switch arm, single mode
fiber and scanning optics into the objective, shown as a summary in table 4.6. Within the
switch arm, the AOM diffracts the beam into multiple orders, diverting power from the
0th to the 1st order beam. As the beam passes through the AOM twice, there is significant
power loss through the switch arm. For example, if 50% of the power diverts to the 1st

order beam on each pass through the AOM, there is a 50% power loss that occurs twice by
design. Following the switch arm, the next largest change in power occurs when the beam
passes through the single mode fiber, which typically allows transmission ranging up to
50%. Lastly, recall that the telescope in the scanning optics expands the beam to overfill
the objective to ensure the beam entering is as close to planar as possible. Overfilling the
objective physically cuts the beam, so there is again power loss by design, and additional
loss through the transmission of the objective.

Table 4.6: A summary of the theoretical and measured beam power through each section
of the microscope. Note that these are relative powers within each section of the setup.
The total power loss is defined as the power exiting the laser compared with the intensity
emerging from the objective.

Beam Power Measurements
Label Component Purpose of

Component
Theoretical
Power (%)

Measured
Power (%)

L.1 Laser Starting Power 100% 100%
SA.4 Out of

Switch Arm
AOM 50% + lens losses Max: 22% 19%

MSA.7 Out of Fiber N/A Max 50% 29%
SO.7 Out of

Objective
Account for transmission
through the objective
and beam loss due to
overfilling

Max: 68% ( 1
e2

%)
(beam diameter) of
80% transmission

63%

N/A Total
Power (%)

Good gauge to measure
health of microscope by
measuring pre-objective

Max: 7.7% 3.5%
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The table shown above details the main aspects of power loss by design through the
setup. It is at these points, the setup should be checked if the power appears to be lower
than anticipated. Table 4.7 provides a closer look at how the beam power changes through
the optical setup in each module. Recall there is a ±5% uncertainty on the measured
power value in [mW] given by the S120C (Thorlabs) power sensor used. The labels given
to the components are consistent with those described in the the optical layout for each
module.

Table 4.7: The theoretical and measured beam power values for each module.

Beam Power Measurements
Label Component Purpose of

Component
Theoretical
Power
[mW(%)]

Measured
Power
[mW(%)]

L.1 Laser Sets beam power up to
100 mW

10 mW No measurement

L.3 Attenuation
Wheel

Optional Attenuation for
the laser. This value was
set to the be starting
power for alignment
(relative 100%).

50%, 31%, 25%,
5%, 1E − 4%

Used 31%,
3.12 mW (Set
this as 100%.)

SA.4 Polarizing
Beam
Splitter

Measure Post PBS on the
first pass. Max
transmission with
p-polarized light.

100% 3.0 mW (96%)

SA.7 AOM (first
pass)

Measure through AOM
(OFF)

100% 2.82 mW (94%)

– – Measure 0thand 1st order
when AOM ON

100% 2.77 mW (92%)

– – Power diverted to 1st

order
Larger beam →
more power to
1st

% Diverted to
1st; 1.11 mW
(40%)

– – ON:OFF Ratio on 1st

order beam
1:0 1.11 mW:2 µW

(555:1)
SA.7 AOM (back

pass)
Measuring the back pass
AOM diversion

– % Diverted to
1st; 1.11 mW
(60%)
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Continuation of Table 4.7
Label Component Purpose of

Component
Theoretical
Power
[mW(%)]

Measured
Power
[mW(%)]

– – Total ON:OFF Ratio on
1st order beam for double
pass switch

1:0 0.590 mW:
0.050 µW
(11806:1).

SA.4 Total Power
through
Switch Arm
with AOM
OFF

Measure when AOM is
OFF

100% 0.970 mW(87%)

SA.4 Total Power
through
Switch Arm
with AOM
ON

Measure when AOM is
ON

22% 19%

MSA.6 Single Mode
Fiber

Transmission through the
SMF

50% maximum
transmission

29%
transmission
(590 µW:170 µW)

– – Take new relative 100%
value past the fiber

N/A 155 µW

– – ON:OFF Ratio through
fiber

1:0 5.10 mW:
0.006 µW (850
340:1)

MSA.9 Transmission
through
MSA
telescope

Poor transmission
indicates beam blockage

100% (155 µW) 97% (150 µW)

SO.2 Pre-
Scanning
Optics
Telescope

No large expected changes 100% (150 µW) 97% (145 µW)

SO.7 Objective 10x Objective used for
alignment purposes

80%
Transmission
through
objective

63% (90 µW)
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Within the laser box, there are only two key components that control the laser beam
power. The beam has the relative maximum power at the laser, followed by an attenuation
wheel. This wheel is convenient for use for alignment or experiments which require less
laser power. The table indicates 100% relative power as the power following the attenua-
tion wheel, as this power loss is set on purpose.

The first component in the switch arm that may affect the power of the beam is the
PBS. The PBS passes the portion of the beam which is p-polarized, and reflects s-polarized
light. The laser emits s-polarized light, so a half-wave plate placed right before the PBS
rotates the polarization to p-polarization to transmit through the PBS. To maximize the
power being transmitted through the PBS, a power meter is placed on the other side of the
PBS while the half-wave plate is rotated until the maximum is found. Experimentally, this
was maximized at 96% of the power emitted from the laser box. Recalling that the polar-
ization rotates from the forward to the backward pass of the switch arm, the PBS is used
again as a measure for the quality of the polarization. On the second exit from the AOM,
the beam has now been rotated to s-polarized by passing through a QWP twice. When
coming back into contact with the polarizing beam splitter, it now reflects the s-polarized
beam, into the mode shaping arm. On the forward pass, the half-wave plate is rotated until
the beam power passing through the PBS is maximized from the laser. On the backward
pass, the quarter wave plate is rotated until the power is maximized reflecting off the PBS
into the mode shaping arm. The total power measured through the switch arm was 87%
when the AOM was off.

The AOM optical switch diffracts the main incoming beam into multiple orders when
ON. Whether the switch is on or off, it always passes a 0th order beam. When on, the
optical switch diffracts the beam into multiple orders, separated by twice the Bragg angle
of the piezo crystal inside the AOM. In this setup, the 1st order diffracted beam is selected
when the switch is “ON” on both the forward and back pass, by placing an iris to block
the 0th order and pass the 1st order beam on the front and back pass. The size of the
beam heading into the AOM will determine both the switching time of the AOM and how
much power diffracts from the 0th to the 1st order when the switch turns on. The smaller
the beam heading into the AOM, the less power diverts to the 1st order beam, but the
faster the switching time. When aligning the AOM, first the power of the 0th order beam
is measured when the AOM is off. When off, the AOM passes 94% of the power. Then the
total power of the 0th and 1st order beams are measured when the AOM is on. When on
and measuring both the 0th and 1st order beam, 92% of the power is passes through the
AOM, indicating there was very little total power loss when the AOM is turned on.
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The iris following the AOM was then closed to select only the power diverted to the
1st order beam, finding 40% of the power was diverted from the 0th order to the 1st order.
Although the exact size of the beam cannot be determined through measurement because
it is too small at the focal point, the amount of power may be used to determine is the
beam is on the larger or smaller size heading into the AOM. For example, 55% diffraction
to 1st order indicates an 80 µm beam, compared to 90% with a 130 µm beam size. This
measurement is repeated on the second pass of the AOM, which diverted 60% from the
0th order to the 1st order beam. Although the beam size may not be measured, the power
diffracted to the 1st order beam on the front and back pass were well within the acceptable
limits of this microscope, so further adjustments were not pursued.

A double pass switch arm increases the contrast between the “ON” and “OFF” power
of the beam because the beam passes through the AOM twice and therefore is diffracted
twice. After the first pass, the contrast ratio between the on and off intensity is (555:1),
while on the second pass the contrast ratio is (11806:1). It is important to have a large
ratio between the ON and OFF intensity so the NVs are not excited when the switch is
off. The ON:OFF ratio was also measured following the single mode fiber, which further
increased to (850 340:1). To ensure the accuracy of that measurement, the laser had to be
increased to full power.

The design of the switch arm does result in the most amount of relative power loss,
due to diffracting the beam twice. When heading into the mode shaping arm, the beam is
at 19% of the relative beginning power when the AOM is ON. In the mode shaping arm,
the largest change in beam power will occur when the beam travels through the single
mode fiber. 50% transmission through the single mode fiber is the theoretical maximum
transition. 29% was the measured transmission through the fiber. A higher transmission
is possible, but the absolute value of optical power was not an issue for this setup, so
the alignment was stopped after 29% was reached. The beam power was checked for the
remainder of the mode shaping arm telescopes and the scanning optics telescope, and no
major losses were observed, with the beam power remaining above 90% the relative value
after exiting the single mode fiber. The last instance the beam power was measured was
through the objective. The objective has a theoretical maximum of 80% transmission. To
have more uniform power intensity through the objective, the beam overfills the back of
the objective, so there will be more natural power loss through the objective. 63% of the
relative intensity was measured passing through the objective, which includes the effects
from overfilling the objective and the transmission losses.
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Overall, the final relative power from the laser to the sample was observed to be 3.5%,
while the theoretical maximum is 7.7%. The theoretical measurement did not take into
account the loss from lenses in theory, which would be about 1% each. Therefore, the
theoretical power loss and measured power loss was determined to be sufficient.

It is important to ensure a minimum beam power is met and that power is uniform
over the profile of the beam so the NVs may be excited uniformly. However, the ON:OFF
ratio of the beam, shape, polarization and collimation are far more important aspects to
be considered for the optical setup.
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4.2.2 Beam Collimation

The collimation of the beam indicates the degree to which the beam is converging or di-
verging. In an ideal case, the degree is zero, but in practice, this is not achievable. To
mimic a beam that is perfectly collimated, the beam path is extended far beyond the real
path and collimated as much as possible. If the divergence or convergence of the beam is
very small over the extended distance, it will be effectively collimated over the real beam
path.

With the exception of when the beam is being focused through lenses, fiber coupler
and the objective, the beam should be collimated at all times. When the beam is not
collimated heading into these focusing components, the beam will not focus at the right
point along the optical axis. In addition, if the beam is not collimated heading into the
objective, the microscope will not satisfy the confocal conditions.

Table 4.8 outlines the key points to check the collimation of the beam, each is either
before or after a telescope, or before or after the single mode fiber. To check collimation,
multiple mirrors are placed in the beam path to divert and extend the beam path to tens of
meters away. The size of the beam is checked before the first mirror and at the end of the
path. If the size of the beam does not change over the course of this whole distance, it is
collimated. The collimation is set over tens of meters to have minimal errors so that when
the beam travels through its set beam path over centimeters, its collimation is as close to
ideal as possible. The size of the beam is adjusted by changing the distance between the
two lenses of a telescope. In the ideal case, when a collimated beam enters a telescope; if
the lenses are distanced at the sum of the focal lengths away from each other, the beam
will exit collimated.
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Table 4.8: The table corresponds to the key places where it is necessary the beam is
collimated. In essence, the beam should be collimated before and after each telescope.
A brief description of the purpose of the key collimation pieces are included and will be
further expanded upon when the beam diameter is described.

Beam Collimation Measurements
Label Component Purpose of Component

L.1 Laser Should be collimated leaving laser head
L.6 Laser Box Telescope Telescope expands beam before the switch arm

SA.8 Switch Arm Telescope
through AOM

Two lenses on either side focus through the AOM

MSA.6 Out of Fiber If the fiber coupler is functioning properly, the beam
should be collimated exciting the fiber coupler

MSA.9 Mode Shaping Arm
Telescope

Expands the beam to satisfy requirements for both
the detector and scanning optics module

SO.4 Scanning Optics
Telescope

Expands the beam to overfill the objective

D.9 Detector Telescope
through Pinhole

Telescope to focus the beam through the pinhole.
Collimation is confirmed with the red diode
alignment laser sent backwards through the beam
path. In addition, the red and green paths are
overlapped to ensure they follow the same path in
the scanning optics and detector.

The red diode laser is used to check the collimation of the red path and its overlap
with the green path over this collimation distance. To satisfy the confocal conditions, it
is important the green and red paths are both collimated and overlap for the total beam
path.
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Figure 4.13 outlines an example of what happens when the beam is not collimated
heading into key components. In the case of the scanning optics, if the beam is not
collimated, the focal point on the NV side will not correspond to the focused point on the
pinhole, violating the confocal conditions.

Pinhole Lens "Objective"Dichroic

Ideal

Uncollimated

Pinhole Lens "Objective"Dichroic

NVs

NVs

Figure 4.13: This figure dictates what happens when the beam is and is not collimated
heading into the scanning optics and then into the detector box. When the beam is
collimated, we see that the objective properly focuses on the desired NVs, which fluoresce,
and travel back through the scanning optics into the detector box and are focused through
the pinhole. When not collimated, in this case shown as being divergent, the beam is
focused on another set of emitters, and then converges before the pinhole. When the beam
converges before the pinhole, it becomes out of focus and a portion of the beam is blocked.
So the two confocal points are not converging to the desired spots.
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4.2.3 Beam Profile

In the ideal case, the shape of the beam should be Gaussian, named because the Gaussian
profile of the intensity across the major and minor axes, [98]. The diameter of the major
and minor axes should also be as close to equal as possible, making the 2D profile a circle.
This is done to make the power intensity across the spot size of the objective as uniform
as possible. If not, the initialization for NVs across the ensemble spot size will differ. The
BC106-VIS (Thorlabs) profilometer was used to measure the profile and size of the beam,
at key points in the setup, with the results shown in figure 4.14. The key points outlined
in the figure below are, (1) The beam emitted from the laser, (2) Before the single mode
fiber, (3) Exiting the single mode fiber and (4) Before the scanning optics telescope.

As expected, the beam emitted from the laser is Gaussian. The largest change observed
here is the action through the single mode fiber from points (2) to (3), where the beam
is quite elliptical heading into the SMF, but circular exiting, as is its intended function.
Finally, the beam heading into the scanning optics is checked. Recalling that the objective
is meant to be overfilled, this beam is expanded with the scanning optics telescope so that
only the first one or first two rings will be transmitted through the objective, to make the
beam as close to planar as possible. As the beam diameter was expanded to be 12 mm, it
was too large to be measured by the profilometer to be measured before the objective.

In addition to the profile and power distribution of the beam, other aberrations may be
revealed by the profilometer. Poorly aligned lenses will show the beam blocked in portions.
Additionally, if lenses are not perpendicular to the optical axis, interference between the
lenses will result in rings present on the profile. The dark spots seen on the images on the
figure below are from dirt on the profilometer not on the actual beam, confirmed through
multiple measurements and shifting the beam around.
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(1) (2)

(4)(3)

Figure 4.14: A profilometer measures the shape, intensity distribution and diameter of the
beam. Ideally, the beam should have a 2D circular profile and have a Gaussian power
distribution in both the x and y direction. There are four key points to measure the beam
profile. (1) The beam as it exits the laser, which does look quite round and distribution
in x and y is even. (2), entering the single mode fiber. The beam became elliptical from
travelling through the switch arm. The purpose of the SMF is to act as a spatial filter,
cleaning up the shape of the beam. This is evident in (3), as the beam is circular exiting
out of the fiber. Last (4), before the scanning optics telescope, showing a circular profile.
Recall, the objective is overfilled, and emerging from the objective, only the inner ring
of the beam will be passed, which is where the power of the beam is most intense and
uniform. There are a few dark spots that may be seen on these figures, this is dirt present
on the lens of the profilometer, not on the beam itself.
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4.2.4 Beam Diameter

Much inline with the profile of the beam is the beam diameter. The BC106-VIS (Thorlabs)
profilometer was also used to measure the diameter. Note for all of these measurements,
there is an uncertainty on the diameter of ±5%, given by the specs of the profilometer
used. The first measurement is at the laser, which outputs the beam at 0.9 mm, followed
by a telescope, which expands the beam 2x to a measured value of 1.5 mm. The beam is
expanded at this point in order to satisfy both the requirements of the beam entering the
AOM and the size requirements of the beam heading into the single mode fiber coupler in
the mode shaping arm.

As mentioned previously, the size of the beam entering the AOM will affect both the
power diverted from the 0th order to the 1st order beam and the switching time of the
AOM. The aperture size of the AOM is 1 mm, so the beam must be less than this size.
Although the beam cannot be measured at the entrance of the AOM, an estimate of the
size can be made with the measured power divergence to the 1st order and by calculating
the diffraction limited beam size (D) focusing from a lens, shown in the equation below.
λ is the wavelength of the light [m], f is the focal length of the lens [m] and r is the beam
waist

(
1
e2

)
of the incoming beam to the lens [m], [49].

D =
λf

r
(4.11)

On the first lens (f = 175 mm) heading into the AOM, the estimated beam size is
124 µm, which would yield a power diffraction close to 90% and switching time of 15 ns.
The measured power diffraction efficiency to the 1st order beam was 40%, which would
indicate a much smaller beam entered the AOM, or that there were some alignment errors
made. The measured values were well within the working parameters for this setup.

The second lens following the AOM has a shorter focal length (150 mm), resulting in
the beam exiting the first pass of the telescope to be smaller (1.3 mm). On the back pass,
this smaller beam size combined with the shorter focal length results in a similar beam
size entering the AOM as on the front pass (122 µm). The measured power divergence to
the 1st order beam on the back pass was 60%, again, well within the accepted values for
the operation of the microscope.
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As the beam passes through the switch arm telescope twice, the beam is reduced on
the front pass and then expanded on the back pass, so it enters the mode shaping arm the
same size it entered the switch arm. The beam is then re-directed into the fiber coupler
heading into the SMF, at the beam size of 1.3 mm to satisfy the size requirements of the
fiber coupler.

Exiting the single mode fiber, the beam was measured to be 1.9 mm. Following the
single mode fiber, another telescope expands the beam by two times to 3.9 mm to satisfy
two requirements. The first being to satisfy the beam size when focused into the pinhole.
The second being to satisfy the scanning optics telescope, which further expands the size
of the beam to overfill the objective. The system was also designed so that scanning optics
mirrors may be placed in between the dichroic mirror and the scanning optics telescope
for future experiments. These mirrors need to be underfilled, so the beam can only be a
maximum of 5 mm entering the optical scanning mirrors.

Once expanded from the mode shaping arm telescope, the beam reflects into the scan-
ning optics, and expanded with the scanning optics telescope to a size of 11.7 mm, overfilling
the objective. The diameter (D) of the back of an objective is defined in equation 4.12,
where (Mag) is the magnification of the objective and (NA) is the numerical aperture.
The incoming beam diameter must be larger than (D) to have the most uniform power
intensity through the objective.

D = 2×NA× (200/Mag) (4.12)

This beam size was chosen to reflect the size requirements for a 10x objective, which
would require a larger beam size. A 100x objective may be exchanged with the 10x ob-
jective. This results in an even larger overfill of the diameter of the objective (5.2 mm),
which does result in more power loss, but a more uniform power intensity. Since the power
intensity focused on the NVs through the objective is much greater in the 100x than the
10x, the extra power loss does not pose as a problem for the ensembles.
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Once the beam reaches the detection box, a (100 mm) lens focuses it into the pinhole.
If the pinhole is too small relative to the size of the incoming beam, it will act as a slit,
and the beam will diverge greatly, depicted in figure 4.15. Making the pinhole 30% larger
than the diffracted limited beam diameter (35 µm) allows it to still act with its intended
operations, but not cut the beam such that it acts as a slit, diverging the beam. A pinhole
of 45 µm is required for the measured incoming beam size and lens focal length, therefore a
50 µm pinhole was used. Following the pinhole, the beam is re-collimated by a second lens
of focal length, (100 mm), and then again focused onto the detector. The detector requires
the beam to be less than 180 µm to accommodate the size of its active are. The calculated
diffracted limited beam diameter focusing into the detector was 26 µm, satisfying this
condition.

Beam Unimpeded Beam Diffracted

Figure 4.15: The pinhole is required to be 30% larger than the diffraction limited beam
size. This is shown in the (left) half of the image as the focal point of the Gaussian beam
travels through the pinhole unperturbed. When the pinhole is too small, it acts as a slit,
diffracting the beam, (right), which would lose a large amount of the beam to be focused
into the detector.

The requirements for the beam diameter in the whole setup are outlined in table 4.9
below. There were a few points that measuring the beam diameter was not practically
possible, these are labelled as “N/A” in the table.
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Table 4.9: The table corresponds to the key places where it is necessary to measure the
beam diameter. In correspondence with the collimation, the beam diameter is measured
in many of the same places as when the beam is collimated. There is a ±5% uncertainty
on the measured diameter given by the specs of the profilometer.

Beam Diameter Measurements
Label Component Purpose of Component Theoretical

Beam
Diameter
[mm]

Measured
Beam
Diameter
[mm]

L.1 Laser Initial Beam Condition 0.7 0.9
L.6 Laser Box

Telescope
Expands Beam 2x 1.4 1.5

SA.6 Lens into AOM
(first pass)

Focuses the beam into the
AOM (f=175 mm)

124 µm N/A

SA.7 AOM 1 mm diameter aperture size N/A
SA.8 Second lens of

switch arm
telescope (front
pass)

Telescope reduces beam size
to 85% of size into telescope
(focuses to 122 µm spot size)

1.2 1.3

SA.8 Second lens of
switch arm
telescope (back
pass)

Focuses beam back into AOM
(f=150 mm) on back pass
diameter

122 µm N/A

SA.6 First lens of
switch arm
telescope (back
pass)

Re-collimates beam back to
original size to head into fiber
coupler

1.4 1.3

MSA.6 Out of Fiber Emerge according to fiber
coupler specs

1.5 1.9

MSA.9 Mode Shaping
Arm Telescope

Expands beam by 2x to
underfill optional scanning
mirrors and satisfy pinhole
requirements

3.75 3.9

SO.4 Scanning Optics
Telescope

Expands the beam by 3.125x
to overfill the objective
(designed for 10x objective)

11.7 Beam too
large to
measure
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Continuation of Table 4.9
Label Component Purpose of Component Theoretical

Beam
Diameter
[mm]

Measured
Beam
Diameter
[mm]

SO.7 100x
oil-immersion
Objective (With
Optional 10x
Air Objective)

Requires overfill for best
power intensity and objective
functionality. 100x may be
swapped for minimal power
loss.

10x(12 mm)
100x(5.2 mm)

Beam too
large to
measure

D.7 Lens into
Pinhole

Focus into pinhole by
diffraction limited diameter

35 µm N/A

D.8 Pinhole Pinhole must be 30% larger
than the diffraction limited
beam diameter

Requires
45 µm,
50 µm
chosen

N/A

D.9 Lens out of
Pinhole

Re-collimated beam to be sent
to detector & receive from red
diode alignment laser

3.75 N/A

D.12 Lens into
detector

Focal spot size must be less
than the active area of the
detector

26 µm N/A

D.13 Detector Has 180 µm active area 26 µm
satisfies the
condition

N/A
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4.2.5 Beam Polarization

Polarization is a key tool for several functions throughout the optical setup of the micro-
scope. Light may be polarized linearly, circularly or elliptically. Linearly polarized light
has only one vector describing the electric field as it travels along down the propagation
(optical) axis, [49, 63]. Circularly and elliptically polarized light have two vectors de-
scribing the electric field, resulting in an evolving plane as the light propagates down the
propagation axis. Elliptically polarized light and circularly polarized light differ in that
circularly polarized light has the two components forming its electric field plane to be 90◦

from each other, while elliptically polarized light does not. Figure 4.16 provides a basic
visual for linear, circularly and elliptically polarized light.

Horizontal Vertical Diagonal

Anti-Diagonal Elliptical Circular

Figure 4.16: Linear polarization has the electric field described with one vector, which does
not vary as it propagates down the optical axis. Linear polarization may be described as
(s and p), or vertical and horizontal, diagonal and anti-diagonal as shown in the image
above. Circular polarization has two components to the electric field, which are spaced
a relative 90◦ from each other, while elliptical polarization also contains two components
in the electric field, but these are not separated by 90◦. For both circular and elliptical
polarization, as the electric field propagates down the optical axis, the electric field plane
varies, creating a helical motion. Depending on the handiness of the propagation, the light
is either right or left circularly (elliptically) polarized.
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Linearly polarized light is commonly described as s vs p-polarization and vertical (V)
and horizontal (H) polarization. S and p-polarization refer to the direction of the electric
field relative to the propagation axis, while vertical and horizontally polarized light base
the electric field relative to gravity. S-polarization has the electric field portion of the light
wave travelling perpendicular to the plane of incidence, while p-polarized has the electric
field travelling in plane with the plane of incidence. Vertically polarized light has the elec-
tric field travelling parallel to the axis of gravity, while horizontal travels perpendicular to
gravity, [49].

There are a few components which affect the polarization in the system. These are the
HWP, QWP, mirrors, PBS, and SMF. As the function of each is important, they will be
investigated.

Figure 4.17 shows how a wave plate rotates the polarization of light. Any linear po-
larization may be described as a vector using a sum of Vertical and Horizontal (or s and
p) polarization components. A wave plate rotates the polarization about its rotation axis,
changing the portion of Vertical and Horizontal components that make up the total po-
larization. Depending on what type of wave plate (half vs. quarter), the polarization will
be rotated about the rotation axis by π vs. π

2
. The rotation axis may be changed within

the wave plates, altering what axis the polarization is rotated about, allowing any output
linear polarization to be accessed from any incoming linear polarization, [49].

The Poincaré sphere depicts polarization as vectors on a sphere, analogous to using
the Bloch sphere to depict spins, where Horizontal and Vertical polarization represent the
positive and negative “z” axis. Diagonal and Anti-Diagonal are represented as the positive
and negative “x” axis, while Left and Right Circular polarization are the positive and
negative “y” axis. Changing the rotation axis allows a wave plate to accept an incoming
polarization, rotate it about the rotation axis and arrive at the final state. The example
in figure 4.17 shows a half-wave plate, which is accepting any incoming linear polarization,
and rotating about a rotation axis to arrive at horizontal polarization, the desired outcome.
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Half Wave Plate - Optimized Rotation Axis to Reach Desired Output of Horizontal

Horizontal Vertical Diagonal Antidiagonal

Left Circularly Right Circularly Arbitrary Input Arbitrary Input 2

Input - Blue; Output - Red; Rotation Axis - Grey

Figure 4.17: Demonstrating how a wave plate affects optical polarization. Wave plates
rotate the polarization about their rotation axis. The Poincaré sphere may be used to
depict polarization as a vector on a sphere, analogous to a Bloch sphere describing spin.
The figure shows how the rotation axis of a half-wave plate may be adjusted to take any
incoming polarization (blue), rotate about the rotation axis (grey) by π and arrive at
the final desired polarization (red). The final desired polarization was horizontal for this
example.

In addition to the wave plates found within the setup, the other major components
affecting the polarization are mirrors, and the PBS. Mirrors do not have any effect on ver-
tical or horizontally polarized light. They will swap anti-diagonal to diagonal polarization
and vice versa, and additionally will swap the handiness of circularly polarization light
from left to right and right to left circular polarization.
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A PBS has two actions on the polarization, acting as a combination of a linear polarizer
and a mirror. A linear polarizer allows passage of one type of linear polarization and absorb
the rest. Instead of absorbing the unwanted polarization, a PBS will reflect the other
polarization, acting as a mirror. For, example, a PBS may transmit vertical polarization,
while it reflects horizontal polarization. Malus’ Law will dictate the output intensity of a
beam passing through a PBS with some input intensity and incoming polarization, [49, 63].
Ii/o are the input and output light intensity, θi/o is the angle of the polarizer and incoming
beam polarization off the horizontal axis of the Poincaré sphere.

Io = Ii cos(θi − θo) (4.13)

Putting all these theoretical pieces together, a complete picture of how the polarization
maps through the microscope is set. This is summarized in table 4.10.

Table 4.10: The table corresponds to the key places where it is necessary to measure the
beam polarization. Polarization is a convenient tool to redirect the beam in the switch
arm. Past the switch arm, the polarization is a tool used to acquire equivalent fluorescence
from the NV ensemble.

Beam Polarization Measurements
Label Component Effect on Polarization

L.1 Laser Sets initial polarization to s-polarization
(vertical)

SA.3 Half Wave Plate Rotates (V) s to (H) p-polarization
SA.4 PBS (forward pass) Transmits (H) p-polarization towards AOM
SA.10 Quarter Wave Plate

(forward pass)
Rotates to right circular polarization

SA.11 Mirror Swaps handiness from right to left circular
polarization

SA.10 Quarter Wave Plate
(backward pass)

Rotates left circular to (V) s-polarization

SA.4 PBS (backward pass) Reflects (V) s-polarization toward Mode Shaping
Arm

MSA.5 Single Mode Fiber Induces an unknown polarization error
MSA.13 Half Wave Plate Used to select polarization for NV ensemble
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The light first emitted by the laser is s-polarized. A HWP following the laser rotates
the polarization from s to p (V) to (H). The PBS then transmits the p-polarized (H) com-
ponent of the beam. After passing through the AOM, a QWP rotates to right circularly
polarized light. When the light hits the mirror, the mirror changes the handiness of the
polarization to left circularly polarized light. When passing back through the quarter wave
plate, the beam rotates from left circularly polarized light to s-polarized (vertical). After
passing back through the AOM on the back pass, when the beam hits the PBS, it now
reflects the beam, as it is s-polarized and re-directs the beam into the mode shaping arm.

Within the mode shaping arm, the beam enters the fiber, which induces a random po-
larization error on the beam. NVs are sensitive to the polarization of the beam, as they will
emit a percentage of fluorescence depending on how the electric field of the light aligns with
the electric dipole portion of the NVs principle axis. A half-wave plate corrects the error
induced by the fiber, which rotates to any linear polarization best suited for the ensemble
of NV centers. As the outgoing polarization from the fiber is unknown, the rotation of the
half-wave plate was determined experimentally with an optically detected continuous wave
(CW) experiment.

The polarization may be set such that the NVs will emit with either an equal level
of fluorescence for each orientation, or to suppress the output from certain orientations.
For the experiments preformed in this setup, the polarization was set such that the NVs
emitted the same level of fluorescence.
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4.3 Experimental Microwave Configuration

The microwave system controls the ground spin state of the NV. This section will outline the
microwave layout used for this system, featuring two independently controlled microwave
sources, capable of implementing the OCT experiments outlined in chapter three. Following
this, the power throughout the microwave system will be characterized. The goal of this
section is to understand how the amplitude traces from the arbitrary waveform generator
(AWG) to the sample. The section will end by describing the chosen configuration for
microwave sources, a PCB board with two parallel microstrips.

4.3.1 Layout for a Dual-Channel Microwave System

This system was designed to have two independently controlled microwave sources. This
enables the implementation of circularly polarized microwaves for single transitions in the
NV ground state without the need for a static magnetic field.

The equation below outlines the signal properties required for each channel. There is
a central frequency (ωT ) each with two envelopes I(t) and Q(t), controlling the amplitude
and phase of each channel.

I(t) cos(ωT t) +Q(t) sin(ωT t) (4.14)

Figure 4.18 outlines all the main components required for the microwave setup. The
description shows just one channel, for simplicity. A synthesizer provides the central fre-
quency (ωT ) while an AWG provides the envelopes for the I(t) and Q(t) control. The IQ
mixer combines these three signals, which splits the ωT into two signals, then phase shifts
one by 90◦. These two signals are then multiplied by each I and Q and summed together to
resemble the equation outlined in equation 4.14. Following the IQ mixer, there is a switch
controlled by the AWG which has a good isolation between ON and OFF, before being
sent through an amplifier and finally to the PCB board housing the sample.
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Figure 4.18: A simplified version of a single microwave channel indicates the critical com-
ponents required for the microwave control of the NV centers. The frequency synthesizer
provides the central frequency at ωT and the AWG, the I and Q signals. The IQ mixer,
which splits ωT into two signals, phase shifting one by 90◦, multiplying by the I(t) and Q(t)
signals and summing together to create the total signal I(t) cos(ωT t) +Q(t) sin(ωT t). The
switch provides good isolation between the power between the ON and OFF state, while
the amplifier boosts the amplitude for the NVs. The switch is placed before the amplifier
in this case so as to not exceed the operating power threshold of the switch after the signal
is amplified.

A dual-channel setup is in essence, two single-channel control setups, one each controlled
by their own I and Q values from a four-channel AWG, so the total signal heading to the
NVs is outlined below in equation 4.15. This equation shows an ideal case, assuming there
are no phase differences between the two channels and both IQ mixers are behaving ideally.

(I1(t) + I2(t)) cos(ωT t) + (Q1(t) +Q2(t)) sin(ωT t) (4.15)
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Expanding from the simplified model in figure 4.18, the full picture of the microwave
circuit is provided in figure 4.19 and the parts listed in table 4.11. The frequency synthe-
sizer provides the center frequency, at 2.87 GHz. This signal splits into two with a power
splitter, and sent into two IQ mixers. The IQ mixers take the central frequency and signal
envelopes from the four AWG control channels, shown as the I1/2 and Q1/2 signals, and
outputs the total microwave signal.

Just as with the single-channel setup, the IQ mixers gather the signals from the fre-
quency synthesizer and AWG controls, multiplies and sums together so that each output
from each of the IQ mixers is I(t) cos(ωT t)+Q(t) sin(ωT t). Again, a switch follows each IQ
mixer, used for extra isolation between the ON and OFF. The combination of both the IQ
mixer and switch yields (-40 dB) isolation from ON and OFF. The switch is followed by
an amplifier on each channel to amplify the signal in each channel by 45 dB. In this case,
the switch is placed before the amplifier because its maximum acceptable power threshold
would be exceeded if placed after the amplifier. A circulator follows the amplifier, which
reduces the reflected power from the sample board back to the amplifier.

Both sides of the microwave circuit are recombined on the sample board via two cables
of identical length. This sample board is interchangeable on this circuit setup, allowing
for various field control of the NV ensembles. Following the sample board, the signal is
terminated by two 30 dB attenuators and then into two 50 Ω terminators to minimize
power reflection. A number of low pass filters, DC blocks and attenuators may also be
seen simply there to clean up the signal and to ensure no power thresholds are exceeded
for any devices.
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Figure 4.19: Like the single-channel case, the frequency synthesizer provides the central
frequency of ωT . In most experimental cases, since these are preformed at zero field, this
will be set to 2.87 GHz. A power splitter splits the signal into the two channels, sending
the central frequency into two IQ mixers, followed by two switches, two amplifiers and sent
toward the sample, and terminated by two attenuators before being sent to ground. In
addition to the basic components mentioned above, there are a few DC blocks, attenuators
and circulators added in order to clean up the incoming signal and prevent any power
levels from being exceeded. For the best success of these dual-channel setups, identical
components were used in order to minimize any differences between the two channels. For
each component, the figure indicates the output power [dBm] and any relevant power losses
affecting the output power [dB].
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Table 4.11: Microwave components corresponding to fig 4.19. Note that some components
have been listed multiple times (ex. AWG) to indicate where the connections are. The sub
labels .1 or .2 represent channel 1 and 2

.

List of Components By Block
Label Component Description Part No.

1 Frequency
Synthesizer

Provides Center Frequency Phase Matrix Inc.
FSW-0010 S/N
13201-10153

2 DC Block Cleans up signal Mini-circuits
BLK-18-S+

3 Power
Splitter

Splits the central frequency into
the two microwave channels

Mini-circuits
ZAPD-4-S+
(2-2.4 GHz)

4.1 IQ Mixer Mixes IQ signals from AWG
with central frequency

Marki-microwave
IQ0255LMP

5.1(6.1) Attenuators Attenuates AWG signal from
I(Q) by -12 dB

Mini-circuits
VAT-12+

AWG (i)/(ii) AWG 4 Channel AWG Channels
providing the I and Q
envelopes.

Tektronix 5014C
AWG

7.1 Switch Increases isolation for “ON”
and “OFF”

Mini-circuits
ZYSW-2-50DR

AWG (v) AWG transistor-transistor logic
(TTL) Signal to Switch to
control “ON” and “OFF”

Tektronix 5014C
AWG

8.1 Amplifier Amplifies Total Signal by 45 dB Mini-circuits
ZHL-16W-43-S+

9.1 DC Block Cleans up signal Mini-circuits
BLK-18-S+

10.1 Circulator Prevents reflected power from
going back to the Amplifier

Ditom Microwave
Inc. D3C2040

11.1 6 ft. Cable Connects from Amplifier to
Sample Board

Pasternack
PE3369LF-72
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Continuation of Table 4.11
Label Component Description Part No.

12 Sample
PCB Board

Dual Stripline PCB Board to
delivery microwaves to sample

Rogers
Corporation
Laminate: TMM10i
(0.76 mm)

12 Sample
PCB Board
Pins

Connects microwave inputs to
board via SMA connectors

Amphenolrf 132432

13.1 Attenuator Attenuates signal by -30 dB Mini-circuits
BW-530W20+

14.1 50Ω
terminator

Terminates output, 50 Ω
matched

ATM INC RT0516

4.2 IQ Mixer Mixes IQ signals from AWG
with central frequency

Marki-microwave
IQ0255LMP

5.2(6.2) Attenuators Attenuates AWG signal from
I(Q) by -12 dB

Mini-circuits
VAT-12+

AWG (iii)/(iv) AWG AWG Channels providing the I
and Q envelopes.

Tektronix 5014C
AWG

7.2 Switch Increases isolation for “ON”
and “OFF”

Mini-circuits
ZYSW-2-50DR

AWG (vi) AWG TTL Signal to Switch to
control “ON” and “OFF”

Tektronix 5014C
AWG

8.2 Amplifier Amplifies Total Signal by 45 dB Mini-circuits
ZHL-16W-43-S+

9.2 DC Block ” ”
10.2 Circulator Prevents reflected power from

going back to the Amplifier
Ditom Microwave
Inc. D3C2040

11.2 6 ft. Cable Connects from Amplifier to
Sample Board

Pasternack
PE3369LF-72

13.2 Attenuator Attenuates signal by -30 dB Mini-circuits
BW-530W20+

14.2 50Ω
terminator

Terminates output, 50 Ω
matched

ATM INC RT0516
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4.3.2 Power Characterization

It is important to understand what the amplitude at the site of the NV will be, given
the control amplitude sent by the AWG. While this is not as critical for experiments like
optically-detected magnetic resonance (ODMR)-continuous wave (CW), mapping of am-
plitude is essential for more complex pulses. The main components influencing the overall
output amplitude are the AWG, IQ mixer, switch, and amplifier.

The IQ mixer has three inputs; the local oscillator local oscillator (LO), and two in-
termediate frequency (IF) inputs, I and Q. These combine to the output radio frequency
(RF) port. For this configuration, the LO input is fed by an input power between 10 dBm
and 13 dBm. The input to each IQ mixer can be seen in figure 4.19. To achieve the
desired input power to the LO, a frequency synthesizer provides the center frequency at
15±2 dBm. This signal then passes through a DC block with a power loss of 0.16 dB,
followed by a power splitter with power loss -3.28±0.01 dB. The total power reaching the
LO input from the synthesizer is then 11.6 dBm, satisfying the 10 dBm to 13 dBm range.
The output power from the IQ mixer is adjusted by changing the amplitude of each of the
IF inputs, while the LO input is kept constant.

The AWG provides the envelopes for the I and Q channels. The total output power
from the IQ mixer is calculated as such:

1. The AWG can output a maximum of 17±0.3 dBm and minimum of -30±0.3 dBm for
each I and Q channel.

2. An attenuator reduces this signal by 12±0.1 dB. These values are attenuated such
that the total maximum power emerging from the IQ mixer does not exceed any
maximum power thresholds for any devices in the circuit if the AWG outputs the
maximum amplitude.

3. Recall that inside the IQ mixer, the input from the local oscillator is split, with one
channel being phase shifted 90◦ so we have a cosine and a sine signal at the center
frequency determined by the frequency synthesizer. This is then multiplied by the I
and Q envelopes and summed again to make an output RF signal:
I(t) cos(ωT t) +Q(t) sin(ωT t).
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4. There is a conversion loss of -5.5±0.3 dB between the IF inputs (I and Q) and the
output RF signal for each channel. In addition, to ensure there is no leakage from
the LO to the RF amplitude, there is a 42±0.3 dB isolation between the LO input
and RF output, recalling that the LO power is only responsible for driving the diodes
in the mixer.

5. The total power from the IQ mixer is calculated in voltage, assuming there is a 50 Ω
load.

The above description is summarized in the following equations below. The output from
the AWG (IAWG(QAWG)), converting from [dBm] to [V] is shown below, assuming a 50 Ω
load. These voltage values (peak-to-peak) were also confirmed with a voltage measurement
to ensure their accuracy.

IAWG(QAWG) [V] = 2× 10( I(Q) [dBm]−10
20 ) (4.16)

Before heading to the Imixer(Qmixer), the signal is attenuated by 12±0.1 dB. Then the
conversion loss of -5.5±0.3 dB from the IF to the RF channel is accounted for, so the
output for each I(t) and Q(t) channel from the mixer (Imixer(Qmixer)) is:

Imixer(Qmixer) [V] = IAWG(QAWG) [V]10(−12 [dB]−5.5 [dB]
20 ) (4.17)

The total output voltage from the IQ mixer sums the signal from each of the I(t) and Q(t):

Mixer Amp [V] =
√
Imixer [V]2 +Qmixer [V]2 (4.18)

Finally, this Mixer Amp [V] (peak-to-peak voltage) is converted back to dBm, as the rest
of the specs for power loss and gain for each subsequent component are given in dB.

Mixer Amp [dBm] = 10 + 20× Log10
(

Mixer Amp [V]

2

)
(4.19)

Following the IQ mixer, the loss through the switch, amplifier gain, DC Block loss, circula-
tor loss and cable loss are accounted for, which total -2.1 dB + 45.59 dB - 0.16 dB -0.4 dB
for a total gain of 42.93 dB.
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Summarizing the above mapping, the overall power from the AWG I and Q controls to
the sample board for each channel is as follows:

AWGtoSample [dBm] = 53 + 10 log10

(
10

I [dBm]−27.5
20 + 10

Q [dBm]−27.5
20

)
(4.20)

This can be easily expressed in Watts as well:

AWGtoSample [W] = 10
AWGtoSample [dBm]−30

10 (4.21)

AWGtoSample [W] = 10
I[dBm]−4.5

10 + 10
Q[dBm]−4.5

10 (4.22)

With the total mapping of the AWG controls, the expected power from the AWG to the
sample board can be calculated. Recall the AWG may emit a maximum of 17±0.3 dBm
and minimum of -30±0.3 dBm for each I1/2 and Q1/2. If the AWG is emitting the maximum
amount of power for I and Q, the maximum at the sample board is 45.5 dBm (35.5 W)
for each channel 1 and 2. If the AWG emits the minimum amount of power for each I and
Q, the power delivered to the sample board for each channel is -1.5 dBm (0.709 mW). In
practice, each amplifier for both channels saturates, resulting in the measured maximum
value of ≈ 38 dBm or 6.30 W.
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4.3.3 PCB Board for NV Ensemble Control

The two independently controlled microwave sources are realized in this setup as a PCB
board with two microstrips. This is not the only design which allows for circularly polarized
microwave control of NV centers. Previous experimental results have been completed with
four parallel resonators, ring structures, and perpendicular microstrips, [31, 68, 121, 125].
Figure 4.20 shows the rendering of the design of the PCB. A picture of the sample mounted
to the PCB is shown in figure 4.8. The main design of the PCB was completed by Madelaine
Liddy, and supporting simulations, dimensions and schematic was completed by Hamid
Mohebbi (Microwave engineer, High Q technologies).

The PCB board is a 5 cm× 5 cm board cut from 0.76 mm TMM10i Laminate (Rogers
Co.), fabricated in the QNF lab at the University of Waterloo campus by Jose Roberto
Romero, (IQC - Technical Services Lab Supervisor, Senior Electronics Engineering Tech-
nologist, C.E.T.). It consists of two lines of identical length, centered in parallel segments
of 7.5 mm, spaced 150 µm apart, 127 µm wide and 17.5 µm thick. All segments were
milled with the LPKF ProtoMat S103 circuit board plotter, with tolerances of ±0.5 µm
for all cuts. The microwave inputs are connected such that current travels through the
microstrips in the same direction, on the two outside connectors, numbered ports 2 and
4, respectively. The two inside connectors on ports 1 and 3 are the outputs leading to
30 dB attenuators and then terminated into 50 Ω loads. The PCB board was designed to
terminate in this fashion to reduce the amount of reflected power back to the amplifier.

In addition to the microstrips at the site of the diamond, there were other design char-
acteristics taken into account. Each total path length was determined to be equal in order
to reduce phase errors. To accommodate the mounting setup on the stage, all inputs and
outputs had to be placed on one side of the PCB, which dictated the microstrips require
to follow a curved pattern to fit on the board. A gradual curve was used rather than hard
turns, to reduce any corner acting as an antenna. In addition, the thickness of the lines
were reduced from 720 µm to 127 µm over a distance of 43 µm in order to impedance match
to the incoming 50 Ω load and therefore minimize the reflected signal back to the amplifier.
The lines were reduced in thickness at the site of the sample to radiate as much power as
possible into the sample. They were then expanded before and after to match the 50 Ω
impedance of the rest of the microwave setup. The length of the microstrips at the site of
the diamonds was chosen to minimize the impedance between each microstrip induced on
each other, but also to accommodate precise placement of larger diamond samples of up
to 4 mm in length and width.
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Figure 4.20: The schematic of the dual-channel PCB board with a diamond mounted. The
board was designed to have two inputs (ports 2 and 4) and two outputs (ports 1 and 3),
and terminating with external 50 Ω loads. The ports are labeled on the schematic above.
The two microstrips are 150 µm apart, 127 µm wide, 17.5 µm thick and 7.5 mm long to
accommodate diamond samples of larger size. The diamond sits on top of both microstrip,
shown in the figure as a 4 × 4 mm diamond sample in the schematic. Image Source:
Schematic courtesy of Hamid Mohebbi

The pins connecting the SMA connectors are isolated from ground, while the larger
mounting pads on either side of the pins connect the SMA connectors to the grounding
plane on the back of the board. The two white circles seen in the figure are through holes
for mounting the board to the sample stage via (3/32) threaded screws.

141



S-parameters

The PCB was designed to have minimal power reflected back to the amplifier. The S-
parameters will indicate the success of this. The two main points of interest here are the
reflected power back from the output of both ports back on themselves, S(1,1), and S(3,3)
and the leaked power from S(3,1), which is the isolation between the two microstrips. The
reflected power at 2.87 GHz for both was -18 dB, which is small enough that the isolation
of the circulator (-20 dB) will prevent damage on the return to the amplifier.

The transmitted power leaked from each microstrip to the other is also important for
the function of the PCB board. This was measured to be -10 dB of isolation. The other
values S(2,1), indicated the transmission through one of the microstrips from the input to
the output, which showed very little loss of -2 dB, and last the backwards transmission
from the input of one of the microstrips to the output of the other, S(4,1) which is -25 dB.

Moving to Experiments

Chapter three outlined the theoretical model of the Hamiltonian for an ensemble of NVs
(section 3.1.6). Key examples were also shown for the (100) diamond and the capabilities
of this diamond given a chosen microwave field configuration (section 3.2.2, 3.2.3 and 3.3.1).

Chapter four then detailed the optical and microwave layout, functions and character-
ization for an NV ensemble setup. The basic functions of each were tested outside of use
on a diamond sample. Chapter five demonstrates the use of the system for NV ensemble
measurements. The early parts of the chapter will outline the basic experiments confirming
the presence of an ensemble of NVs and characterization of the sub-ensembles found in the
(100) diamond. It will end by demonstrating the OCT experiments implemented on this
sample.
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Chapter 5

Experimental Results

Chapter five details the main experiments conducted with this system. Single and dual-
channel optically-detected magnetic resonance (ODMR)-continuous wave (CW) experi-
ments confirm the presence of nitrogen vacancy (NV) ensembles, and allow for the correct
optical polarization to be set for all tests moving forward. The laser initialization shows
the initialization and readout time for the NV ensemble, acting as a blueprint for all
other experiments undertaken. The single-channel Rabi and spinlock give early insight
into the understanding and control of the sub-ensembles present in the sample. A relative
microwave phase experiment analyzes the response of the ensemble to the change in the
relative and absolute phase between the two channels. This informs the dual-channel Rabi
experiment, analyzing the amplitude response with a varying control phase. The param-
eters gathered from the dual-channel Rabi experiment inform the optimal control theory
(OCT) experiments.

The following experiments were conducted with a (100) diamond, the DNV − B1
diamond manufactured by Element-Six, [99, 100]. No treatments were done on the sample,
except for a mild ultrasonic bath for 10mins in each Acetone and IPA.
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5.1 Single-Channel ODMR-CW

NVs are measured using ODMR techniques, [37, 92]. NVs are initialized and read out
optically, while the ground state spin is controlled with microwaves. The first two tests
to conduct are the ODMR-CW experiments with a single-channel, measuring the response
from each channel, followed by measuring the response with both microwave channels ex-
citing the NVs simultaneously.

The single-channel ODMR-CW experiments are looking for the signature dip at the
zero field splitting (2.87 GHz). This indicates that NVs are present in the sample and is an
early indicator that both the optics and microwaves are operating cooperatively. Following
the confirmation of this early litmus test, the optical polarization is adjusted such that
each orientation within the sample emits the same amount of fluorescence.

5.1.1 Single-Channel ODMR-CW

The ODMR-CW experiment measures the steady-state response of the photon counts
from the |0〉 bright state, and |±1〉 dark state in the absence and presence of a sweeping
microwave frequency, respectively [37]. If NV centers are present, the ODMR-CW experi-
ment yields a signature dip in the photon counts, normalized to the reference bright state
counts, equal to the zero field splitting frequency centered about 2.87 GHz in the absence
of a magnetic field.

ODMR-CW Pulse Diagram

The ODMR-CW experiment differs from all the other experiments performed, in that all
the measurements are a steady-state response. Figure 5.1 shows the pulse sequence required
for a ODMR-CW experiment. First, the laser pumps continuously while the detector mea-
sures the bright state photons in the absence of an applied microwave field. Second, this is
repeated including a square pulse of microwaves at one frequency at the same time as the
laser and detector. Each of these two sections occurs over the timescale of milliseconds, as
opposed to the microsecond timescale for all other experiments conducted.
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The microwaves are swept over a range of values, and each sequence repeated (n=50)
times to acquire enough photons for signal analysis. Typically, microwaves are swept over
a range of tens of MHz, centered about 2.87 GHz. To remove the influence of possible
laser intensity drift, once the microwave range has been selected, each value of frequency is
selected randomly rather than sequentially. Once all values of microwaves have been used,
the entire sequence is repeated for (N=8) averages.

Laser

Detector

Microwave

n,N

~ms

Select Frequency

Figure 5.1: The pulse diagram for an ODMR-CW experiment. To measure the bright state
(|0〉) photons, the laser and detector are pulsed simultaneously for tens of milliseconds. To
measure the dark state (|±1〉) photons, the laser detector and microwaves are all pulsed
for tens of milliseconds simultaneously. For each sequence, the microwave is pulsed at one
frequency, and repeated (n=50) times. The microwave frequency is then changed, and the
entire sequence is repeated again until all the values of microwave spectrum are acquired.
Once all the values of microwaves have been acquired, the process is repeated (N=8) times
for averaging.

ODMR-CW Experimental Data

Figure 5.2 shows the experimental ODMR-CW results from each of the microstrips. Com-
paring these early experiments is a good indicator of the response of the NV ensemble from
each of microstrip. For all the following experiments, each microstrip will be referred to
as Channel 1 (CH1) and Channel 2 (CH2), respectively. This is done recalling that the
microstrips may be exchanged with any microwave source, including coils, resonators etc.
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This experiment was conducted with no intentional external static magnetic field added,
and microwaves swept from 2800 MHz to 2940 MHz, centered about 2870 MHz. The fig-
ure shows only the points from 2860 MHz to 2880 MHz to highlight the central dip more
clearly. Outside this range, the photon count remain at a normalized output value of 1.
Each experiment was conducted at the same input microwave power of 32 dBm (1.6 W).
The input power was measured in an oscilloscope at the entrance of the PCB board into
the sample. The input phase was zero from each of the microwave sources, channel 1
and channel 2. For both experiments, each frequency data point was repeated for (n=50)
times and then the entire spectra was averaged (N=8) times. The error bars for each
ODMR-CW plot are given by the standard deviation of the normalized photon counts for
each N average, subtracted from the total averaged normalized photon counts. Essentially,
it shows the spread of the normalized photon counts away from the average normalized
photon count.

There is a similar response from each channel. The horizontal grey line represents half
of the maximum, and the vertical grey lines are the width at the half maximum value. For
both microstrips the full width half maximum (FWHM) value is 8.5 MHz. In each case,
the photons are normalized so the value of 1 represents the |0〉 bright state and the dip
represents the |±1〉 state. The contrast between the bright and dark states were ≈ 5% for
each channel. In both channels, the dip is centered about the expected zero field splitting
of 2870 MHz, but is split by 2.75 MHz and 3 MHz for channel 1 and 2, respectively. Each
dip corresponds to the |+1〉 and |−1〉 states. The equal contrast measured between each
of the dips states indicates there is no preference to either the |+1〉 or |−1〉 states of the
NVs.

This splitting may originate from a combination of stray magnetic fields, interactions
with other impurities within the diamond crystal, crystal strain and charge inhomogeneity.
As there was no shielding used in this setup, some external stray magnetic fields are not
unexpected. In addition, with a high density diamond sample which has had no treatments
completed, effects from crystal strain and other spin interactions within the crystal is not
unexpected. Further investigation of the causes of this splitting could be included in future
experiments, but in this case, it is small enough to proceed with the next experiments
without further study.
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CW → Single Channel (CH1): MW Power 32dBm (1.6 W)

2865.75 2869.25 2872.75 2876.25 2879.75
[MHz]
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Dip: 2869.75[MHz] & 2872.5[MHz] ; Separation → 2.75[MHz]

Dip Contrast: 5.33812[%] & 5.34829[%] ; Relative Amp → 0.998097 : 1.
Width: 8.5 MHz

CW → Single Channel (CH2): MW Power 32dBm (1.6 W)
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Dip Contrast: 5.36839[%] & 5.40404[%] ; Relative Amp → 0.993403 : 1.
Width: 8.5 MHz

Figure 5.2: ODMR-CW for each stripline, channel 1 (CH1) (Top) and channel 2 (CH2)
(Bottom) in the absence of a static magnetic field. Both channels show similar results.
The linewidth from both channel 1 and channel 2 are 8.5 MHz. The average contrast from
each channel 1 and channel 2 are also similar at ≈ 5.3%. Each of the spectra is centered
around 2870 MHz, corresponding to the zero field splitting (ZFS) of the NV center. There
is also a small splitting of 2.75(3) MHz (≈ 1 G) centered about the ZFS for each channel,
likely originating from the combination of a stray field, crystal strain, interactions with
other impurities and charge inhomogeneity. Equal contrast between each of the dips in the
split indicate there is no preference of state population to either the |+1〉 or |−1〉 states.
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5.1.2 Selecting the Optical Polarization for NV Ensembles

Description of the Molecular Orbitals and Electronic Configuration of the NV
Center

NVs are sensitive to not only the polarization of the microwaves, but the optical polar-
ization of the incoming light as well. To understand the relationship between optical
polarization and the NV center, the wavefunction of the NV center needs to be described.
Figure 5.3 shows the electron configuration for an NV− center and the higher energy molec-
ular orbitals. Recall the NV− is formed by the contribution of six electrons, two from the
surrounding Nitrogen, three Carbons and one electron in the vacancy. These electrons form
the molecular orbitals, a1′ , a1, ex and ey. The a1′ orbital lies below the valance band of the
diamond, but a1 and the higher energy orbitals are found in the band gap, [5, 27, 28, 92].
These molecular orbitals form a C3v symmetry, which has its three high energy orbitals,
a1, ex and ey oriented 120◦ apart from each other, symmetrical about the vertical axis.
The vertical axis aligns with the principle axis system (P.A.S) of the NV center, the bond
between the Nitrogen and the Vacancy.

Figure 5.3: The higher energy molecular orbitals and electronic configuration of the NV
center. (Left) The electronic configuration of the NV− center, consisting of six electrons.
The left configuration shows the ground state and the right, the excited state. When
excited from the ground state, an electron may be promoted from the a1 orbital to the
ex or ey orbital. The a′1 orbital lies below the valance band of the diamond and is not
included in electron promotion. (Right) The molecular orbital configuration of the three
higher energy orbitals of the NV center, labelled a1, ex and ey. Following a C3v symmetry,
these orbitals are oriented 120◦ from each other, about the vertical axis (the P.A.S). Image
sourced from: [5]
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The unpaired electrons form the wavefunction of the NV center. In the ground state,
the wavefunction is made from the two unpaired ex and ey orbitals and in the excited
state are a1 and either ex or ey, depending on where the electron gets promoted to. The
description of the ground and exited triplet wave functions are shown below in equations
5.1 and 5.2, respectively, with the orbital configuration and spin state indicated. The
+, 0,− refers to the spin state of ms = (+1, 0,−1) for a spin-1 particle. There are singlet
states as well, but are not shown in the equation below, [5, 106].

|3A+
2 〉 = |exey〉

|3A0
2〉 = |exey〉+ |exey〉

|3A−2 〉 = |exey〉
(5.1)

And the excited triplet state:

|3E+
X/Y 〉 = |a1ex/y〉

|3E0
X/Y 〉 = |a1ex/y〉+ |a1ex/y〉

|3E−X/Y 〉 = |a1ex/y〉
(5.2)

NV Center Dependency on Polarization - Simulated Results

The allowed dipole transitions from the ground to excited states are satisfied when
〈ψf |~d · ~E|ψi〉 6= 0, where ψi/f are the initial and final wavefunction, ~d is the NVs dipole and
~E is the incoming electric field vector. In short, if the NV is excited with linearly polarized
light whose electric field lies along the NVs “x” axis, the electron will be promoted from
the ground state, A2 to Ex and A2 to Ey if the NV is excited with light along the “y” axis,
[73].

〈3Ex|x̂|3A2〉
〈3Ey|ŷ|3A2〉

(5.3)

Recalling that the vector between the Nitrogen and the Vacancy forms the “Z” axis, and
this “Z” axis may be oriented in four different directions within each diamond crystal, the
same incoming polarization of light will project in four different orientations associated
with the four NV axes, as the xy plane for each NV lies perpendicular to the “z” axis.
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Figure 5.4 shows the projection of Horizontally polarized light propagating along the
lab frame “z” axis on each of the four orientations of NVs in the (100) diamond. The NVs
axes are also shown, NVx, NVy and NVz, recalling that NVz is the P.A.S. The figure is
clear to show that for the same incoming polarization of light, the propagation axis projects
differently along each of the NV “z” axis, and the polarization projects differently for each
of the “x” and “y” axes.

(1,1,1) (-1,-1,1) (-1,1,-1) (1,-1,-1)

Figure 5.4: A model demonstrating the relative geometries of all the NV orientations in the
(100) diamond with the same incoming horizontal polarization. The light propagates along
the z optical axis, with a linear, horizontal polarization, having its electric field along the
“x” axis in the lab frame. Each NV is shown in the lab frame, to show how the NVs “x”,
“y” and “z” axis is oriented relative to the common lab-frame. The maximum intensity
output from an NV occurs when the electric field of the incoming light aligns with the
NVx or NVy axis.
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To promote an electron from the ground to excited state, it must do so with only
the allowed dipole transitions. When a photon is released, it decays from the same dipole
transition, Ex/y state to A2 state. For maximum excitation and therefore fluorescence from
the NV, the polarization of the light would align with the NVx or NVy axis. This is shown
below, where θ is the angle between the NVs P.A.S (z) and the propagation (optical) axis
of the incoming beam, φ is the angle between the NVs “x” axis and the polarization of the
incoming beam, and IEx/y are the intensities of emission from Ex and Ey. ITot is the total
intensity, the linear combination of the two, [110]. As Ey is maximized, Ex is minimized
and vice versa, reflected in ITot.

IEy(φ) = sin(φ)2

IEx(θ, φ) = cos(θ)2 cos(φ)2

ITot(θ, φ) = sin(φ)2 + cos(θ)2 cos(φ)2
(5.4)

As the sample orientation and propagation axis of the beam are fixed, the “z” axis of
the NV may not be adjusted, and therefore θ is fixed for all experiments. Only φ may
be adjusted. The symmetry of the (100) diamond results in all orientations sharing a
common θ value, that is, their angle away from the lab frame “z” axis is equal. As φ
is changed, the intensity oscillates in pairs between two of the NVs, the (1,1,1), (-1,1,-1)
and (-1,-1,1), (1,-1,-1). While there is not one common value which maximizes all NVs,
there is a value which allows for equal fluorescence output from each. This is very valu-
able in an experiment, as there should be no preferential emission from any NV orientation.

The (110) diamond and (111) diamonds have unique responses for each of the NVs as
there is no symmetry about the “z” axis like there is observed for the (100) diamond. As
such, there is no one polarization which results in an equal fluorescence from each NV.
An interesting result is shown in the (111) diamond with the (1,1,1) NV, which lies along
the “z” axis, therefore of course it would always emit with maximum intensity and would
be invariant with polarization. As a result of not being able to find one value for equal
fluorescence for the (110) and (111) diamonds, the (100) diamond was chosen to be used
these experiments, as an equal fluorescence from all NVs is preferred.
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Figure 5.5: The simulated results for output fluorescence from the NV center. The symme-
try present with the NV orientations in the (100) diamond results in pairs of NVs showing
identical polarization responses. There does exist one polarization which results in equal
fluorescence to be emitted from all NV centers in the (100) diamond.

NV Center Dependency on Polarization - Experimental Results

The ODMR-CW spectra of the (100) diamond as a function of the incoming polarization
is shown in figure 5.6. The data at each frequency is repeated (n=50) times, and the entire
frequency range averaged (N=10) times. The error bars are given by the same technique
as with the single-channel ODMR-CW experiments. A static magnetic field was added
to split the spectra into eight peaks, with a maximum separation of ≈ 500 MHz. The
eight peaks correspond to the |±1〉 ground states of the four orientations of NVs within
the diamond crystal. To change the incoming polarization, the half wave plate (HWP) in
the mode shaping arm was rotated by a relative value of 0◦ to 160◦, the values of 0◦ to
60◦ are shown in the figure. Note that as the polarization entering the half-wave plate was
unknown, these values of 0◦ → 160◦ are not absolute, and dependent on the optical setup.
An absolute value of polarization may be determined using a half-wave plate and linear
polarization to rotate and then filter the polarization until a known polarization value is
set. This was not required for these experiments; a relative polarization value to reach
equal fluorescence from all NVs is sufficient. In accordance with the simulations shown
above, as the polarization changes, the direction of the electric field aligns with different
NV orientations, changing the output fluorescence. Additionally, the enhancement and
suppression of the fluorescence occurs in pairs, as was seen in the simulations.
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Figure 5.6: The ODMR-CW spectra as a function of the incoming optical polarization. A
static magnetic field of unknown orientation was added to split the spectra, revealing eight
peaks, corresponding to the |±1〉 ground states of the four different orientations of the NV
centers present within the (100) diamond. As the incoming polarization changes to align
the electric field along the electric dipole of the NV orientation, fluorescence is favoured in
some orientations over others.

For the experiments being conducted, all NVs should output the same intensity of flu-
orescence. Large changes in the polarization indicated that an experimental value nearing
40◦ showed similar fluorescence of all NV orientations. This experiment was duplicated
with smaller changes in the polarization. A value of 42◦ was determined to be the optimal
value for achieving equal fluorescence from the NVs. The variance in fluorescence at 42◦

is 0.016%.
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5.2 Dual-Channel ODMR-CW Experiment

The dual-channel ODMR-CW experiment gives early indications that the NV ensemble re-
sponds to the phase difference between the two channels. Response to difference in phase
is necessary for the success of the OCT experiments.

The pulse sequence is the same as the single-channel ODMR-CW experiment, with the
exception that instead of having one channel irradiating microwaves, both irradiate simul-
taneously. As with the single-channel ODMR-CW, there is first a steady-state collection
of the bright states without microwaves, and then a steady-state collection of the photons
with both channels on while the microwave frequency sweeps incrementally until all values
have been gathered. This experiment was performed in the absence of an external static
magnetic field.

Figure 5.7 shows the results from a dual-channel ODMR-CW experiment. The incoming
amplitude from each channel was set to be equal at a relative value of Ω1 = Ω2 = 1 and
equal incoming phase of θ1 = θ2 = 0◦. To gather the data, consistent with the ODMR-
CW experiments, the data at each frequency is repeated (n=50) times, and the entire
range averaged (N=8) times. The contrast is greater than the single-channel ODMR-CW,
at 8.3% and width also greater at 10.25 MHz. The error bars are given by the same
method as for the single-channel ODMR-CW for each ODMR-CW, the standard deviation
of the normalized photon counts for each N average, subtracted from the total averaged
normalized photon counts. The increased peak width nearly covers the split centered about
the zero field splitting value at 2.87 GHz, showing a separation of 2.5 MHz. As with the
single-channel ODMR-CW, there is no preference given to either the |+1〉 or |−1〉 state
with this combination of phase values.
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Dip Contrast: 8.38139[%] & 8.32537[%] ; Relative Amp → 1. : 0.993317
Width: 10.25 MHz

Figure 5.7: ODMR-CW for ensembles of NVs with two microstrips. Comparing to the
single stripline experiment, the peaks have broadened from the increased total power,
nearly losing the ability to distinguish between the |+1〉 and |−1〉 states. The distinction
between the two peaks is still measured to be 2.5 MHz, centered about 2.87 GHz. The
FWHM is indicated with the single horizontal line and two vertical lines, giving a width
of 10.25 MHz. Compared to the single-channel experiment, the width has increased, but
also has the contrast to ≈ 8%.

Circularly polarized microwaves allow for single transitions on the NV ensembles. The
ODMR-CW experiment may be used as an early indicator for the ensembles’ sensitivity
to the phase. As there is a small stray field present, which splits the degeneracy between
the |±1〉 states, by 2.5 MHz, monitoring the results of changing the phase between the two
channels can indicate early phase control.

Figure 5.8 shows the results of having channel 1 phase at θ1 = 0◦ and θ2 = 90◦, while
the amplitude from each channel was kept at Ω1/2 = 1. Each data point was repeated for
(n=50) times and then the entire spectra was averaged (N=8) times. The figure shows the
amplitude of the |+1〉 state is ≈ 7% less than the amplitude for the |−1〉 state, and the
separation between the two peaks is clear.
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The contrast is also less than the CW experiment with both phases at zero, at only
5.5%. The purpose of this experiment is not to show optimal selection between the two
transitions, but to simply show the sensitivity to the change in phase between the two
channels, which is clear.

CW → Single Channel (CH2): MW Power 32dBm (1.6 W)

2865.63 2868.88 2872.13 2875.38 2878.63
[MHz]

0.95

0.96

0.97

0.98

0.99

Normalized Photon Count

Dip: 2868.75[MHz] & 2872.25[MHz] ; Separation → 3.5[MHz]

Dip Contrast: 5.49478[%] & 5.1295[%] ; Relative Amp → 1. : 0.933523
Width: 7.87 MHz

Figure 5.8: Dual-Channel ODMR-CW for ensembles of NVs with phase variation. By
changing the phase between the two channels, the distinction between the |+1〉 and |−1〉
states re-appear, and additionally, one of the transitions is favoured over the other. This
shows preliminary single transition selectivity with a low magnetic field (≈1 G of stray
field). In the total absence of any static field, selectivity cannot be shown with a ODMR-
CW experiment, even with two independently controlled microstrips. This stray field
totalling ≈3 MHz separation is convenient to be used for these preliminary selection ex-
periments.

Both the single-channel and dual-channel ODMR-CW experiments allowed for early
indication that the NV ensemble is behaving as intended. The single-channel ODMR-
CW experiment did address the optical polarization that is set for the remainder of the
experiments. The dual-channel ODMR-CW experiment indicated that each of the channels
behave similarly so no immediate adjustments were required to be made on the setup.
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5.3 Laser Initialization

Unlike the CW experiment, the following experiments do not measure a steady-state dif-
ference between the bright and dark states. They use the same base pulse sequence;
initialization of the NVs, count the bright states, followed by the experiment and then
counting the states as a result of the experiment. The same length of initialization and
counter window is used for each experiment.

The laser initialization experiment first determines the length of time required to ini-
tialize all NVs within the focal volume. Despite the best efforts to produce a planar beam
across the back of the objective to give the most uniform beam intensity, the intensity of
the incoming beam across the volume of NVs will not be identical. If the initialization is
too short, some NVs within the excitation volume will not be fully initialized before the
experiment begins. Having an initialization time that is too long simply adds time to the
experiment.

This experiment may also be used to determine the optimal length to collect photons
from the NVs. If the detection window is too short, it will not collect enough photons,
however if it is too long, the signal-to-noise ratio with be reduced.

This experiment also corrects for the laser delay of being switched on and off. While
the optical switch has switching times on the order of nanoseconds, the signal to control
the switch is controlled by a transistor-transistor logic (TTL) from the arbitrary waveform
generator (AWG), and so a delay for this signal can be measured and corrected.
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5.3.1 Laser Initialization Pulse Diagram

The pulse sequence for the laser initialization is shown in figure 5.9. The laser is pulsed in
two windows with a π pulse given by the microwaves in between, so the photon collection
for bright and dark counts may be compared. In the first instance, the π pulse may be
estimated, but later refined once the π pulse has been determined from a Rabi experiment.
The starting and stopping time of the laser are also controlled to determine the starting
delay and window length.

Laser

Detector

Microwave

Laser Start

Window DurationInit. Duration (1)

Pi Pulse

Laser Stop

Laser Delay

Init. Duration (2) = Window Duration

2us 
Delay

Laser

Detector

Microwave

n,N

Figure 5.9: Laser initialization pulse sequence. The laser is pulsed two times for each
detection train, separated by a π pulse. The starting and stopping point of the laser
determine the laser start delay and length of time the laser is pulsed for. The detector
collects the photons from the bright and dark states, given by the π pulse. To increase
the resolution of finding the optimal detection window, the detection windows are broken
into trains and the photons accumulated from each during signal processing. There are
two detection trains, given two initial start times and window length, and repeated for (m)
windows.
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The detector is pulsed (m) times in two trains, each given an initial duration time (1
and 2) and window length. The initial duration time of the second train (2) is equal to the
window length. There are two detector trains, with delays between each window so that
the photon collection from each discrete window may be added up to prevent switching
delays in the detector from inducing an error. For this experiment, the window length was
200 ns, while the number of windows was (m=200). Dividing the detection windows into
a train of discrete windows yields higher resolution when finding the optimal detection
window length, by accumulating the photons from each successive window.

The entire pulse sequence repeats (n=50 000) times to accumulate enough photons per
experiment, and then averaged (N) times. For the laser initialization experiment (N=100)
averages. Each experiment following the laser initialization uses the same number of (n)
repeats, as the window length and initialization time is dependent upon (n). However,
each following experiment can vary in the number of averages (N).

To determine the delay for the laser to turn on, the laser start is delayed from the
detection start. The experiment shows the moment the photons are detected by the detec-
tor. This laser on delay is a hardware delay and not experiment specific. Once it has been
found, this does not need to be adjusted again unless the laser or detector are changed.
This process is also repeated to see when the laser turns off, so a delay for this may also
be accounted for in experiments. For this optical setup, the laser delay is 800 ns.
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5.3.2 Initialization Time for the NV Ensemble

The initialization time of the laser is determined by the time it takes the NV ensemble
to reach the |0〉 steady-state, [92]. Figure 5.10 shows the bright (black) and dark (red)
counts by total length of time. There are no error bars shown here as this is raw data. The
initialization time is determined when the bright and dark counts become indistinguishable.
This initialization time is determined by the incoming power of the laser. A higher incoming
intensity will give a shorter initialization time. For an incoming laser power of ≈ 0.4 mW,
the initialization time is 60 µs. Unless the incoming power is changed to the setup, the
initialization time will stay the same for all experiments.

4. 8. 12. 16. 20. 24. 28. 32. 36. 40. 44. 48. 52. 56. 60. 64. 68. 72. 76. 80.
Time [μs]
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Raw Laser Initialization Data
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Figure 5.10: The bright (black) and dark (red) counts for the laser initialization experiment.
The point at which the bright and dark counts become indistinguishable indicates the
length of time the NVs require to be initialized. For an incoming laser power of ≈ 0.4 mW,
the initialization time is 60 µs.
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5.3.3 Determining the Optimal Detection Window Length

The optimal readout length may be inferred from the same data used to gather the initial-
ization time. As this time also depends on the incoming laser power, once set, this is kept
consistent for all of the following experiments.

Figure 5.10 shows the raw bright and dark counts for the laser initialization experiment.
Qualitatively, it can be seen that at short times, there is a large contrast between the bright
and dark counts, but a low number of total accumulated photons. As the detection window
length is increased, the contrast between the bright and dark cases decreases until they
become indistinguishable. To determine the optimal window length, first the bright and
dark state counts are subtracted to find the contrast value. Then the average of the contrast
is divided by its standard deviation over the length of time. Figure 5.11 shows how this
relationship changes with time, processing the data from figure 5.10 to find the optimal
detection window length. The optimal detection window is 1 µs, given by the maximum.
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Best SNR for Detection Window is at 1.[μs]

Figure 5.11: The length of the optimal detection window is determined by dividing the
average accumulated contrast by the standard deviation of the accumulated contrast. The
optimal detection window is 1 µs, at the maximum.

The laser initialization is used to determine the base experimental sequence for all of
the following experiments. In all cases, the same hardware delays are included, as well the
same initialization and readout time.
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5.4 Single-Channel Rabi

The Rabi experiment gives the amplitude of each microwave source relative to the NV
ensemble, length of π

2
, and π pulses. The Fourier transform of the Rabi shows the presence

of the sub-ensembles, and may inform the geographic location of the NV ensemble relative
to the microstrips.

5.4.1 Single-Channel Rabi Pulse Diagram

The basic structure of the Rabi experiment is broken into two segments, the initialization
and bright state count followed by the experiment and dark count detection. Figure 5.12
shows the experimental sequence for the Rabi experiment conducted with this setup.

Laser

Detector

Microwave

n,N

Initialization

Experiment
t=0 t=

Det

Delay

Laser On 
Delay

Figure 5.12: Rabi pulse sequence. The laser, detector and microwave sequences are shown,
which together create the Rabi experiment. There are two main stages, the initialization
and bright count detection and second, the experiment and dark state count. First, the
laser initializes the states and the detector is then turned on to count the bright states. A
short delay following the initialization gives time for the laser to turn off. The microwaves
are applied with a square pulse which is incremented from time t = 0→ t = τ . Following
the square pulse, the laser and detector are turned back on to detect the dark counts. To
reduce the error from laser drift intensity, the values of (t) are chosen randomly until all
values from 0→ τ have been used. Each value of square pulse (t) is repeated (n=50 000)
times to gather enough photons per experiment. Once all the values of (t) have been used,
the entire sequence is repeated for (N) averages.
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In the first step, the laser is turned on for the length of time determined by the laser
initialization experiment. Following the initialization, the counter is turned on to detect
the base bright counts of the |0〉 state. A delay is left after this to allow the laser to turn
off, a time also determined by the laser initialization experiment, 800 ns.

Following this, the microwaves are applied in a simple square pulse. For the Rabi ex-
periment, the time of the microwave is incremented from t = 0 → t = τ . Following the
microwave pulse, a delay of τ − t was added so each experiment would be the same length,
no matter the value of t. Following the square pulse, there is again a small delay of 800 ns
to allow the laser to turn on, and then the laser and detector are turned on to collect the
counts from the experiment. To process the data, the experimental counts are normalized
against the bright counts.

For each value of (t) chosen for the square pulse, the experiment is conducted for (n=50
000) repeats to acquire enough photons. Further, as a best practice to prevent errors from
laser intensity drift, the values of t are randomly selected over the values from 0 → τ .
Once all the values of (t) have been used, the entire sequence is repeated for (N) averages.
For a typical Rabi experiment, N=100 to 200 averages.

This pulsing sequence is used for both single-channel experiments with no deviations.
The same initialization time, readout time, microwave power and pulse lengths were used.

163



5.4.2 Single-Channel Rabi Time Data

The Rabi time data may inform the contrast between the bright and dark states and indi-
cate the lifetime of the NVs. Figures 5.13 and 5.14 show the Rabi time data for each of the
microstrips, Channel 1 and Channel 2. The time data shows the photons normalized to
the bright state, where a value of 1 would be |0〉 and deviation from that indicates the dark
state. These experiments were done in the absence of a magnetic field, so the expected
dark states are a mixture of the |±1〉 state.

The results from both microstrips share common features. At first, the states are seen
to be in the |0〉 at t=0. In a short time, there is a very fast decay away from the |0〉 state,
decaying to the dark state with a contrast of ≈ 3%. This large dampening from the initial
state has been observed for diamonds with a larger concentration of NVs, [18]. For both
channels, looking beyond 0.5 µs, the data shows a far more steady-state solution. Both
channels show a similar contrast, transient response, lifetime and beating patterns, giving
an early indication that the NV ensemble would be located at similar distances away from
each stripline. For both single-channel Rabi experiments, each data point at t was repeated
(n=50 000) times, and the whole experiment averaged (N=140) times. The error bars were
gathered in the same fashion as for the ODMR-CW experiments, given by the standard
deviation of the normalized photon counts.
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Figure 5.13: The Rabi time data for channel 1. There is a clear difference between the
transient response and steady-state response of the data. For time ≤ 0.5 µs, there is a
sharp dip of ≈ 3% contrast. The steady-state response shows a more consistent contrast
at ≈ 0.5%. It is evident from the time data there are two oscillations occurring, from the
two pairs of NV orientations found within the diamond crystal.
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Figure 5.14: The Rabi time data for channel 2. This data shows a very similar response
to the channel 1 stripline. A large sharp dip at the beginning of the data, followed by a
more consistent steady-state response. The similarities in contrast, beating and transient
vs. steady-state solutions between each stripline indicate the NV ensembles is a similar
distance away from each of the microstrips.

For both channels, it is evident from the time data that there are two frequencies seen
here, as the Rabi experiment shows two oscillations. This will be more evident in the
frequency spectra of the data. These two oscillations come from the two pairs of NV ori-
entations within this diamond crystal. This is expected for the crystal and microwave field
configuration.
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5.4.3 Simulating the Fourier Response

The time data offers initial insight into the behaviour of the NV ensemble and the relative
response to each channel. Transforming to the Fourier domain yields more information
into the response of the NV ensembles with each channel. Before looking at the experi-
mental data in the Fourier domain, a few simulations of NV ensembles in the (100) with
this microwave field configuration can be shown to understand the general behaviours and
interpret the experimental data more easily.

There are three main effects on the Fourier response in a single-channel Rabi exper-
iment, which may be simulated. First is simulating the effect of NV orientation on the
Fourier response. The (100) diamond shows two peaks, separated by a ratio of (0.57:1)
without including geometric effects. Second, the effect of geometry must be included in
the Fourier response. Changing the distance between the stripline and NVs, or adjusting
the incoming amplitude, simply translates the peaks, but the ratio is unaffected. However,
changing the angle between the microstrips and NV (φ), will change the ratio between
the two peaks. Last, inhomogeneities are introduced into the simulation to mimic more
experimental like conditions.

Estimating the Fourier Response without including the NV geometry

The Hamiltonian is dependent upon the geometric location of the NV relative to the mi-
crowave source and the rotation parameters defined by each NV orientation in the crystal.
As explored in chapter three, with a microwave field aligned along the “x” and “z” axes, it
is expected that for a (100) diamond like the sample being used, there would be only two
distinct sub-ensembles (section 3.2.2).

Removing the geometric factor from the Hamiltonian, the frequency spectra of a Rabi
experiment may be simulated to understand the response dependent on only the NV ori-
entation. A single-channel Rabi experiment was simulated and shown, in figure 5.15. As
expected, the dispersive Fourier response indicates only two separate sub-ensembles, sep-
arated by a ratio of (0.57:1). This simulation was repeated for multiple Rabi amplitudes,
and this ratio did not change. The ringing shown in this figure is the Gibbs phenomenon,
a result of truncating the acquisition in time with no decay, [41].
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Figure 5.15: Dispersive Fourier Response of a simulated Rabi with no geometry included
in the Hamiltonian. Removing the geometry from the Hamiltonian and only including the
rotation factors from each NV orientation shows only two pairs of NV orientations, with
the ratio between the peaks in the Fourier space being (0.57:1). This serves as the base
response for the NV frequency spectra when the field is set along the “x” and “z” axes for
a (100) diamond.

Simulating the Fourier Response while changing the relative angle between the
NV and the stripline

The Fourier response is dependent on the relative angle between the NV and the stripline,
the φ value. For the same distance to the wire, as φ is changed, the ratio between the
peaks will change from their largest distance of (0.57:1) to (1:1). Figure 5.16 below shows
how the relative peak ratio between the two detected frequencies changes with moving
the location of the NV about φ around the stripline. In this case φ was changed from
0◦ → 190◦. There is a pattern repeated, where at increments of 45◦, the ratio between
the peaks is maximized as (0.57:1), and at integers of 90◦, the ratio is minimized and the
peaks collapse into one frequency response.
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Figure 5.16: Fourier Response dependency on φ for a single-channel Rabi experiment. The
ratio between the peaks are shown with the dependency on the angle to the microstrips,
φ. At odd increments of 45◦, the ratio is maximized, and in increments of 90◦, the ratio is
minimized to (0.57:1) where the peaks collapse into the same frequency.

Including Inhomogeneities in the simulated Fourier Response

The previous section saw how the ratio between the peaks changes with the relative angle
between the stripline and the site of the NV center ensembles. This is not the only ex-
perimental factor to take into account when analyzing the experimental frequency spectra.
The previous examples showed both cases where the linewidth of the peaks was ideal, but
in experiment, the peaks would be broadened from an ideal value.

Figure 5.17 indicates the results of a simulated frequency spectra when a generic ampli-
tude inhomogeneity is introduced. In the absence of an amplitude inhomogeneity, a change
in amplitude, induced by a change in the distance between the stripline and the NVs would
result in translating the peaks to a higher or lower frequency, but the effect on the ratio
between the peaks does not change. Introducing an amplitude inhomogeneity results in
the response to each amplitude becoming averaged, resulting in a broadened response to
each.
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The left part of the figure shows the dispersive response for the frequency spectra
without inhomogeneities (solid) compared to the frequency response with a 50% amplitude
inhomogeneity included (dashed). Although there are still two peaks and two minima
observed with the inhomogeneity, there are no longer two zero crossings as seen without
inhomogeneities. To understand this further, the bottom figure shows the dispersive Fourier
response of each pair of NV orientation (dashed), and the mean result of each (solid).
Looking at each individual response, the inhomogeneity simply broadens each peak, but
there is still a zero crossing for each individual pair. When the average response is taken,
the spectra overlap so only the mean between the crossings appears. In experimental
results, only the average of the frequency spectra is available, so it is important to take
great care when analyzing and make sure information is not lost.
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Figure 5.17: (Left) The dispersive frequency spectra without inhomogeneities (solid)
overlaid with frequency spectra with a 50% amplitude inhomogeneity included (dashed).
Without inhomogeneities, two distinct peaks are shown, with the ratio between the zero
crossings being (0.57:1). With the inhomogeneities, the peaks each broaden, overlapping
such that there is only one zero crossing present. (Right) The Fourier response of each
of the pairs of NV orientations (dashed) with the average (solid) shown overlapped.
This is clear to demonstrate that the response from each peak is still centered about the
original Fourier response without amplitude inhomogeneities, but each are broadened. The
overlapped spectra will give the average spectra seen in the left figure.
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5.4.4 Experimental Fourier Response

The three main trends seen in the Fourier domain pertain to the sub-ensembles of NV
orientations, the response to the angle relative to the stripline and last, including inho-
mogeneities which broaden the linewidth of each response. The experimental results from
each of the channels, show much of the same trends. Note that, for both experiments, the
focal volume was not moved, so each reflect the response from each stripline to the same
geometric location of NVs.

Fourier Response for Channel 1

Figure 5.18 shows the absorptive frequency spectra for channel 1 corresponding to the time
data in figure 5.13. The sharp decay in the transient portion of the data contributes a large
broad background feature, and indicates four peaks in the spectra. Referring back to the
simulations conducted including inhomogeneities, this type of behaviour is not unexpected.
The inhomogeneities shown in the transient data split the response to each sub-ensemble,
resulting in four peaks present. These four peaks are at 0.39 MHz, 0.78 MHz, 0.97 MHz
and 1.6 MHz. It’s difficult to speculate which peaks belong to which orientation, without
looking at the steady-state response and performing further experiments.
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Figure 5.18: Fourier transform of CH1. Full-time data in figure 5.13. The absorptive
frequency spectrum shows a large broad background signal, with four peaks, twice what is
expected for this orientation of diamond crystal and microwave source. The four peaks are
located at 0.39 MHz, 0.78 MHz, 0.97 MHz and 1.6 MHz. These are likely two NV peaks
split by inhomogeneities as was seen in the simulated data with inhomogeneities.

To remove the large broad background, a Goldman-Shen experiment is performed,
which delays the starting capture time to only capture the steady-state response. The
absorptive frequency spectra of the steady-state response shown in figure 5.19 only takes
the time data of CH1 (figure 5.13) after the large initial transient response. Removing the
transient solution removed the large, broad background feature and reduced the response
to the two competing frequencies as expected. When delaying the data to a later time, the
two base frequencies become out of phase, with a 90◦ phase shift, resulting in the higher
frequency showing an absorptive spectrum and the lower dispersive. The frequency for the
dispersive signature is taken at the zero crossing (0.66 MHz), and the frequency for the
absorptive frequency is at 1.58 MHz. The ratio between the two peaks is (0.46:1), well
within the expected range of these NV orientations with the addition of inhomogeneities.
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Figure 5.19: Steady-state Fourier transform of CH1, taken from the steady-state time
data shown in figure 5.13. Performing a Goldman-Shen experiment by delaying the data
collection removes the large broad feature, and sharpens the existing peaks. Taking the
data at a delayed time captured a phase difference of 90◦ between the two frequencies,
showing a dispersive response for the lower frequency and an absorptive curve in the
higher frequency peak. The zero crossing is taken for the lower frequency, 0.66 MHz. The
absorptive frequency is 1.59 MHz, and the ratio between the two peaks are (0.46:1).

Fourier Response for Channel 2

More insight to the location of the NVs relative to the microstrips may be gained with
looking at the Fourier response in the second channel. The same technique is used here,
taking only the steady-state response, shown in figure 5.20. As with Channel 1, analyzing
the steady-state response removed a large background feature. Additionally, as the starting
time was delayed, there is also a phase difference observed between the two frequencies. In
this case, both show an absorptive response, but with a 180◦ phase difference between them.
The two frequencies corresponding to the two pairs of NV orientations are at 0.81 MHz
and 1.45 MHz, with a ratio of (0.56:1).
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Figure 5.20: Steady-state Fourier transform of the CH2 steady-state time data in figure
5.14. Analyzing the steady-state response removes the broad baseline from the spectra. As
with channel 1, taking the starting time at a delayed value yields a phase difference between
the two frequencies at that time, in this case, 180◦. The two frequencies for channel 2 are
0.81 MHz and 1.45 MHz at a ratio of 0:56:1.

The frequency spectra of Channel 1 and 2 show similar responses, with the maxima and
minima frequencies of Channel 1 being 0.66 MHz and 1.6 MHz and 0.8 MHz and 1.4 MHz
for channel 2. The ratio between the maximum values for each channel, 1.4 MHz and
1.6 MHz, (0.875:1), may be used as an approximation for the difference in radial distance
from the NV ensemble to each stripline. The ratio between the peaks is a good indicator
of the angle between each stripline and the NV ensemble. The ratio for channel 1 was
(0.46:1) and the ratio for channel 2 is (0.56:1). This indicates the φ angle for CH2 is closer
to an odd integer of 45◦ than CH1.
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5.4.5 Estimating the Location of the NV Ensemble

The location of the NV ensemble relative to each stripline may be estimated given the
response from each channel. In future iterations of this setup, it would be a good step to
include a method for knowing the precise location of the NVs relative to the microstrips,
as the geometric location is a factor included in the Hamiltonian for OCT experiments.

Modelling the microstrips as infinite wires, the magnitude of the field can be estimated
with Biot-Savart, B = µoI

2πr
. µo = 4π × 10−7 N

A2 is the magnetic permeability of free space,
I [A] is the current at the stripline source, and r [m] is the radial distance away from the
stripline.

First, the magnitude of the field strength B [T] for each stripline may be estimated
for each stripline using the angular frequency (ω). The angular frequency ω [Rad

s
] of the

Rabi data is related with ω = γB, where γ = 2π × 28024 × 106 Rad
T ·s is the gyromagnetic

ratio of the NV and B [T] is the magnitude of the field. The Rabi frequency (ω) may be
estimated by taking the point of the first dip in each of the single-channel experiments as
a π rotation. Twice this time can be estimated as a full rotation, so ω = 2π

t
. For channel

one, the first dip occurs at 0.3 µs and channel two at 0.32 µs. These values also correspond
to the π rotation values for the maximum frequency values recorded for each of the channels.

To estimate the radial distance, the field strength and current through each source
stripline is required. The current in Amperes I [A] is given by the measured power in
decibels at the stripline for each channel and assuming the resistance is a 50 Ω load. The
measured power from channel 1 and channel 2 with the addition of the transmission loss
through each stripline yields P1 = 29.8 dBm and P2 = 30.8 dBm, which may be used to
find the current through each stripline.

I [A] =

√
P [W ]

R [Ω]

I [A] =

√
10

P [dBm]−30
10

50 [Ω]

(5.5)

Taking the Rabi frequency, current and field strength into account, the radial distance is
shown in the equation below:

r(1/2) =
γµoI(1/2)t(1/2)

(2π)2
[m] (5.6)

175



Using the current and time values for each stripline, an estimate of the radial distance
from each stripline can be found to be r1 = 463 µm and r2 = 554 µm. With these two
values, and accounting for the 150 µm spacing between the two microstrips, there is only
one point of intersection, marked by the site of the NV point in (blue), shown in figure
5.21. The microstrips are marked with (black) and (red) circles, with arrows indicating
the respective radial values, and field direction at the site of the NV. The direction of the
field is consistent with the handiness given by the direction of the flow of current in the
experimental setup, travelling out of the page.
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Figure 5.21: A plot of the estimated NV ensemble position relative to the microstrips.
Using the Rabi data from each channel, an estimated radius from channel 1 and 2 are
r1 = 463 µm and r2 = 554 µm. Plotting these distances, there is only one intersection
point, marked at the site of the NV center (blue). The handiness of the magnetic field
is indicated, consistent with flow of current through the microstrips in the experimental
setup. The radial distances may be used to solve for the “x” and “z” distances as well as
the angle φ relative to each channel. The ideal position of the NV ensemble is marked with
the blue star.
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The distance in x and z may be found using the radial distances. Equation 3.32 outlined
the relationship between the radial distances and the “x” and “z” Cartesian coordinates.
Re-arranging these values with a known radius for each channel, the “x” and “z” values
can be solved for each stripline. Recall that the “z” value for each stripline would be the
same as the NVs would be found at the same depth, and that the distance x2 from the
second stripline is the x distance from the first stripline minus the separation between the
microstrips x2 = x1 − l:

r1 =
√
x21 + z2

r2 =
√

(x1 − l)2 + z2

x1 =
r21 + r22 + l2

2l
x2 = x1 − l

z =
√
r21 − x21

(5.7)

Figure 5.22 shows the results of these values.
Geometric Location of the NV relative to Wires 1 and 2

x1 [μm] x2 [μm] z [μm] r1[μm] r2[μm] ϕ1[°] ϕ2[°]
-233.033 -383.033 400.667 463.507 554.3 120.183 133.711

Figure 5.22: Estimated relative position of NV ensemble relative to the microstrips. Using
the radial values of r1 = 463 µm and r2 = 554 µm, the solved values of x(1/2), z and φ(1/2)

are found. These output results are consistent with physical limitations as well as other
pieces of experimental evidence.

Although this is an estimated value of the position of the NV ensemble, a couple of
sanity checks can be made. The maximum measured value of Rabi frequency for the first
channel is greater than the second channel, so it is expected that the NV ensemble would
be located closer to the first stripline than the second stripline. Additionally, the ratio
between the two calculated radii (0.83:1) is close to the ratio between the maximum Rabi
frequencies (0.87:1).

The calculated “z” value is consistent with the thickness of the diamond 500 µm, depth
of field 160 µm of the objective, and two small gaps to account for oil between the objective
and diamond on the top of the diamond and wax to hold the diamond to the microstrips.
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Last, using the Cartesian values for “x” and “z”, the angle from each stripline φ1 and
φ2 can be found. These angles contribute to the ratio between the peaks of the two sub-
ensembles in the frequency domain. For odd integers of φ = 45◦, the ratio between the
peaks approaches (0.57:1). The φ value for channel 2 is 133◦ ≈ 3 × 45◦, and the ratio
between peaks was (0.56:1), consistent with the relationship between φ and the peak fre-
quency ratio. The value of φ1 is 120◦, which would indicate a ratio that is less than (0.57:1),
closer to converging to one peak. However, this channel had more inhomogeneities than
channel 2, so there is an expectation that the ratio would be skewed from the expected
value.

The ideal location of the NV ensemble would be halfway in between the microstrips, in
the “x” direction, and that equivalent distance away from the microstrips in z. With this
configuration, that would yield a value of 75 µm for both “x” and “z”. It is at this point
that the field from the two microstrips are perpendicular to each other, φ2 = φ1 + π

2
, being

the most distinguishable. The experimental constraints of having a thicker diamond made
this point unachievable with the current setup, but integrating either a thinner diamond,
or microstrips which are further apart would allow for this point to be achievable. How-
ever, as was seen in chapter three, the desired target states are able to be found with OCT
pulses outside of this ideal value (section 3.1.5).

These results are just an estimate of where the NV ensemble is located and is used
as a visualization tool. The results are consistent with physical limitations and other
experimental results. These results will be important to simulate the response for the dual-
channel Rabi experiment to see if this proposed location is consistent with the simulated
data.

Single-Channel Rabi to Spinlock Experiment

The single-channel Rabi experiment informed of the initial behaviour of the NV ensemble.
It was confirmed that with the (100) diamond and two parallel microstrips with fields along
the “x” and “z” axes, there would be not four orientations present, but two sub-ensembles.
Using the amplitude of each single-channel, the position of the NV ensemble relative to
each stripline can be estimated.
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5.5 Single-Channel Spinlock

While the Rabi experiment informed much of the behaviour of the NV ensemble, it does
nothing to control each ensemble. The Spinlock experiment is a method of isolating each
of the two sub-ensembles. It is comparable to using optical polarization to suppress the
response of each of the sub-ensembles and then complete a Rabi experiment to look at
each of their individual responses.

5.5.1 Spinlock Pulse Diagram

The experimental sequence for the spinlock is shown in figure 5.23. The spinlock uses the
same initialization and base bright count and detection sequence as the Rabi experiment.
The two experiments differ in the middle portion with the microwave controls. In a spin-
lock experiment, a π

2
or 3π

2
pulse is applied, followed by a square pulse with a phase of (3)π

2
,

incremented in length from t = 0→ t = τ . Following the square pulse, another (3)π
2

pulse

is applied. The target (3)π
2

pulse rotates the chosen frequency to the effective “x”-axis. Ap-
plying the next square pulse with the same phase, maintains the chosen frequency aligned
with the effective “x”-axis, suppressing its evolution, while the other frequency is able to
evolve freely.

The length of the target (3)π
2

time is found by analyzing the two frequencies which

appear in the Rabi Fourier spectra, and then extracting the time to apply a (3)π
2

pulse for
each frequency. Typically, a π

2
pulse is applied to suppress the lower frequency peak while

a 3π
2

pulse is required to suppress the high-frequency peak.

As with the Rabi experiment sequence, each pulse increment for t = 0 → t = τ is
repeated for (n=50 000) times, and the values of t are randomly selected in the entire
sequence to avoid errors associated with laser drift. Once the range of t values has been
exhausted, the entire sequence is repeated for (N=100) averages.
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Figure 5.23: Spinlock pulse sequence. The laser and detector follow the same sequence
as the Rabi sequence, initializing the spins and detecting the bright counts and detecting
the experimental counts following the microwave control pulse. The Spinlock sequence
suppresses one frequency by applying a target (3)π

2
pulse, followed by a square pulse incre-

mented from t = 0→ t = τ with a phase of (3)π
2

to maintain the suppression of the target

frequency. The timing of the (3)π
2

pulse for each frequency is found from analyzing the Rabi
Fourier spectra. During this time, the other frequency is able to evolve as it would in a
Rabi experiment. Following the (3)π

2
pulse and square pulse, another (3)π

2
pulse is applied

to rotate the spins back to the detection axis.
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5.5.2 Proof of Concept of the Spinlock

Investigating a Spinlock Experiment with Bloch Spheres

The concept of a spinlock experiment can be further explained with Bloch sphere models.
In this instance, the |±1〉 states have been approximated as one state, so one Bloch sphere
is used to describe the evolution of the NV as an approximate spin-1

2
.

To implement a spinlock experiment, first the frequencies from the low and high-
frequency NV sub-ensembles are gathered from the Rabi experiment. The length of the
(3)π
2

pulses are then calculated from those frequencies. To suppress the low-frequency

sub-ensemble, a π
2

pulse is first applied, rotating it to the |0〉+|±1〉√
2

state (+“x”-axis), then
the microwave control Hamiltonian is applied with a square pulse, at a phase along the
+“x”-axis (θ = π

2
). When the π

2
pulse is applied to the low-frequency sub-ensemble, the

high-frequency pair is rotated by a full π to the |±1〉 states, keeping it along the detection
“z”-axis. As a result, when the control Hamiltonian is then applied along the (+“x”-axis),
the low-frequency peak does not show evolution about the “x”-axis, but the high-frequency
peak evolves similar to if it started in the |0〉 state. Following the evolution phase, another
π
2

pulse is applied to rotate the low-frequency pair back to the detection axis, and a mea-
surement takes place.

The spinlock experiment will measure the free evolution of the other frequency pair
while the target frequency is suppressed. Figure 5.24 illustrates this full sequence for
both the low and high-frequency sub-ensembles, with the suppression targeted to the low-
frequency sub-ensembles.
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Low Frequency High Frequency

Figure 5.24: The proof of concept for a spinlock experiment shown in a Bloch Sphere
representation. Both the low and high-frequency sub-ensembles from the Rabi spectra
begin in the |0〉 state (red arrows). A π

2
pulse targeted at the low-frequency pair is applied,

rotating the low-frequency to the |0〉+|±1〉√
2

state (+“x” axis), and the high-frequency to the

|±1〉 state. Applying a control Hamiltonian along the +“x” axis (white arrow), will
suppress the evolution of the low-frequency pair, while the high-frequency pair may evolve
freely. After the evolution stage, another π

2
pulse is applied to rotate the low-frequency

peak to the |±1〉 state while the high-frequency peak returns to the |0〉 state. The spinlock
experiment will measure the free evolution of the high-frequency while the low-frequency
is suppressed.
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The high-frequency suppression can be investigated with another set of Bloch sphere
figures, shown in figure 5.25. The figure illustrates why a 3π

2
pulse is experimentally

necessary to suppress the high-frequency sub-ensemble, as-opposed to a π
2
. When a π

2

pulse targeted to the high-frequency pair, that target sub-ensemble is rotated to the +“x”-
axis, but the low-frequency peak does not fully reach the “z”-axis. As a result, during
the evolution stage when the control Hamiltonian is applied along the “x”-axis, the low-
frequency pair does not evolve with full “z” components, so the experimental counts will
be reduced. Combining these low contrast results with experimental noise, makes this
impractical to perform. Applying a 3π

2
pulse mitigates this problem, by rotating the high-

frequency pair to the +“x”-axis, and fully rotating the low-frequency pair to the -“z”-axis,
so it is able to evolve as expected.
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Figure 5.25: The figure compares suppression of the high-frequency pair with a π
2

pulse
(left) compared to a 3π

2
pulse (right). The π

2
properly rotates the high-frequency NV pair

to the |0〉+|±1〉√
2

state (+“x”-axis), but does not do a full π rotation of the low-frequency
peak. As a result, during the evolution phase, there is lost contrast off the “z”-axis for the
low-frequency peak. Applying a 3π

2
pulse rotates the high-frequency pair to the +“x”-axis,

and rotates the low-frequency peak the full π pulse, so the evolution shows a more optimal
contrast with the low-frequency pair. Although a π

2
pulse does suppress the high-frequency

pair, it makes the detection of the low-frequency pair more difficult in experiment, so a
3π
2

pulse is applied to achieve both the suppression of the high-frequency pair and optimal
detection of the evolution of the low-frequency pair.

These figures simply show the evolution of the states during the spinlock experiment
so an intuition can be gained. The experimental data available would be comparing the
frequency spectra of the Rabi and the spinlock experiments. In the Rabi experiment, there
were two frequencies seen. If the spinlock experiment were successful, only one of those
selected frequencies would evolve, while the other is suppressed.

184



Simulation Spinlock Results

In the ideal form, interpreting the results of a spinlock experiment is quite simple. It
is easiest to analyze the results in Fourier space, overlapping the spectra of the spinlock
with the initial Rabi experiment. When overlapped, the spinlock should present with one
frequency suppressed while the other peak aligns with the Rabi experiment.

Figure 5.26 shows a simulation for a spinlock experiment in the Fourier space. The
Rabi spectra is shown with the dashed lines, while the spinlock experiment is shown as
the solid black lines. The arrows indicate which peak is being suppressed for each of the
experiments. The frequency that survives the spinlocking should overlap perfectly with
the remaining Rabi frequency as well in the ideal case. This simulation was done in the
absence of any inhomogeneities, so the suppression is very clear in each case.
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Figure 5.26: Simulation for Spinlock experiment. The absorptive Rabi spectra is shown
(Black, Dashed) with the Spinlock experiment for suppressing each of the low and high-
frequency peaks overlapped (Black, Solid). The peak which is not suppressed overlaps
perfectly with the Rabi peaks for this simulation. The arrows indicate which peak is being
suppressed.
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5.5.3 Single-Channel Spinlock - Experimental Data

Spinlock - Channel 1

Figure 5.27 shows the experimental Spinlock results for Channel 1. This data was col-
lected with (n=50 000) repeats per data point, and averaged (N=100) times. As with the
simulations, the Rabi spectra for Channel 1 is shown with black dashed lines, while the
spinlock results are shown with black solid lines. The arrows indicate which peak is being
suppressed for each experiment.

The Channel 1 Rabi steady-state spectra indicated two frequencies at 0.66 MHz and
1.6 MHz, shown in the dispersive and absorptive curves. The spinlock data shows a sup-
pression of both the low and high-frequency peaks. To suppress the low-frequency peak, a
π
2

pulse was applied, corresponding to the time for the 0.66 MHz peak (0.37 µs), followed
by the Hamiltonian evolving for t = 0→ t = τ at a phase of θ = π

2
.

To suppress the high-frequency peak, a 3π
2

pulse was applied corresponding to the
1.6 MHz frequency peak (0.47 µs), followed by the Hamiltonian for t = 0 → t = τ at a
phase of θ = 3π

2
.
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Figure 5.27: Spinlock Frequency Spectra for Channel 1. The time data is not shown here
to avoid redundancy. The Rabi spectra for channel 1 is shown (Black, Dashed) while the
results for each of the spinlocking experiments (Black, Solid) atop the Rabi. The arrows
indicate which peak is being suppressed in the data, first the lowest frequency 0.66 MHz
and then the high-frequency 1.6 MHz. To suppress the low-frequency, a π

2
pulse targeted

to the 0.66 MHz was applied, followed by pulsing the Hamiltonian at a phase of θ = π
2
. To

suppress the high-frequency peak at 1.6 MHz, a 3π
2

pulse was applied corresponding to the
1.6 MHz frequency, and Hamiltonian evolved at θ = 3π

2
.
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Spinlock - Channel 2

Figure 5.28 shows the spinlocking results from channel 2. As with channel 1, this data was
collected with (n=50 000) repeats per data point, and averaged (N=100) times. The same
procedures are followed to suppress the low-frequency minimum at 0.83 MHz and high-
frequency maximum at 1.47 MHz. A π

2
pulse corresponding to the frequency of 0.83 MHz

(0.31 µs) is used to suppress the low-frequency peak. A 3π
2

pulse corresponding to the
frequency of 1.47 MHz (0.51 µs) is used to suppress the high-frequency peak. As with

channel 1, the square pulse following the (3)π
2

pulse was done so at a phase of θ = (3)π
2

,
respectively.
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Figure 5.28: Spinlock Frequency Spectra for Channel 2, with corresponding time data in
figure 5.29. The Rabi data for channel 2 is the (Black, Dashed) line, while the results
from the spinlock data are shown as the (Black, Solid) lines. In each of the spectra, an

arrow indicates which peak is being suppressed with the spinlock. A (3)π
2

pulse was used to
suppress the targeted low(high)-frequency peak. There is a clear suppression of both the
low and high-frequency peak for each experiment.
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The results are very clearly shown, for each case, suppressing the low and high-frequency
peaks. There is a small frequency shift observed in the low-frequency peak when the high-
frequency peak is suppressed. As with the channel 1 spinlock, the Rabi data is shown in
dashed lines behind the spinlock results.

The experimental results showed that both channels were able to suppress both the low
and high-frequency peaks. With a cleaner Rabi to start, the results from channel 2 were
closer to the ideal behaviour of a spinlock experiment, but channel 1 still indicated the
same behaviours. The Fourier data shows that each of the frequencies may be suppressed,
a preliminary control on each of the sub-ensembles.

5.5.4 Analyzing the Time Data of each Sub-Ensemble

The previous section analyzed the Fourier response of the spinlock experiment. This sec-
tion will look at the time data. In the time domain, suppressing each of the sub-ensembles
shows what the evolution of each sub-ensemble looks like individually. This can yield more
information about each pair of orientations. Figure 5.29 below shows the time evolution
of spinlock experiment for each of the sub-ensembles in channel 2.

Looking at the time evolution of the two sub-ensembles individually, while the other
frequency is suppressed, yields more information about the lifetime of each sub-ensemble.
Looking at the figure below, it appears the low-frequency peaks have a much shorter life-
time than the high-frequency peaks.

Looking at the lifetimes for the individual frequencies is useful for when the frequency
spectra are gathered by taking only the steady-state response of the data. The delay can-
not be so large that it removes the low-frequency peak all together. For example, delaying
the starting time to 2 µs would remove most of the signal from the low-frequency peak.
However, taking the steady-state response at a shorter time, 0.5 µs, removes the large
inhomogeneity, and broad baseline without removing the signal from the low-frequency
peak. The error bars are gathered with the same methods as the ODMR-CW and Rabi
experiments, using the standard deviation of the normalized photon counts. As the con-
trast for the spinlock experiment is much lower than the Rabi experiment, these appear
larger.
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Figure 5.29: Spinlock Time Data for Channel 2. The (Top) data shows the time data when
the high-frequency is suppressed (low-frequency remains), and (Bottom) shows the time
data when the low-frequency is suppressed (high-frequency remains). The high-frequency
data has a much longer lifetime than the low-frequency data, the low-frequency data only
lasting about 3 µs, while the high-frequency data looks to extend to 5 µs.
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The spinlock experiment shows early control on each of the sub-ensembles. If the
evolution of each wanted to be investigated individually without changing the optical po-
larization of the incoming light, this experiment offers a method of doing so. Analyzing
the response of each sub-ensemble through the spinlock experiment offered more insight
than investigating with the Rabi experiment.

This concludes the experiments completed with the channels acting individually. Single-
channel experiments confirmed the presence of the sub-ensembles in the (100) diamond, and
offered a method of suppressing each of the sub-ensembles so the individual behaviour could
be analyzed. The following experiments use both channels together either sequentially
or simultaneously. Beginning first with the relative microwave phase experiment, this
experiment will show the response of the NV ensemble to changing the relative and absolute
phase between the two microstrips.
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5.6 Relative Microwave Phase Experiment

The relative microwave phase experiment uses both channels, pulsed sequentially. While
the single-channel experiments offer insight into amplitude response to each of the chan-
nels, it does not offer information on the phase response. The relative microwave phase
experiment is used to measure the spin response to changing both the absolute and rela-
tive phase values between each of the channels. In this experiment, two π

2
pulses are run

sequentially for channel 1 and channel 2 at a set θ1/2 value. The length of time for each
π
2

is found by analyzing the Rabi experiment for each individual channel. The value of θ1
is fixed, while the value of θ2 varies from 0◦ → 720◦. The relative microwave experiment
is used to inform the dual Rabi experiment of any large discrepancies between the NV
ensembles for each channel or unexpected results from the high and low-frequency peaks,
as was seen in the single-channel Rabi experiments.

As the phase of θ2 is changed, the output value of counts varies. The point of maximum
counts corresponds to when a total 1 pulse is performed, this is a π

2
for Channel 1 and a −π

2

pulse for Channel 2. At this point, θ2 = −θ1. The point of minimum counts corresponds to
when two π

2
pulses have been performed, forming a π pulse in total. At this point, θ1 = θ2.

As the single-channel Rabi experiments yielded two sub-ensembles, the relative mi-
crowave experiment was conducted in two segments. The first regime was using the fre-
quency data from the lowest frequency sub-ensemble and second, the highest frequency
sub-ensemble.

5.6.1 Relative Microwave Phase Pulse Sequence

Figure 5.30 shows the relative microwave pulse sequence. Both the laser initialization,
bright count detection and experimental count detection use the same sequence and pa-
rameter as the single-channel Rabi experiment. In this experiment, both channels pulse
individually with square pulses for the length of time equivalent to a π

2
pulse acquired from

the single-channel Rabi experiment. The phase for Channel 1 is fixed at a set value of θ1,
while the phase of Channel 2 is varied from 0◦ → 720◦. The phase value of θ2 is randomly
incremented to avoid errors associated with laser drift, and each phase value sequence is
repeated (n=50 000) times to acquire enough photons. Once all the values of θ2 have been
used, the entire sequence is repeated for (N=10) averages.
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Figure 5.30: Relative microwave pulse sequence. The laser initialization, bright count
detection and experimental count detection is all the same as the Rabi experiment. In
this experiment, each channel is pulsed for a length of time equivalent to a π

2
pulse, as

determined by the Rabi experiment. Channel 1 has a constant phase set to θ1, while
the phase of Channel 2, θ2 is incremented from 0◦ → 720◦. The values of θ2 are chosen
randomly to avoid laser drift affecting the results. Each increment of θ2 is repeated (n=50
000) times, to gather enough photons. Once all the values of θ2 have been acquired, the
entire sequence is repeated for (N=10) averages.

5.6.2 Experimental Data for Fixed Channel One Phase

This section will now analyze the results from the experimental data, first for the low-
frequency pair and then the high-frequency pair. Recalling from the Rabi experiments,
that for each of the single-channels, there were two peaks, associated with relative low
and high-frequency sub-ensemble. As this was the case, the relative microwave phase
experiment was performed for two instances, using π

2
pulses associated with the pair of

low-frequency peaks and the high-frequency peaks for each channel 1 and channel 2.

To find the length of the π
2

pulses for the low-frequency data, first the Rabi experiments
for both channel 1 and channel 2 were analyzed. The lower frequency was taken from each
data set of channel 1 and channel 2. Then from the frequency, the length of time for a π

2

was taken. The same procedure was repeated for the high-frequency pair.
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Relative Microwave Phase Experimental Time Data with Fit - Low-Frequency
Data

First, the results from the low-frequency data will be investigated. Figure 5.31 shows the
results of having θ1 = 0◦ and θ2 swept from 0◦ → 720◦. For all relative microwave phase
experiments, the data collected at ach value of θ2 was repeated (n=50 000) times, and then
the entire experiment was averaged for (N=10) times. The π

2
pulses were obtained from

the low-frequency peaks of each channel, corresponding to a π
2

pulse time of 0.64 µs for
Channel 1 and 0.30 µs for Channel 2. The data shows a regular oscillation pattern over
the values of θ2, with the minima and maxima repeating every 180◦. A cosine function
was fit to the data, and the maxima, minima and zero crossings are extracted from the
fit. In this instance, the maxima, corresponding to 1, occur at 319◦ and 679◦, while the
minima, corresponding to a π pulse, occur at 138◦ and 499◦. The error bars are given
by the standard deviation of the normalized photon counts, in the similar vein as the
ODMR-CW, Rabi and Spinlock experiments.
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Figure 5.31: Relative microwave data set for the low-frequency NV ensemble pair. The “y”
axis corresponds to the normalized photon count, while the “x” axis is θ2−θ1. θ1 is set to 0◦

in this instance, while θ2 is varied from 0◦ → 720◦. The minima and maxima repeat every
180◦, as are the associated zero crossings. In this instance, the maxima, corresponding to
1, occur at 319◦ and 679◦, while the minima, corresponding to a π pulse, occur at 138◦

and 499◦.
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Relative Microwave Phase Experimental Time Data with Fit - High-Frequency
Data

The low-frequency data showed a regular cosine pattern for a fixed phase of channel 1 and
varying channel 2 data. Recall that at the maxima, is when the two channels combine to
act as an 1 pulse, with a π

2
from channel 1, then a −π

2
from channel 2, while at the minima,

they form a π pulse, with two sequential π
2

pulses.

Figure 5.32 is the complementary data set to the low-frequency data, but with the
high-frequency peaks selected. The π

2
pulses selected here were 0.156 µs for Channel 1 and

0.168 µs for Channel 2. An immediate difference between the slow and fast data can be
seen where they appear to be offset by nearly 135◦, indicating there is a clear difference
in the spin response for the low and high-frequency NV pairs. This data also shows a
regular oscillation, with the maxima and minima separated by 180◦, with the minima,
corresponding to 1, occurs at 93◦ and 456◦, while the minima, corresponding to a π pulse
occur at 275◦ and 638◦.
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Figure 5.32: Relative microwave data set for the high-frequency NV ensemble pair. θ1 is
set to 0◦ in this instance, while θ2 is varied from 0◦ → 720◦. Like the results for the low-
frequency pair, the minima and maxima are seen to repeat every 180◦, as are the associated
zero crossings. In this instance, the maxima, corresponding to 1, occur at 93◦ and 456◦,
while the minima, corresponding to a π pulse, occur at 275◦ and 638◦. Comparing to the
low-frequency pair, the data appears to be offset by nearly 180◦.
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The results of this experiment show that with a fixed phase for channel 1, the total
acting pulse on the NV ensemble varies with the change in phase of the second channel.
This is expected, as the spins would of course be sensitive to a relative phase difference
between the two channels. From here, the response to varying the absolute phase between
the channels will be investigated. This is done by changing the phase of channel 1, and
then repeating the same experiment above, varying channel 2 from 0◦ → 720◦.

5.6.3 Experimental Data for Varying Channel One Phase

The previous results indicated the NV ensemble is sensitive to a relative phase differ-
ence between the two channels. This was repeated with varying values of θ1 to see if the
sub-ensembles respond to only a relative difference between the phase of Channel 1 and
Channel 2 or if the absolute values between the phases as well. In each instance, a regular
oscillation between the maxima and minima was seen, as shown with the results above for
each fixed value of the phase of the first channel, θ1. If the spins are not reactive to the
absolute values of Channel 1 and Channel 2, the value of θ1 should not impact where the
maxima, minima and zero crossings occur at.

The following results show how the position of the first zero crossing changes with
varying the phase of Channel 1 (θ1). The position of the first minima, or maxima may also
be used interchangeably with the zero crossing to see the response to changing θ1.
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Varying θ1 for the low-frequency pair

Figure 5.33 shows the results from varying θ1 and measuring the point of the first zero
crossing for the low-frequency pair of NVs. There is some variation seen here, with a total
spread of 20◦, with most of the deviation occurring when the value of θ1 is ≤ 60◦. This
indicates that the low-frequency pair do not have a huge sensitivity to changing absolute
values of the phase for each channel, but mostly the relative phase between each channel.
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Figure 5.33: Measuring the first zero crossing for the low-frequency data with varying
θ1. The relative microwave was repeated, changing θ1 at 20◦ increments, and the point
of where θ2 − θ1 crosses zero was measured. If the spins are only sensitive to the relative
phase between channel 1 and 2, the site of the zero crossing should not change when θ1
is changed. With the low-frequency pair of orientations, there is a 20◦ difference in where
the zero crossing occurs, with most of that spread occurring when θ1 is ≤ 60◦.
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Varying θ1 for the high-frequency pair

Figure 5.34 shows the results for repeating the experiment with the high-frequency NV
pairs. There is a linear response seen when θ1 is varied, as shown in the location of the
zero crossing. As the controls between each of the two experiments between the slow
and fast NV pairs is consistent, this indicates that the high-frequency peaks are far more
sensitive to a change in phase than the low-frequency peaks. The fast oscillating NV pair
is sensitive not only to the relative phase value between channels 1 and 2, but the absolute
values as well.
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Figure 5.34: Measuring the first zero crossing for the high-frequency data with varying θ1.
This variation in the zero crossing was repeated for the high-frequency orientation pair.
Unlike the low-frequency orientation pair, the response to the high-frequency pair was
nearly linear. As the hardware and controls are consistent between each of the experiments
performed for the experiment, this indicates an interesting spin response from the high-
frequency pair. If control of the high-frequency pair is desired, it must be noted specifically
which phase values of θ1 and θ2 are used as the spin response is unique for each pair.

The relative microwave experiment showed some early phase response behaviour for
each of the low and high-frequency peaks. The high-frequency peaks appear to be far
more sensitive to changes in the absolute phase than the low-frequency peaks. This note
is important for designing OCT experiments, because it indicates that the ensemble will
not behave in the same manner if the absolute and relative values are changed for each
Channel 1 and Channel 2.
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5.7 Dual-Channel Rabi Experiment

The single-channel Rabi experiment showed that there are two sub-ensembles associated
with this diamond sample and microwave field configuration. The spinlock experiment
showed each of these sub-ensembles may be suppressed and provided insight to the life-
times and expected contrast for each. The relative microwave phase experiment then used
π
2

pulses taken from the two lowest frequencies and two highest frequencies and investi-
gated how each of those responded to the absolute and relative phase values between the
two channels. From this experiment, it was evident that the high-frequency peaks are far
more sensitive to the difference in phase than the low-frequency peaks.

The Dual Rabi channel experiment uses all the information gathered from the previous
experiments, and in turn its results can inform the parameters for the OCT experiments.
The response of the ensembles to phase variation between the two channels is a key factor
to include in the Hamiltonian model for the OCT experiments.

The dual-channel Rabi follows the same pulse diagram as the single-channel Rabi ex-
periment, with the exception that both microwaves channels are pulsed simultaneously,
varying from t = 0 → t = τ . For all experiments, the phase of channel 1 was set to
θ1 = 0◦, while the phase of Channel 2 was varied for each set of data taken. As with the
single-channel Rabi experiments, each data point gathered was repeated for (n=50 000)
times, and averaged for (N=100) times.

5.7.1 Dual-Channel Rabi Time Data

The time data shows the dual-channel Rabi response of two select phase pairs, as an ex-
ample of how varying the phase affects the Rabi amplitudes. These two phase pair values
are chosen from the relative microwave experiment. The first condition appeals to the
low-frequency regime. With θ1 = 0◦, this was minimized, when θ2 = 138◦. For the high-
frequency regime, the conditions where θ1 = θ2 were reached when θ1 = 0◦ and θ2 = 275◦.
These phase conditions were chosen as a starting point for the dual Rabi experiment, as
they should have clear differences between them, as indicated by the relative microwave
experiment.
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The time data for each of the phase conditions outlined above are shown below in figure
5.35 and 5.36, respectively. For both sets of data, each data point was repeated for (n=50
000) times, and the set averaged for (N=100) times. It is clear, for these phase conditions,
that they represent different frequency regimes, the first figure appearing to show a much
lower frequency regime than the second figure. The error bars for both plots are given by
the standard deviation of the normalized photon counts as with the previous data shown
for ODMR-CW, Rabi, Relative Microwave Phase and Spinlock Experiments.

The first piece to notice between the two experiments are the contrast levels. The
low-frequency data has a contrast of only about 3.5%, while the high-frequency data shows
data about 8%. Like the single-channel Rabi experiment, both signals still show a large
dip in the first piece of the data. Again, when analyzing the Fourier spectra, only the
steady-state responses after 0.5 µs will be taken.
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Figure 5.35: Rabi Time Data - Dual-Channel - Low Frequency. Dual Rabi Channel Time
Data with t = 0 → t = τ and θ1 = 0◦ and θ2 = 138◦. The steady-state contrast here is
3.5%, with a lifetime that lasts about 6 µ s. Like the single Rabi channel experiment, there
is a large dip present in the transient data. The Fourier data will take the signal beginning
at t = 0.5 µs.

200



2 4 6 8 10
Time[μs]0.90

0.92

0.94

0.96

0.98

1.00

Normalized
Photon Counts

Time Data

Figure 5.36: Rabi Time Data - High Frequency. Dual Rabi Channel Time Data with
t = 0→ t = τ and θ1 = 0◦ and θ2 = 275◦. The steady-state contrast here is ≈ 8%, with a
lifetime that lasts about 6 µs. Like the single Rabi channel experiment, there is a large dip
present in the transient data. The Fourier data will take the signal beginning at t = 0.5 µs.

The time data yields that there is an obvious response to the Rabi frequency when
the phase of the two channels has been changed. There is a clear high and low-frequency
response that can be oscillated between. To understand this relationship more clearly, this
experiment is repeated with multiple phase values.
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5.7.2 Simulating the Response with a Varying Phase

The time data showed an early indication that the Rabi results confirm the trends indi-
cated by the relative microwave experiment, that there is significant dependence on the
Rabi frequency with a change in phase. To analyze this change fully, a Rabi experiment
for incremental values of θ2 must be taken, with a fixed θ1.

The simulation below uses the Hamiltonian modelled in chapter three in equation 3.31.
From this, the geometric values to account for the different NV P.A.S for a (100) diamond
are added, and the microwave geometry estimated from the single-channel Rabi results
are used for the NV position. Recall, the estimated geometry is shown in figure 5.21. No
inhomogeneities were added in these simulations, so just the dependency on the geometric
values and NV orientations could be investigated.

To gather the simulated results shown below, a Rabi experiment was simulated with
equal amplitude for each channel, but having the phase vary for each experiment. The
phase of channel 1 was fixed at θ1 = 0◦, while the phase of the second channel was incre-
mented from θ2 = 0◦ → θ2 = 360◦ by ten degrees for each individual simulation. For each,
the Fourier response was gathered and the frequency of the sub-ensembles recorded.

The frequencies from each Rabi experiment are summarized in figure 5.37 to show how
they scale with changing the phase of the second channel. As the phase of the second
channel is swept from 0◦ to 360◦, the absolute values of the frequencies of the two sub-
ensembles change, minimizing at 180◦. They do not have the same dependency on the
phase change, so as the phase is changed, the ratio between the two peaks changes as well.
The maximum of the peak separation is (0.59:1) and at minimum, the peaks converge to
(1:1). The phase response is symmetrical about 180◦. The convergence point is not at the
minimum, but slightly away from the minimum at 170◦ and 190◦. When the two peaks
collapse into one, the sub-ensembles may be treated as one orientation.
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Figure 5.37: The simulated dual-channel Rabi results with varying the phase of the second
channel (θ2). For each simulation, a Rabi experiment was conducted, the Fourier response
acquired and the frequencies from each gathered, and summarized in the figure above. The
results show the two sub-ensembles, the low (black) and high (red) and their response
to the change in phase. As the phase is swept from 0◦ → 360◦, the frequencies are at
their largest absolute values and then minimize at 180◦. The ratio between the peaks
also changes, where they are maximally separated at (0.59:1) and then converge to (1:1)
near the minima point. The response to the phase may be used to indicate the geometric
location of the NV ensemble relative to the microstrips.

This simulation was repeated for a few different NV geometry sites to see how the re-
lationship changes with different locations of the NV ensemble relative to the microstrips.
As the NV ensemble gets closer to the center point between the two microstrips, the ratio
between the two frequencies diminishes. At the center point, there is no distinction be-
tween the two sub-ensembles. This is because at the center point, the “z” portion from
each stripline cancel from being projected in the opposite direction. At this point, this
leaves only the contribution from the “x” portion of the control field. As there are only two
sub-ensembles, removing one portion of the field removes the distinction between them,
resulting in only one peak. At the center point, as the control phase between the two
channels is swept, the frequency of the peak moves in magnitude, but not does split.
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At the other extreme, the pieces where the “x” and “z” portion of the control field con-
tribute equally, there will be a maximal distinction between the two sub-ensembles. Recall
that the base separation between the two peaks is (0.57:1), when the geometric factor on
the Hamiltonian is removed. In the absence of inhomogeneities, this is the largest ratio
between the two peaks that can be expected.

As the geometric location of the NV moves closer to the center of the microstrips from
the largest extreme, the ratio between the peaks decreases, as does the rate of change of the
ratio when the phase of the θ2 is varied. The place where the two sub-ensembles converge
also changes. At the center of the microstrips, the sub-ensembles are indistinguishable,
while away when the contributions from the “x” and “z” control field are equivalent, the
convergence occurs closer to the 180◦ point, and for less instances of θ2.

No matter the geometry, given the handiness of the field and this model of Hamiltonian
and microwave field configuration, the simulation results were always symmetric about 180◦

in simulation.

The response to how the absolute value and ratio between the two frequencies changes is
a key indicator to the geometry of the location of the NV ensemble. Now the experimental
results will be investigated, to see how closely these mimic the simulated results. If they
are exactly matched, this indicates the estimated value of the NVs is correct and may be
used for designing the OCT experiments. If the results do not match the simulated results,
it still provides valuable information for how the amplitude of the Rabi response varies
with changing the phase between the two channels.
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5.7.3 Experimental Results - Varying the Phase

The experimental data for the dual-channel Rabi were gathered using the same procedure
as the simulated results. A Rabi experiment was conducted with the phase of the first
channel fixed to θ1 = 0◦, while the phase of the second channel θ2 was incremented, by
a difference of 30◦ for each experiment. The same input amplitude for each stripline was
used. Each experiment followed the same signal averaging procedure, collecting each data
point (n=50 000) times and averaging for (N=100) times.

In each case, the Fourier response was gathered, and the location of the frequencies
were recorded. As was seen in the time data shown, when analyzing the frequency data,
the time was taken starting from 0.5 µs to remove the large inhomogeneity. The contrast
between the low and high-frequency peaks were not equal, as was also evident from the
time data, where the low-frequency data showed ≈ 3.5% contrast and the high-frequency
peak 8% contrast.

The summary of the location of the frequencies for each Rabi experiment are sum-
marized in figure 5.38 below. The “x”-axis is the phase of the second channel, while the
first channels phase was set to 0◦. The “y”-axis, are the recorded Rabi frequencies for
each sub-ensemble at those two set channel phases. Each set of data represents a separate
experiment, which has been summarized into one plot so the change in frequency of the
sub-ensembles as dependent on the phase of the channels may be analyzed. The error
bars are given by the average linewidth of each peak for all experiments (0.25 MHz). The
maximum separation between the peaks is (0.42:1), while the minimum is (0.68:1). There
is an overlap seen of the linewidths at the minima, but the peaks are still distinguishable
in these cases.

As the ratio between the peaks begin large at (0.42:1) and the change between the min-
ima and maxima is also large (0.42:1) to (0.64:1), this further supports the NV ensembles
are in the expected geometric location. If they were close to the center of the microstrips,
the response to the change in phase would be much less emphasized. The contributions
from the “x” and “z” fields are close to equal.

205



The experiment results follow the same trends seen in the simulations. The difference
between the maximum and minimum separation between the peaks occur 180◦ apart. At
the maximum separation, the absolute values of the frequencies are largest, and converge
to the smallest values of the frequencies at the minimum.

Unlike the simulation, the minimum frequencies in the experimental results do not oc-
cur at 180◦, but at 135◦. This is due to a 45◦ difference in the hardware between the two
channels, confirmed by measuring the phase difference through an oscilloscope for multiple
combinations of phases. This behaviour was also seen in the following work, the minima
changing with a difference in the channel length, [60]. For this reason, the phase of the
second channel was expanded beyond 0◦ and 360◦ so the symmetry about the minima
point could be seen. The maxima between the two peaks corresponds to 315◦ and −45◦,
symmetric about the minima, separated by 360◦.

The absolute values for the Rabi frequency for this setup is observed. The range of
frequencies is at minima 0.4 MHz and at maximum 2.9 MHz. These amplitude values
should be taken into account as parameters for the OCT experiment. Recall the OCT
experiment takes the absolute values of the frequencies into account.
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Figure 5.38: The experimental results for a dual-channel Rabi experiment with varying
phase. The experimental results are closely matched with the simulation results. The low
and high-frequency peaks both have their absolute maxima values at −45◦ and 315◦, and
converge to the minima at 135◦. The ratio between the peaks is maximized at (0.42:1) and
changes to (0.68:1) over the same phase values.

The relative microwave phase and dual-channel Rabi experiment both show phase de-
pendency, and consistently showed the high-frequency sub-ensembles is far more sensitive
to the change in phase, compared to the low-frequency. Additionally, there were some
key phase conditions outlined in the relative microwave phase experiment. When look-
ing at the low-frequency NV pair for θ1 = 0◦, the maximum and minimum points were
given when θ2 = 315◦ and θ2 = 138◦. On the dual-channel Rabi experiment, these same
phases corresponded to the maximum and minimum separation between the sub-ensemble
Rabi frequencies. Performing the relative microwave phase experiment would allow for fast
analysis of the maximum and minima absolute measured Rabi frequency and separation
between the sub-ensembles before completing the more rigorous dual-channel Rabi.

While the experimental results of the dual-channel Rabi show much of the same trends
as the simulated data with the proposed Hamiltonian model, the results do not match ex-
actly. This indicates there are more parameters that have not been included in the a priori
Hamiltonian model shown in chapter three. These unknown experimental parameters may
still be gathered with a phenomenological Hamiltonian for the OCT experiments.
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5.8 Implementation of OCT Pulses for NV Ensembles

Thus far, the intention of the experiments has been to collect data on the behaviour of
the NV ensemble under the microwave field configuration and diamond crystal. In this
final experimental section, the parameters gathered from the previous experiments will
be used to implement OCT pulses. Chapter three simulated OCT controls with a gen-
eral a priori Hamiltonian model. Experimentally, there are two options for implementing
the Hamiltonian, the first is with an a priori Hamiltonian demonstrated in chapter three
(section 3.1.3). A complete knowledge of the NV orientation, and location relative to the
microstrips forms the a priori Hamiltonian. The second option is to use the experimental
parameters gathered and form a phenomenological model of a Hamiltonian which uses only
measured values.

The first experiments attempted were with the a priori Hamiltonian, the same model
used in chapter three and the geometric location estimated from the single-channel Rabi
experiments (section 5.4.5). While the results did qualitatively show the desired trends,
the final resulting states were inconsistent, and target final state overlaps were much lower
than expected. This is not a surprise as the experimental Rabi results did not match the
simulated results exactly. As a result, a phenomenological Hamiltonian model was devel-
oped using only measured values gathered from the previous experiments.

The a priori results will be shown to reveal the qualitative improvements, then the
phenomenological Hamiltonian model will be explained, outlining any differences between
the two Hamiltonians. This will be followed by how the pulses are created and implemented
experimentally. This is very similar to the methods used in chapter three (section 3.2.1),
but will detail more of how the pulses are created and adjusting for the experimental values.
The pulse sequence for these experiments will then be shown, and last, end with the OCT
experiments implemented.
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5.8.1 A Phenomenological Hamiltonian for OCT Experiments

Summary of results from an a priori Hamiltonian model

The Hamiltonian model used in chapter three, using the estimated geometry in chapter
five did show successful qualitative results. This Hamiltonian model confirmed two major
pieces. First is that optimizing pulses using a state-to-state transfer as opposed to a uni-
tary target was more successful. Second was that optimizing a pulse over two of the four
orientations of NVs was the most optimal.

This experiment compared the success of an identity pulse first comparing a unitary
target vs. a state-to-state target. All experiments were repeated for (n=50 000) times for
each data point and then averaged for (N=30 times). The unitary pulse was given the
target 1, while the state-to-state transfer was given the target |0〉 〈0| → |0〉 〈0|. Second,
each of these was optimized over one, two or four orientations. It was clear that optimizing
for a state-to-state transfer vs. a unitary pulse was more successful. It was also confirmed
that for each of these cases, optimizing over the two pairs of NVs was most successful.
This is reflected in table 5.1.

For the following experiments, the NVs are distinguished by their pairs. NV pair A is
defined as the pair of NVs with the higher frequency Rabi response (-1,-1,1) and (1,-1,-1).
NV pair B are the lower frequency pair (1,1,1) and (-1,1,-1). If a pulse is designed for pair
A, it is designed for the (-1,-1,1) NV, and pair B, the (1,1,1) NV, while the others are left
to evolve freely. If a pulse is designed for pair AB, it is designed for the (-1,-1,1) and (1,1,1)
NV. The experiments labelled “All”, are designed for all four orientations. The uncertainty
on the population of the zero state was gathered by running the same experiment multiple
times and measuring the change in recorded population of zero. For all experiments, this
was consistent at 1.5%.
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Table 5.1: Identity Pulse Results for an A priori Hamiltonian. Results compare optimizing
an identity pulse for a target unitary 1 and a target state-to-state transfer, |0〉 → |0〉. For
each of these, the pulses are also optimized for 1, 2 or 4 NV orientations. The starting
state for all experiments was |0〉, a photon value of 1, so the ideal final state is also 1 for
those pulses optimizing over 2 or 4 NV orientations. The state-to-state transfers showed
more success than the identity pulse, and for both cases, optimizing over two orientations
was the most successful. The best result was a photon count of 0.93, corresponding to a
population of the |0〉 state of 30%.

Experiment 1A 1AB 1All |0〉 → |0〉A |0〉 → |0〉AB |0〉 → |0〉All

Normalized
Counts

0.90(3) 0.91(8) 0.91(9) 0.91(6) 0.93(0) 0.92(5)

Population
of |0〉

3± 1.5% 18± 1.5% 19± 1.5% 16± 1.5% 30± 1.5% 25± 1.5%

While these results showed the desired qualitative results, there is room for improve-
ment. The starting state for all experiments was the |0〉 state. An ideal identity pulse
would have therefore have a final photon count reach a value of 1, (100% population of
|0〉), matching the bright state, showing a full recovery of the population back to the |0〉
state. The dark state sits at 0.9, (0% population of |0〉). It is encouraging to see that there
is a significant improvement from the worst result which barely discernible from the dark
state (1A), to the best result with up to 30% population (|0〉 → |0〉AB), indicating the spin
system is responding to the optimization.

Likely the major source of error for this Hamiltonian is an inaccurate representation of
the location of the NVs. It is for this reason, a phenomenological model for the Hamiltonian
is formed, which uses only experimentally collected values.

Forming a phenomenological Hamiltonian model

The phenomenological Hamiltonian takes a different approach to the a priori model. Us-
ing only experimental values, it simplifies the Hamiltonian and leaves only one unknown
parameter from those already collected.
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To form the Hamiltonian, first the signal from the first stripline is chosen to align with
the NVs “x”-axis. The experimental phase (η) captures the phase difference between the
first and second stripline, including things but not limited to the difference in field direction.

This experimental phase is represented in the control Hamiltonian shown below, where
the signal from the first stripline contains only an amplitude Ω1 with the Sx operator,
while the second stripline contains components from both Sx, and Sy, offset by the phase
η. The amplitude of the second wire at the site of the NVs is Ω2. The frequency ωT is the
transmitter frequency of the microwaves.

Last, there are two phases present, the first (∆θ), represents the difference in control
phase between the two microstrips. This phase may be controlled for experimental pur-
poses. The second phase (η) represents the experimental phase between the two wires at
the site of the NVs.

H = Ω1 cos(ωT t)Sx + Ω2 cos(ωT t+ ∆θ) cos(η)Sx + Ω2 sin(ωT t+ ∆θ) sin(η)Sy (5.8)

Following the same procedure as was outlined in chapter three (section 3.1.3), the effective
Hamiltonian is reached for one of the NV P.A.S:

H̃ =
Ω1

2
Sx +

Ω2

2
cos(∆θ) cos(η)Sx +

Ω2

2
cos(∆θ) sin(η)Sy

+ i
Ω2

2
sin(∆θ) cos(η)[Sx, S

2
z ] + i

Ω2

2
sin(∆θ) sin(η)[Sy, S

2
z ]

(5.9)

A quick analysis of this Hamiltonian can give some intuition for the experimental con-
trol. There are four base operators present, Sx, Sy, [Sx, S

2
z ] and [Sy, S

2
z ], as was seen in

the general form of the a priori Hamiltonian. The Hamiltonian may also be written in
the pseudo spin-1

2
operators. In this case, the Hamiltonian has been simplified such that

the control phase ∆θ, oscillates the Hamiltonian between Sx(y) and [Sx(y), S
2
z ], while the

experimental phase η oscillates the control between x and y operators.

The experimental phase cannot be chosen, except for by changing the location of the
NVs relative to the microstrips and other physical aspects of the system, but it may be
found through experiments. The advantage of this Hamiltonian over the a priori Hamilto-
nian is it may measure the unknown experimental parameter through experiments, rather
than rely on an estimated value.
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5.8.2 Designing Pulses for Experimental Purposes

This section will show how the pulses are implemented in the experimental setup. Like
chapter three, the GRAPE algorithm is used to implement the pulses. Very little differs
from chapter three to generate the pulses. Any differences will be highlighted, and more
information will be provided on how the different control Hamiltonians for each orientation
are implemented.

Control Hamiltonians and Targets for Experimental Implementation

Chapter three demonstrated a few examples of OCT pulses. Chapter three focused mainly
on the output from the pulses, detailing how the target state-to-state transfer is shown and
the abilities of implementing pulses in the (100) diamond with this experimental microwave
configuration (section 3.2.2, 3.2.3 and 3.3.1). In this section, a more detailed explanation
of how the pulses are implemented in the experimental setup will be shown.

The pulses are found with the GRAPE algorithm, implemented with the Quantum
Utils program designed for Mathematica, [114]. The pulse design accepts a target state-to-
state transfer, target state overlap, control parameters, a control Hamiltonian, an internal
Hamiltonian, a resolution of each time step, number of time steps and initial guess for the
pulse.

Chapter three already showed examples of using these inputs for simulations. In this
chapter, the real values will be shown for each input, detailing the changes between simu-
lation and experimental values. Remaining unchanged are the state-to-state transfer and
target state overlap. The state-to-state transfer is experiment specific and for each exper-
iment, the target state overlap is 0.99.
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As the control Hamiltonian is expressed in the effective frame of the P.A.S for each
NV orientation, the internal Hamiltonian is a (3x3) matrix of zeros. If a static field or
hyperfine interaction with the Nitrogen were to be added into the experiments, these are
added into the internal Hamiltonian.

The first experiments performed with the a priori Hamiltonian used four control Hamil-
tonians to represent the four NV orientations. As the best results were seen with only two
orientations, and the previous experiments showed the presence of only two sub-ensembles,
the following experiments were performed using only two control Hamiltonians, and with
only two control parameters. Each control Hamiltonian is labelled HNV A and HNV B, re-
spectively. As the effective Hamiltonians for each NV orientation are independent, the total
control Hamiltonian is given by the direct sum for each orientation, as shown in equation
5.10 below:

Hcontrol = αHNV A + βHNV B (5.10)

The parameters α and β allow for individual targets to be set on each effective Hamilto-
nian. With the OCT pulses, two targets, TA and TB, are implemented for each control
Hamiltonian representing the two sub-ensembles. Each target may be given the same tar-
get instructions or an individual target, for collective or selective control as was seen in
chapter three. The total target is shown in equation 5.11:

target = αTA + βTB (5.11)

To implement the target, the distribution of the parameters α → β are set. The value of
the distribution must add to one. For example, if the pulse was designed to target NVB
while the other sub-ensemble were left to evolve freely, β → 1, while α → 0. If a total
target was designed for both, the distribution would be β → 1

2
, α → 1

2
. While the total

distribution of the parameters must add to one, the split between each orientation may
vary.
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Controls Parameters for Experimental Implementation

As only two control Hamiltonians are necessary to find OCT pulses for this diamond
configuration, only two control parameters are required to design the pulses. As the sub-
ensembles showed sensitivity to both the relative and absolute phase of the microstrips,
seen in the relative microwave phase experiment and dual-channel Rabi experiment, the
phase is fixed and only the amplitudes of each channel were used to find the control pulses.

The amplitude and phase of the channels are simply the polar coordinates of the four

control parameters, I1, I2, Q1, Q2, with Ω(1/2) =
√
I(1/2) +Q(1/2) and θ(1/2) = arctan

(
Q(1/2)

I(1/2)

)
.

With a fixed phase, only amplitude control is required for the control parameters.

In addition to changing from four control parameters to two, the units for the parame-
ters were also changed from simulation to experimental implementation. Recall in chapter
three, figure 3.10 showed a sample of the control parameters used for a simulated pulse,
where the controls were restricted by an amplitude in the units of frequency. This was a
convenient method to use, which shows the proof of concept of pulses without having to
consider unknown experimental parameters given by the microwave field configuration.

The same concept is applied here, but since the frequency at the site of the NVs is
known, the controls are determined by scaling the amplitude by a unitless 0→ 1, and then
multiplying by the measured frequency. Recall the dual-channel Rabi experiment revealed
two measured amplitudes for each sub-ensemble, found by setting the amplitude of the
microstrips each to 1. To find the pulses for each control Hamiltonian, the values of Ω1

and Ω2 are varied between 0 → 1, optimizing the pulses for the measured Hamiltonian
values for each sub-ensemble.
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In addition to using only amplitude control with a fixed phase, the time step resolution
is also adjusted from simulation to the implemented pulses. When the pulses are imple-
mented by the AWG, there are hardware distortions which will change the pulse from the
intended shape, [43]. In general, pulses which resemble much closer to a smooth pulse will
have less resulting errors. To create a smoother pulse, the time step resolution should be
adjusted to accommodate a different Rabi amplitude. As the measured Rabi amplitude was
much lower than the simulated pulse amplitude (≈1-3 MHz vs. 50 MHz), a more coarse
time step resolution was chosen, (40 ns vs. 2 ns). Figure 5.39 shows the pulses produced
with a 2 ns vs. a 40 ns time step resolution using the overall Rabi amplitude frequency of
1.6 MHz and 2.8 MHz for NV pair A and B. Recall the Hamiltonian is multiplied by the
measured Rabi frequency, and the pulses are found by allowing the amplitudes to oscillate
within a range of 0→ 1.

To implement a pulse, the AWG will receive a list, given by the Ω1,Ω2 values as shown
above in the control pulses for each time step. Each of these amplitudes will be multiplied
by a constant chosen phase to produce the four-channel I1, I2, Q1, Q2 configuration the
AWG desires. The list the AWG receives are values ranging from −1→ 1, which are then
scaled by the same peak-to-peak voltage as with the dual Rabi channel experiment so the
measured frequency value at the site of the NV matches.
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Figure 5.39: Sample pulse comparing time step resolution. Comparing the pulses produced
using a 2 ns (Top) and 40 ns (Bottom) time step resolution with the same measured
Rabi frequency envelope of 1.6 MHz and 2.8 MHz for NV pair A and B. To avoid hardware
distortion issues, the pulses should be as smooth as possible. With such a low measured
Rabi frequency, a time step resolution of 2 ns greatly over samples, and creates a pulse
which is prone to hardware distortion. A more coarse time step resolution of 40 ns is more
appropriate for the lower Rabi amplitude, creating a smoother pulse. Only the Ω1 controls
are shown, but the Ω2 show similar trends.
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Pulse Diagram for OCT experiments

The pulse diagram for the OCT experiments is shown in 5.40. As with the Rabi like exper-
iments, the same basic sequence is followed. First, the laser initializes the NV ensemble,
and the bright states are read out. This is followed by the OCT pulse, and the dark states
read out. The OCT pulse is unique to the pulse implemented for the each experiment.
For each pulse, the sequence is repeated (n=50 000) times to collect enough photons, then
the next pulse is implemented. For each set of experiments, any number of OCT pulses
may be implemented and the states compared after each one. Between each, the NVs are
re-initialized. After all the experiments in the set have been tested, the entire sequence is
repeated for (N=30) averages.

Laser

Detector

n,N

Initialization

Det

Delay

Laser On 
Delay

Channel 1
Microwave

Channel 2
Microwave

OCT Pulse

OCT Pulse

Figure 5.40: Pulse Diagram for OCT experiments. The initialization and readout of the
NV state follow the same procedure as was seen with the Rabi experiment. The microwaves
follow the controls given by the OCT experiments and the state is read out after the length
of the pulse. As with the previous experiments, this is repeated (n=50 000) times to acquire
enough photons. The sequence is then repeated for as many OCT pulses is required, re-
initializing in between each one. Once the list of OCT experiments has been completed,
the entire sequence is averaged (N=30) times.
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5.8.3 Phenomenological Hamiltonian Results

The phenomenological Hamiltonian model contains one unknown parameter, an experi-
mental phase factor (η) which includes the relative fields from the microstrips and any
channel phase differences. For this model, the field representing the first stripline is chosen
to be the “x”-axis. The field from the second wire is distinguished by the experimental
phase factor η from the first wire. To find the value η, multiple 1 and π+ pulses for NV
pair A were optimized over a range of η values. Recall that the 1 pulse is really a state-to-
state transfer from |0〉 〈0| → |0〉 〈0| and the π+ a transfer of |0〉 〈0| → |+1〉 〈+1|. For these
experiments, the control phases were fixed at θ1 = 0◦ and θ2 = 275◦.

The OCT pulses were optimized over a range of η values, ranging from 5◦ → 175◦ in
increments of 5◦. While each pulse was able to be optimized, the experiments were more
or less successful when implemented on the experimental setup depending on the input η
value. Over this optimized range, the pulses with an experimental phase value of η = 115◦

were the most successfully implemented. The success criteria was defined by how distin-
guishable the results of the 1 and π+ pulses were.

Following the sweep, the more pulses were optimized for the NV B pair, and then again
for both pairs.

The results for optimizing an Identity and a single transitions π pulse are shown in table
5.2. In accordance with the pulse diagram, the NVs are first initialized, then the complete
control pulse implemented and the output photon counts measured. The NVs are re-
initialized before the next pulse is run. The results show the output from six experiments,
1A, π+A,1B, π+B,1AB, π+AB.
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Table 5.2: The results show the final photon count collected following six OCT experiments,
and their corresponding population of the |0〉 state, 1A, π+A,1B, π+B,1AB, π+AB. These
experiments represent an Identity (|0〉 〈0| → |0〉 〈0|) and single transition π pulse (|0〉 〈0| →
|+1〉 〈+1|) optimized for NV pair (A), (B) and both pairs (AB). The Identity results are
consistent, optimizing to ≈ 0.94, and the π+ results to ≈ 0.92. For an identity pulse the
ideal result would be a value of 1, and for the π pulse, 0.9.

Experiment 1A π+A 1B π+B 1AB π+AB

Normalized
Counts

0.94(0) 0.91(7) 0.94(0) 0.91(9) 0.93(9) 0.92(5)

Population
of |0〉

40± 1.5% 17± 1.5% 40± 1.5% 19± 1.5% 39± 1.5% 25± 1.5%

For a population of |0〉 of 100%, the Identity pulse would show a photon count of 1,
while the π+ pulse would show a result close to 0.9. First, the results of the identity
pulses. While the best case of the identity pulse results at 40% population, it is a sig-
nificant improvement from the results run with the previous Hamiltonian model. In the
previous model, optimizing over one NV pair gave a best result of 0.903, over NV pair
A, while here a value of 0.940 was achieved, improving the population from 3% to 40%.
Additionally, comparing the results to optimizing over both pairs of NVs, the previous
best result was a population value of 30% and 39% in this case. Further, this shows
obvious improvement over the previous results as these pulses were only optimized using
amplitude, so the instinct to restrict the phase because of the phase sensitivity was correct.

The π+ results are consistent for optimizing over NV pair A and B, with a value just less
than 0.92, and optimizing for both sub-ensembles a value just above 0.92. At first glance,
it would appear the π+ pulses are closer to their desired photon count value of (0.9), which
is a much better population value of 17% and 19% for NV pair A and B respectively,
compared with the identity pulses. Recall that for the π+ pulses, the population of the |0〉
should be 0 in the ideal case, so a low population value is desired.
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Optimizing over a static field inhomogeneity

While the phenomenological Hamiltonian has shown improvement compared with using
the a priori Hamiltonian, there are still obvious improvements that may be made. To
accommodate a lower Rabi frequency, not only was a more coarse time step resolution
necessary, but the pulse required more time to optimize, extending the length of the pulse
to 10 µs. With an extended pulse length, there is competition with decoherence occurring
from field gradients and other local spins including C13 to name a few examples.

As an exercise, the experiments were repeated, optimizing over a small static field
inhomogeneity equivalent to ±150 kHz. The static field inhomogeneity is implemented as
an offset value in the internal Hamiltonian proportional to δSz, where δ =150 kHz. The
pulses were then optimized over a uniform distribution of −δ → δ in steps of ≈ 14 kHz.
This was tested for optimizing the 1 and π+ pulses for NV pair A. The results of the
optimization on the final state overlap are shown in table 5.3.

Table 5.3: Final State Overlap Comparison for NV Pair A with and without optimizing
over a field inhomogeneity, labelled as (Field Opt).

Experiment 1A 1A (Field Opt.) π+A π+A (Field Opt.)

Normalized Counts 0.94(0) 0.95(3) 0.91(7) 0.92(1)

Population of |0〉 40± 1.5% 53± 1.5% 17± 1.5% 21± 1.5%

Optimizing over this distribution improved the previous population value of the 1 pulse,
optimized over NV pair A by 13± 1.5%. The π+ results declined slightly, from 17± 1.5%
to 21 ± 1.5%, recalling that for these experiments, the best desired result is a population
of 0. The 1 results are more sensitive to static field inhomogeneities than π+ pulses due
to the refocusing nature of π pulses, so the identity results being more sensitive to this
optimization is expected.
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The large improvement on the 1 pulse with optimizing over only an inhomogeneity of
≈ ±150 kHz supports the theory that the main source of population loss is due to the
pulse length.

The optimization performed is just a proof of principle to see how the OCT results re-
spond to including robustness over some small arbitrary static field inhomogeneity. The low
experimental Rabi-frequency is unable to optimize over larger field inhomogeneities while
maintaining the same pulse length, but this population improvement over a small sample
field shows the potential of this type of optimization. A more rigorous next step would
be to measure the experimental field inhomogeneities, and compare to the simulated data.
The ODMR-CW results indicated the experimental inhomogeneities to be larger than the
sample static field of 150 kHz.

To optimize over these larger field inhomogeneities, a higher Rabi frequency is required.
Increasing the Rabi frequency would allow for shorter pulses and optimization over larger
field inhomogeneities, closer to the measured experimental inhomogeneities indicated by
the ODMR-CW experiments.

OCT Summary

Optimizing pulses with state-to-state transfers rather than unitaries yielded more success-
ful results. Further, each of these was tried with the a priori Hamiltonian, optimizing over
one NV pair, the two sub-ensembles, or all four orientations. The best results were found
with optimizing over the two sub-ensembles of NVs, with a final population value of 30%
for the |0〉 → |0〉 pulse on both NV sub-ensembles.

This inspired the development of a phenomenological Hamiltonian, which uses only the
measured Rabi amplitudes for each NV pair given a fixed control phase. The dual-channel
Rabi and relative microwave phase experiment indicated the sensitivity to phase, so this
was fixed. However, since the pulses needed only to optimize over two sub-ensembles, only
two amplitude controls were required.
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Pulses were optimized using the phenomenological Hamiltonian over a range of exper-
imental phases, the only unknown in this Hamiltonian. Once the optimal value was found
for NV pair A, this was repeated for NV pair B and both sub-ensembles, which yielded
significant improvement over the previous a priori Hamiltonian results. The final popula-
tion value of the Identity pulses were consistent at ≈ 40% and ≈ 20% for the π+ for NV
pair A, B and both pairs.

The increased pulse length was proposed to be the biggest source of error and so the
pulses were further optimized over a small static field offset. This again yielded a large
improvement in the final population value, yielding a final result of 53% for the Identity
pulse on NV pair A, and 21% for the π+ pulse.

There are numerous further improvements to be made, but the consistency of these
pulses, easily distinguishable results of the identity and π pulses and response to optimiza-
tions made here are promising.
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Chapter 6

Conclusions and Future Work

6.1 Conclusion

This thesis detailed three main pieces. The first is a novel generalized Hamiltonian of each
of the four NV orientations in a varying diamond crystal orientation and microwave field
control configuration. This model was used to simulate OCT control for each of the (100),
(110) and (111) diamonds. An experimental setup was designed and built to suit the con-
trol requirements, most notably an optical system able to detect ensembles of NV centers
and able to implement the helical microwave control required for the OCT pulses. A set
of characterization experiments on the NV ensembles informed the necessary parameters
to implement OCT pulses. OCT experiments were demonstrated for the (100) diamond,
showing a clear proof of principle of collective control of four NV orientations, distinguish-
ing between Identity state-to-state transfers and selective π state-to-state transfers. These
results also responded well to including a robustness over a small static field inhomogeneity,
indicating their potential for future optimizations.

Demonstrating OCT controls without the need of a static magnetic field, and NVs at an
arbitrary location relative to the microwave control source allows for the direct integration
of these controls with compact devices, expanding their applications. Collective control
of all four orientations of NVs in an ensemble increases the signal to noise ratio by four
times. Selective control enables more precise vector magnetometry and navigation. The
groundwork for implementing these control pulses has been set in this thesis and looking
forward, optimizing these controls and implementing into numerous applications will lead
to exciting opportunities.
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6.2 Future Work

6.2.1 Improving the OCT pulses and Experimental Setup

There are numerous ways to improve the effectiveness of the OCT pulses. It was encour-
aging to see that adding in a small optimization over a static magnetic inhomogeneity did
improve the results significantly. Improving upon this could also involve increasing the
Rabi amplitude to allow for shorter pulses to be implemented, making the pulses more
robust to this decay to begin with.

Following this, two pieces to optimize over are the hyperfine coupling with the nitrogen
nuclear spin and the microwave inhomogeneity from the microstrips. These pulses were
only optimized over the ms = 0 state of the nitrogen nuclear spin. Future iterations
would see these pulses optimized over the ms = ±1 states as well. An increased Rabi
power would benefit this optimization as well. A 100x objective was used to implicitly
reduce the volume of interest for the NV ensemble, therefore minimizing the microwave
inhomogeneity. However, designing pulses to be robust over these inhomogeneities would
allow experimentalists to increase the volume of interest, and then therefore reduce the
restrictions on the objective, making the hardware more adaptable to a portable device.

Improvements to the experimental setup configuration

An engineer can always see room for improvement in their experimental setup. The thick-
ness of the diamond combined with the shallow working distance of the objective placed
the NV ensemble far from the microstrips, significantly reducing the control amplitude. A
simple first step would use a thinner diamond would allow for a greater amplitude. Addi-
tionally, providing visual markers on the PCB board would act as a good sanity check to
confirm the location of the NV ensemble.
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6.2.2 Future Experiments

Expanding to different diamond crystal orientations

The (100) diamond did provide a useful platform for first testing the OCT pulses. As
the NVs presented in only two sub-ensembles, understanding the physics and designing
pulses was made easier with this orientation of diamond. This symmetry also presented an
advantage for creating target pulses aimed at producing the same output for all four NV
orientations having only to design for two, and removed the control phase as a required pa-
rameter, optimizing over only the control amplitude. Without changing the experimental
setup, a (110) diamond may be used providing selective control on each of the four orien-
tations. This enables four unique targets for each orientation, expanding the applications.

Testing with a known field

While the OCT pulses did yield that they were able to optimize over multiple orientations
of the NV ensemble, the next natural test would be to confirm its usefulness with sensing a
known external magnetic field in an DC or AC capacity and compare with existing sensing
techniques. Confirmation of OCTs compatibility with existing sensing techniques would
allow for the applications to be broadened to chemical sensing, as was proposed in the first
chapter.

Expanding to a chemical sensing scheme

Expanding beyond AC and DC field sensing would be to integrate the control with a chem-
ical sensing scheme, sensing moieties on the diamond’s surface. This thesis highlighted the
capabilities of OCT control with NV ensembles, demonstrating collective control over all
four orientations is possible. Two example pulses, an Identity and a selective π pulse ex-
hibited collective control on the NV ensemble in a (100) diamond. This was accomplished
without the use of a static magnetic field and with one central microwave frequency con-
trolling all four orientations.
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With a similar scheme outlined in chapter one, the diamond may be functionalized,
attaching a chemical species to its surface. The first experiment would compare the sig-
nal acquired by the NVs, detecting the presence of the species controlled both with and
without a collective OCT pulse. Using an OCT pulse with collective control on the NV
ensemble, treating it as one effective qubit would boost the signal to noise ratio by approx-
imately four times, using all four orientations to sense the presence of the target species.
This scheme may be expanded to include conformationally changing molecules, sensitive to
target moieties, and using the NV ensemble to detect the change in conformation. Looking
beyond this, selectively controlling the NV orientations allows for multiplexing of multiple
target species.

OCT provides the advantage of being able to easily change the application and sens-
ing scheme without alterations to the experimental setup. Further development of these
schemes, removing more hardware restrictions like a high magnification objective, moving
to a thinner diamond are all steps which would allow for easier integration with a portable
chemical sensing device.

Onto a compact portable sensing device

There have been numerous demonstrations of a simple, cost-effective, compact setups com-
patible with NV experiments, [44, 94, 104, 111, 124]. This thesis proposes a control method
implemented on the NV center whilst still maintaining a microwave configuration compat-
ible with a portable device, notably the arbitrary location of the NVs and the absence of
an external magnetic field. Integration of OCT controls with these existing devices would
enhance their capabilities and applications for exciting future opportunities.
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