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Abstract

The nitrogen vacancy center (NV) is a promising single spin system in diamond with
optical polarization, readout and optically detected magnetic resonances (ODMR).
The NV has been shown to be a sensitive magnetometer at room temperature. In
particular, owing to their small size, NV centers in nanocrystals (nanodiamonds) offer
magnetic field imaging with high spatial resolution. Competitive magnetic field imag-
ing methods such as magnetic force microscopy (MFM) or superconducting quantum
interference devices (SQUID) either image serially, and are thus slow, or are limited
in their use for biological systems. Nanodiamonds in contrast have the advantage
that they can be attached to biological tissues in vivo and can be imaged in paral-
lel at high speeds. Unfortunately, nanodiamonds tend to aggregate due to Coulomb
interactions of their surface species. This aggregation results in a inhomogeneous
broadening of the NV's ODMR with applied magnetic field. This broadening makes
imaging magnetic fields non-trivial. In this work, we present a model to understand
aggregated nanodiamonds. Despite NVs with defined crystallographic orientations
demonstrating vectorial resolution of magnetic fields, this model predicts that aggre-
gated nanodiamonds should be treated as absolute magnetometers. Further, a sparse
sampling protocol is implemented that enables time resolved magnetometry and is
used to image the magnetic field of a current carrying wire at greater than 33 Hz
speeds with magnetic field sensitivities better than 2 pT/ VvHz over a 10 pm x 10 um
field of view.
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Chapter 1

Introduction

Isidor Rabi was a professor at Columbia University in 1937 when he discovered the
quantum phenomenon that was later named nuclear magnetic resonance (NMR) [40].
NMR is the process by which atomic nuclei in a strong magnetic field absorb and
re-emit electromagnetic (EM) radiation. This process changes the magnetization of
these systems. By measuring the change in the local magnetic field, the presence of
nuclei can be detected. This phenomenon was quickly adopted as a method to study
surfaces and substances, but it took an additional thirty years before Raymond Dama-
dian, with assistance from graduate students Mike Goldsmith and Larry Minkoff, first
successfully used the technique to non-invasively image a human body([45]). Today,
under the name magnetic resonance imaging (MRI), this technique is implemented
through the use of strong magnetic fields with large gradients. By sweeping these
magnetic gradients such that the local magnetic field changes over a patient and sub-
sequently recording the change in magnetization, the distribution of hydrogen nuclei
can be imaged. From this, anatomy can be studied.

This infrastructure was later adopted for functional magnetic resonance imag-
ing (fMRI). Whereas MRI focuses on static images of the hydrogen nuclei present
in water, fMRI focuses on dynamic measurements of oxygen concentration through
blood-oxygen-level dependent contrast. This ability to image dynamic processes is
important for imaging neural activity as shown in Fig. 1-1[61].

FMRI and MRI require an ensemble of spins and high magnetic field gradients
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Figure 1-1: Neural Activity captured by an fMRI machine. Taken from Wikipedia
[61].

to achieve enough signal to generate an image. Limitations on magnetic coil design
makes engineering systems to perform MRI at micron length scales challenging [10].
If magnetic field imaging technology could be extended to the micron length scale and
be compatible with biological tissue, then it would allow the direct MRI of cellular
systems [47]. Such capabilities would be useful for studying the structure of biological
systems.

The nitrogen vacancy center (NV) is one promising candidate to perform MRI
processes with a single spin [11] [52] [28] [24] as it emits spin dependent fluorescence
[53] and has been shown to have a sensitivity of 4.3 nT/ vHz at room temperature[9].
Further, a sampling rate of up to 100 Hz has been shown[48|. The combination
of all-optical readout, initialization, high sampling rate and magnetic sensitivity at
room temperature makes the NV a possible platform to extend MRI to micron length
scales.

In previous work it has been shown that the NV can be placed on the end of an
atomic force microscope (AFM) tip to image magnetic fields from stationary mag-
netic structures [8][54] [43]; however such an implementation has the disadvantage
that it can take several minutes to image an area because each point is imaged se-
rially. An alternative technique known as wide-field microscopy, implants a shallow

layer of NVs below the surface of a diamond slab and images their fluorescence onto
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a camera [51] [23] [13]. This approach has the advantage of parallel readout but is
limited to planar geometries. A third approach is to combine wide-field microscopy
with NVs in nanodiamonds which are bright, biologically compatible [37] [21] [32],
can be attached to complex surfaces[30] [44] and capable of sub-wavelength imaging.
Thus, NVs in nanodiamonds are perhaps a natural candidate for serving as robust
fluorescent biomarkers of unlimited photostability and low cytotoxicity[47] or imag-
ing biological phenomena. Possible applications include: Monitoring ion concentra-
tions of paramagnetic particles in solution [52], wide-field microscopy in immobilized
magnetotactic bacteria [32], precise three dimensional mapping within living systems
using nanodiamonds within optical traps [22], nanoscale thermometry [30], and mea-
surements of membrane action potentials. However, NVs within nanodiamonds have
properties that vary depending on surface species [29] and suffer from short coher-
ence times [36]. Nanodiamonds are also prone to aggregation which makes the NV's
dipole randomly oriented with respect to an applied magnetic field, unlike bulk dia-
mond where NVs have well-defined crystal axes. Thus, performing pulsed sequences
or reconstructing an unknown magnetic field from their optically detected magnetic
resonance (ODMR) spectrum [51] [35] is difficult. This thesis aims to resolve these
problems and further the use of NV ensembles within nanodiamonds for magnetic
field and thermal imaging. The rest of this thesis is organized as follows:

In Chapter 2 the NV center is described and its viability as a sensing platform
is motivated by discussing its Hamiltonian, spin physics and electronic energy levels.
Next, an overview of the experimental setup is given. The chapter ends with an intro-
duction to NVs in nanodiamonds and their biological compatibility is demonstrated.

Chapter 3 introduces NV ODMR models. ODMR curves are fitted to extract
parameters that describe an NV system and then those parameters are used to cal-
ibrate an external electromagnet. NVs within nanodiamonds are shown to be in
disagreement with the previous NV models and instead a new model is introduced
that predicts that heavily aggregated nanodiamond NV ensembles diverge in their
properties from ideal NV systems. As a result these NV ensembles within nanodia-

monds are shown to behave as absolute magnetometers unlike previous models which
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predict vector resolution. This model is subsequently used to implement a mapping
algorithm to determine the magnitude of a magnetic field through sparse sampling.

In Chapter 4 we fabricate a test magnetic system from microwave strip lines and
other structures using liftoff. The Joule heating of these systems is introduced and
is shown through thermal mapping. Such thermal heating is not ideal for magnetic
sparse sampling algorithms. Alternate fabrication methods, such as electroplating,
are introduced to overcome this challenge.

In Chapter 5 a more detailed overview of the experimental setup is given. Ray
optics is used to describe optical elements that create a spin microscope. The experi-
ment is described and the results are discussed with the conclusion that the magnetic
field from a current carrying wire can be imaged using nanodiamonds at frame-rates

greater than 33 Hz across a 10 um x 10 um field of view.
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Chapter 2

Theory and Overview

2.1 General diamond properties

A naturally occurring diamond is composed of 98.9% '2C carbon atoms, with the
remaining percentage comprising different carbon isotopes and atomic impurities.
Diamond's carbon atoms are arranged in a tetrahedral, face-centered cubic (FCC)
lattice as shown in Fig.2-1a[58]. The carbon atoms that make up a diamond lattice
are covalently bonded through sp® hybridization orbitals. These covalent bonds have
a binding energy of 7.3 eV, making diamond the hardest natural material[25]. '2C
atoms have a spin neutral nucleus. A diamond composed of 2C atoms acts as a spin
free lattice.

Disruptions to the FCC lattice shown in Fig.2-1b commonly arise from impurities
found within the diamond crystal. The most common impurity is nitrogen[25]. A

diamond can be classified by impurity concentration as follows:
e Type Ia: contains clusters of nitrogen impurities
e Type Ib: contains nitrogen impurities that are distributed throughout the lattice

e Type Ila: contains nitrogen impurities less than 1 to 200 parts per million

(ppm)[31]
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Figure 2-1: Illustration of an NV center (a) A model of an FCC diamond. Picture
taken from Wikipedia [57]. (b) This illustration shows that an NV is formed when a
nitrogen atom (N) replaces a carbon atom (C) and is adjacent to a missing carbon
atom. This missing carbon atom is called a vacancy (V). This arrangement is called
a nitrogen vacancy center.

2.2 Overview of the Nitrogen Vacancy Center

The nitrogen impurities give rise to an interesting fluorescent crystallographic defect
called a nitrogen vacancy center (NV). An NV is composed of a vacancy (missing
carbon atom from the diamond lattice) that is adjacent to a nitrogen impurity as
shown in Fig.2-1b[12]. This defect exists as two different fluorescent charge states, a
neutral NV? and an NV-[26] [50]. They can be distinguished by their spectrum as
shown below in Fig.2-2. These spectra have an initial peak which is classified as the
zero-phonon line (ZPL). The NV- has a ZPL at 637 nm and the NV? has its ZPL at
575 nm. Both states have broad phonon sidebands that extend into the red from the
zero-phonon line. The NV~ spectrum is red shifted compared to the NV? spectrum.
This allows the two charge states to be spectrally discriminated. The NV does not
demonstrate ODMR;; therefore its use for MRI processes is limited. Thus, the body
of this work will focus on understanding NV~ phenomena and the negative charge
notation will be dropped with the understanding that any mention of the NV will be
referencing the negative charge state.

The NV comprises 4 electrons of which two are unpaired, yielding an effective spin
1 system [18][15]. The room temperature energy level diagram for an NV is shown

in Fig.2-3. This diagram shows several transitions for the NV[18]. The leftmost set
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Figure 2-2: The spectrum of the two types of fluorescent NVs. The blue curve is NV°
and the red is NV-. NV- is red shifted compared to the NV allowing for these charge
states to be spectrally discriminated. The initial peak is known as the ZPL and it is
marked for each spectrum.

of levels(*A and 3E) are the electronic orbital states. These are a triplet ground
state and a triplet excited state, respectively. The NV can be excited via a spin-
conserving transition into an energy band above the excited state by green light (532
nm wavelength). When the NV relaxes from these vibrational excited states to the
vibrational states about the ground state, a continuum of red photons of different
wavelengths is emitted. This gives rise to the phonon sideband show in Fig.2-2.

As mentioned previously, the 3A is a spin-triplet ground state, with a my = |0)
state shown in black and the lifted degenerate spin excited states, m, = % |1), are
separated by an energy, Ej, given by Ey = hdf = h(2.87 GHz) which results from
spin-spin coupling between the two unpaired electron spins [14][39]. The degeneracy
of the m, = & |1) spin states can be lifted by applying a magnetic field that has a
component aligned with the NV's axis.

There also exists at least one other level labeled 'A between the ground and
excited states. Perhaps most crucial is the intersystem crossing between the excited
ms = =+ |1) states and this metastable A state which is then followed by a radiative
relaxation into the my = |0) ground state through the emission of an infrared photon.

This crossing has a branching ratio of ~ 30%.
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Figure 2-3: Energy level diagram of an NV. The leftmost set of levels(*A and °E)
are the electronic orbital states and are triplet states. The 3A has a splitting of 2.87
GHz between its my = |0) and my; = £ |1) spin states. These states can be separated
by applying a magnetic field that has a component aligned with the NV's axis. The
excited mgy = =+ |1) spin states exhibit an intersystem crossing to a metastable 'A
level which has a relaxation back to the mg = |0) ground state through the emission
of an infrared photon.

Thus, there are two fluorescence pathways from the excited state. The first is
through the zero-phonon line and the associated phonon sideband. This pathway has
a lifetime of ~ 13 ns[5]. The other is through the intersystem crossing between the
excited m, = +|1) states and the metastable state. This pathway has a lifetime of
~ 300 ns[5]. Since the second transition is not spin conserving, after a few cycles the
NV will be, with high probability, optically polarized into the m, = |0) ground state.
The difference in the lifetimes of the pathways means that the measured intensity will

differ between these two paths after a few optical cycles.

2.3 NV Physics

The physics of the NV at room temperature can be understood by considering its

Hamiltonian [19] which is shown below:

H=h(D(T)S:+E(S:-5)) (2.1)
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where we have neglected the NV's interaction with the nearby nuclear spins and h is
Planck's constant, D is the zero field splitting term (D ~ 2.87 GHz) and represents
the energy spacing between the m, = |0) and the ms = + |1) state that was described
earlier. The S;, S, and S, are the Pauli spin matrices for a spin 1 system and F is
the magnitude of the strain vector along the NV's axis. E represents disruptions in
the Cg, symmetry of the NV system and is measured in MHz. At room temperature,
the D term changes by ~ -74.2 KHz/K [17] as the temperature across the NV is
increased. This effect has primarily been attributed to local thermal expansion of the

diamond lattice [4].

2.4 NV Interactions with Magnetic Fields

NVs interact primarily with magnetic fields through the Zeeman effect. In the Zeeman
effect a spin couples to an external magnetic field through its magnetic moment, fi.

The strength of this moment is given by:

i=uppJ/h (2.2)

where pp is the Bohr magneton and J is the total angular momentum of the system.
For the NV center, J=1 h, so its magnetic moment is 0.014 MHz/uT. The total
shift is given by:

6f = gupB-S~gup(B-2+B-v,+ B-6,) = gus(Bnv + BuS: + B,S,)  (23)

where g (=~ 2) is the NV's g-factor, 2 is the normalized unit vector along the NV's
axis, v; and ¥y are unit vectors orthogonal to Z and Byy is the component of the
magnetic field along 2. In the limit of weak magnetic fields (gupB - 2 < D), the
Zeeman effect acts as a small perturbation to the ground state energy. In this limit

the NV's Hamiltonian can be modified to include the following terms:

H=h (DSZQ +E (Sg - 55)) + hguB(BNV + BxSm + BySy) (24)
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where higher-order nonlinear contributions, such as external fields coupling to nuclear
species, were neglected. As Byy increases, the splitting shown in Fig.2-4 is observed.

This figure shows the location of the NV's resonant frequency as a function of mag-

netic field.
Positio_n of NV Resonant Frequency with Magnetic Field
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Figure 2-4: Position of an NV's resonant frequency as a function of Byy. The red
curve represents an ideal NV system and it showcases a zero field splitting located at
2.87 GHz. The slope is equal to 0.028 MHz/uT. The black curve represents an NV
within a strained diamond. There is a splitting even at zero magnetic field which is
equal to 2E[42].

The red curve represents the splitting for an NV in bulk diamond. It starts at
2.87 GHz, which is the NV's zero field splitting, D. For this NV system, as Byy is
increased a splitting is observed with a slope of 0.028 MHz/uT as explained earlier.
However, the black curve represents the position of the NV's resonant frequency when
there is a strain across the NV (E= 5 MHz in this case). A splitting is seen even at
zero magnetic field. The strain reduces the rate of splitting by slightly modifying the

NV's Hamiltonian basis such that the actual splitting can be approximated as:

57 =\/|EP + (gusBxv)? (25)
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2.5 ODMR Measurements for an NV

ODMR is observed when the fluorescence from the NV dips in intensity while applying
resonant microwave (MW) fields. As the microwave frequency is swept over the NV's
resonant frequency, a drop in fluorescence from the NV is detected. This drop in
fluorescence is a result of the resonant driving of the NV's my = |0) spin state to the
ms = % |1) states. These m; = £ |1) states couple to the metastable state resulting
in a drop in detected fluorescence. Thus, the NV's ODMR is a result of both the
Hamiltonians previously described (where the resonances are located) and the spin
selective shelving state of the NV center (the mechanism for the drop in intensity).
Simulated ODMR spectra are shown in Fig.2-5a. These curves illustrate how an
NV's ODMR changes with Byy. A Lorentzian is seen centered about each resonance
frequency as a result of the driving between the NV's two levels [20].

These curves shown in Fig.2-5a are for a single NV. Except by recently developed
super-resolution microscopy techniques [12][7], two NVs that are within an imaging
system's diffraction limit cannot be resolved[34]. The diffraction limit, d, is calculated

from the equation shown below.

d=——— (2.6)

Where A is the wavelength of the emission and N A is the numerical aperture (focal
length divided by diameter), which is a property of an imaging system. When multiple
NVs within the diffraction limit are excited simultaneously, the resultant ODMR
curve is the sum of each NV's ODMR spectra. In a bulk diamond there are only
four orientations, so a curve similar to the one shown in Fig.2-5b is seen. In this
figure, multiple ODMR curve are observed simultaneously, one from each of the NV

orientations that exist within a diamond lattice, with one pair degenerate at D =

2.87 GHz.
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Figure 2-5: NV ODMR spectra (a) ODMR spectrum of a single NV at different
magnetic fields. These ODMR curves are a combination of the NV's Hamiltonian
(where the resonances are positioned), spin selective shelving state of the NV (the
mechanism for the drop in intensity) and a Lorentzian which is centered about each
resonance. (b) An ODMR of an NV ensemble comprised of all four orientations of
the NV within a bulk diamond lattice, with one pair degenerate at D = 2.87 GHz.
Since the NVs are within the diffraction limit of one another, the measured ODMR
curve will be the sum of each orientation's ODMR.
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2.6 Magnetic Sensitivity for DC Magnetic Fields

The fluorescence difference for the NV is determined by measuring its fluorescence
rate (photons detected per second) when it is being driven on, I,,, and off, Iy,
resonance by MW fields. When this difference is normalized it is called contrast, C,

and is defined in the equation below and in Fig.2-6.

O = Loss — Ion

2.7
Ly (2.7)

The sensitivity of a magnetometer is defined as the minimal magnetic field de-
tectable with a signal to noise ratio (SNR) of one. The signal for an NV's magnetic
measurement is given by the change in detected photons, given an infinitesimal DC
magnetic field variation,  B. For DC measurements, the change in measured fluores-
cence, 7, is evaluated at the point of greatest slope on the NV's ODMR curve. At this
point, a first-order Taylor series can be performed and the change in contrast can be
approximated by the following equation. The total measured change in fluorescence

for an NV is given by

Olon dBAT (2.8)

A7= 35

In this equation ‘%Igl represents the change in detected photons per second for a shift
in 6 B. AT represents the measurement time.

The fundamental limit on the noise of an NV measurement is the quantum noise
associated by its spin projections. However in most measurements the predominant
noise is photon shot noise[42]. Shot noise is associated with the variation in the de-
tected number of photons[49]. It can be shown that the standard deviation in detected

photons, €, increases as the square root of the number of photons detected[49].

€ = VIonAT =~ /T ,5; AT (2.9)

Where we make the approximation that the fluorescence rates on and off resonance are
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equal. Combining these results yields an expression for the SNR of a measurement.

Lo sBAr  SansBVA
SNR=21 _ SBOPAT _ G . (2.10)

€ VAT Viogs

As mentioned previously, the sensitivity, 7, is defined as the minimum detectable field

with an SNR of one. The SNR can be calculated as shown in the equation below:

Yz dBVAT
T _SNR=1 (2.11)
VL
I,
§B =Y (2.12)

The sensitivity is then given by:

e T

n=0BVAT =
JIon\/_ (SB

(2.13)

We can approximate the difference in %%ﬂ as follows, where § f is the frequency shift

of the ODMR curve and w is the full width at half max (FWHM) of the NV's ODMR

as shown in Fig.2-6.

0Lon _ 0Ipn 8] _ Loy;C
5B _ of 0B~ w IHB

(2.14)

Thus, the sensitivity is given in the equation below [42].

\/ 1 w 1 1
= §BVAr = X ( ) ~ ( ) (2.15)
i Cv off \9HB Cv/Logs \ gupv/To"

For an optimized measurement, where the MW exactly flips the NV's spin from

ms = |0) to m, = |£1) followed by optical readout [20], the FWHM of the NV's

ODMR is approximately inversely proportional to the square root of the inhomoge-
neous dephasing time T of the NV center [42]. The T," of an NV center, in bulk

diamond, is of order microseconds even at room temperature. This is why the NV is
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such a sensitive magnetometer.

Sensitivity Parameters

(0) 1sen3u0D

Frequency (6v) I

Figure 2-6: Display of sensitivity parameters. FWHM and Contrast are shown for an
NV's ODMR spectra.

The properties of the NV can be summarized as follows:

1. The combination of the coupling between the metastable state to the m, =
+|1) excited states and the difference in the relaxation rates between the two

pathways, results in the NV emitting spin dependent fluorescence.

2. After a few optical cycles, an NV is initialized into the m, = |0) state, with

high probability, through excitation with green photons.

3. The 2C atoms make up a spin-free lattice for the NV. This leads the NV to

have a high magnetic sensitivity at room temperature [9].

From the above discussion it is shown that the NV has a high sensitivity to mag-
netic fields[16] and temperature [38]. When the Hamiltonian shown in equation 2.4
is used the NV's spin state can be determined through its ODMR curve. Previously,
a similar process was used on a single NV to detect magnetic fields with a magnitude

as little as a 4.3 nT/vHz [9]. Combined with the NV's optical access and ability to
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operate at room temperature [42] [36] makes this a promising platform for spin based

sensing experiments|24].

2.7 Introduction to the Experimental Setup

To perform magnetic imaging with NVs, the setup shown in Fig.2-7 was built. This
setup allows the direct measurement of the NV's spins, which then determines their
ambient magnetic field and temperature. In Fig.2-7 it is shown that green excitation
light is coupled into the microscope and used to image the NV's fluorescence onto
a camera[48]. Thus, every image allows for the parallel readout, within the field of

view (FOV), of every NV's spin state[51]. At the sample plane are three solenoids

Inverted
Microscope

Optical

Laser Source Elements

Current
Controller

Solenoids x3

f

Magnetic
Fields
\ FluorescD

Figure 2-7: An image of a schematic diagram of a spin microscope.

that allow for the local control of the magnetic field.

Once the microscope shown in Fig.2-7 was constructed, a signal generator was
added to drive the spins of the NVs through a local antenna using the pulse sequence
shown in Fig.2-8. In this sequence, the NV is continuously excited with a green 532

nm laser while applying different microwave frequencies. When the MW frequency
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matches the resonance frequency between the NV centers m, = |0) and my, = +|1)

states, a drop in fluorescence is observed. Thus, by implementing the pulse sequence

CWESR Sequence

i o LR
- . -

Time >

Figure 2-8: CWESR pulse sequence for an ODMR measurement.

shown in Fig.2-8, the positions of the NV's resonant frequencies can be determined.
From these ODMR measurements, and using knowledge of the NV's Hamiltonian,
the local magnetic field and temperature for each NV can be determined[48]. This
method of continuously exciting the NV while performing ODMR is called continuous

wave electron spin resonance (CWESR).

2.8 NVs within Nanodiamonds

Up until this point the discussion of NVs has assumed well-defined NV orientations,
such as what is found in bulk diamond lattices. However, much progress has been
made in fabricating NVs within nanoscale pieces of diamond (nanodiamonds) [30] [33].
These nanodiamonds have been shown to be biologically compatible [30] and have
been used as tagging agents for various molecules[32][46]. Further, spin experiments
with NVs within nanodiamonds have been conducted in living cells [30]. Fig.2-9 is
an illustration of an NV within a nanodiamond with each colored arrow representing

an NV orientation. The orientations are each constrained to a diamond’s tetrahedral
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lattice, but each nanodiamond's lattice can be oriented differently from one another.

Figure 2-9: Illustration of an NV ensemble within a nanodiamond. Each arrow
represents an NV center. The nanodiamonds can be as small as a few nm in size
and can contain between one to hundreds of NVs.

In collaboration with Professor Ed Boyden's group, commercially available Addmas
nanodiamonds [6] were used to label the surface of a neuron. The nanodiamonds
were coated with a thin (1-5 nm) layer of trimethoxy(octyl)silane which was veri-
fied by transmission electron microscopy. After coating, the nanodiamonds became
hydrophobic.

These functionalized nanodiamonds were stable in toluene. To deliver the hy-
drophobic nanodiamonds to neuronal membranes, they were encased in micelles com-
posed of phosphoethanolamine conjugated to a PEG group (PEG-PE). These nan-
odiamonds follow the morphology of the neuron as shown in Fig.2-10. The ODMR
from these NVs in nanodiamonds was measured while keeping the neuron alive. The
top left image is the white light image of the neuron and the top right image is a
fluorescence image of the NVs. Each bright dot is an NV ensemble comprised of
nanodiamonds. ODMR measurements were performed on these NVs to confirm their
properties as shown in the two bottom images. These results, combined with the
NV's high magnetic sensitivity, mean that NVs in nanodiamonds offer the promise

to perform highly sensitive magnetic and temperature measurement in living cells.
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Wide-field Fluorescence of 100 nm
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Figure 2-10: In vitro ODMR measurements of NVs within nanodiamonds
attached to neuronal membranes The top left image shows a bright-field image
of a neuron. The top right image shows a fluorescence image of a nueron stained with
NV centers. The two bottom images show the ODMR curves from nanodiamonds
attached to the neuronal membrane. In vitro ODMR measurements on these attached
NVs demonstrate biological compatiability.
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Chapter 3

Modeling

3.1 Simulations of NVs with in a Diamond Lattice

Static magnetic field information of the NV's environment is primarily extracted by
curve fitting an NV's ODMR spectra. The general overview of this process is shown

in Fig.3-1. The ODMR spectrum is fitted and the position of the resonance frequen-

ODMR Curve — Determine resonance frequencies — Extract parameters

Figure 3-1: Fitting workflow to extract sensing information from an NV's ODMR
curve.

cies (center locations of the Lorentzians) are determined. These positions determine
the NV's Hamiltonian at the time of the measurement. Once the Hamiltonian is
determined, the local magnetic field and temperature are backed out. This work flow
was confirmed by successfully fitting an ODMR curve of an NV ensemble within a
diamond lattice.

A magnetic field was applied across an NV ensemble composed of all four NV
orientations within a diamond lattice. To determine the magnetic field's magnitude,
direction and the electromagnet's conversion efficiency, ¢, a magnetic field was applied
by an electromagnet orientated above the diamond sample as shown in Fig.5-1. We
define ¢ as the ratio of how much current is converted into magnetic field by the

solenoid at the sample plane.
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As mentioned previously, the resonance frequency positions need to be determined.
These frequencies are the eigenvalue solutions of the NV center's Hamiltonian. Once
the resonance frequency for each NV axis has been determined, a specific spectral
profile of either a Gaussian or a Lorentzian is assumed to be centered around each
resonance. In this case, because a CWESR measurement is being performed, the NVs
are MW broadened and a Lorentzian[20] is formed around each resonances according
to the equation shown below.

Ci

T+ (&2p 31

F(U'u'af[)» Cz) =

where v is the frequency range, f, is the resonant frequency, and C; is the amplitude
of the distribution. Summing up the distributions across all the NV orientations
results in a simulated ODMR curve. An illustration of this is shown in Fig.3-2.
This simulated curve will later be fit to an ODMR spectra to determine the NV's

parameters.

Position of the NV Resonances
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Figure 3-2: Fitting Lorentzians to the NV ODMR's curve. The ODMR curve is the
black curve and the Lorentzians are the blue curves. All four NV orientations are
degenerate.

To model the magnetic field, four fit parameters were chosen: B, By, B, and (.
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The applied magnetic field vector is modeled as:

Bigta = |Bz, By, B. +i(] (3.2)

where B,, By, B, are the applied bias magnetic fields around the setup and ¢ is an
input parameter that models the DC current through the solenoid. These last two
terms model the applied magnetic field across the NVs from the electromagnet and
are defined to be in the z direction.

To model the applied magnetic field's effect on the NV Hamiltonian, the dot prod-
uct between the magnetic field and the normalized NV axis vector was taken, Byv.
To handle the orthogonal magnetic field projections, two orthogonal unit vectors, v;
and ©U,, were defined to be centered on the first NV axis as shown in Fig.3-3. B,
and B, were determined from B, = B. U1 and By = B. U5. These unit vectors were
then recycled for each subsequent NV orientation by applying the correct rotation

matrix between the NV's axes. To handle the lattice and its orientation with respect

r

Orthogonal Basis v NV AX|S 2

1

\_ /

Figure 3-3: Schematic of the orthogonal vectors, v; and V3, to the NV axis

to the applied magnetic field, first the vertex points of a tetrahedron are defined as

the basis. These are given by:

X_0=[1,-1,0,0];

Y_0=[0,0,1,-1];

Z_0=[-1/sqrt(2),-1/sqrt(2),1/sqrt(2),1/sqrt(2)]; % the column vectors...

%... represent the positions in cartesian coordinates
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if first NV axis

basis=NV_axis; % Normalized NV orientation

%compute the rotation matrix

thetay=0;

%% rotation matrix

Rx=[1,0,0;0,cos(thetax),-sin(thetax) ;0,sin(thetax),cos(thetax)];
Ry=[cos(thetay),0,sin(thetay);0,1,0;-sin(thetay),0,cos(thetay)];

Rz=[cos(thetaz),-sin(thetaz),0;sin(thetaz),cos(thetaz),0;0,0,1];

matrix=Rz*Ry*Rx;

basis=matrix*basis

rand_vec=rand(1,3); %random vector
rand_vec=rand_vec/norm(rand_vec); %normalize
vli=cross(NV_axis,rand_vec); %create first orthogonal unit vector

v2=cross(NV_axis,vl); % create second orthogonal unit vector

end

r = vrrotvec(basis,NV_axis); %determine rotation axis between current...

% ... NV axis and the 1st

m = vrrotvec2mat(r); %compute rotation matrix

B_NV_x=dot (B_vec_iter,m*vl); happly rotation matrices and compute projections

B_NV_y=dot (B_vec_iter,m*v2);

B_NV_z=dot (B_vec_iter,basis);

With this code the NV's axis and its orthogonal basis are recycled for each subsequent
NV orientation so that the basis is always consistent. A fit between the simulated
ODMR curve and the data is determined by applying a rotation matrix with two

fit parameters, theta_x and theta_z. In total, the final list of fit parameters that are
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needed are shown in Table 3.1. Where C; through C4 represent the contrast for each

[ Curve Fitting Parameters |
Linewidth | ¢ | Theta_y | Theta_z
B, B, B, D
&) Cs Cs Cy

Table 3.1: Curve fitting parameters for fitting an ODMR curve

NV orientation. The parameters shown in Table 3.1 are assumed to be constant for
any given measurement. Other parameters such as E, are zero for this system and
are treated as input parameters.

The simulation requires good initial guesses for the fitting parameters to operate
correctly. Modeling the rotation of the crystal was done by applying a strong bias
field at 0 DC current to isolate all 8 resonances. An initial guess was generated for
the crystal orientation as shown in Fig.3-4a. Once the ODMR curve was fitted, all
the parameters shown in table 3.1 were determined and the orthogonal bases were
recycled for future fitting. In Fig.3-4b this code yielded a conversion efficiency of ( =
-26 uT/mA for the electromagnet.

3.2 Nanodiamond Properties

After simulating NVs located in bulk diamond, NVs in commercially available Addmas
nanodiamonds were investigated. These nanodiamonds were deposited onto a number
1 coverslip as shown in Fig.3-5a. The black square highlights one nanodiamond in
particular that was analyzed. ODMR curves of this nanodiamond were taken at
increasing magnetic fields which resulted in the curves shown in Fig.3-5b through
Fig.3-5¢).

In Fig.3-5a an ODMR curve of a nanodiamond at low magnetic field (E >
gusBny) is shown. When a 1125 uT field was applied across this nanodiamond,
then the ODMR shown in Fig.3-5b was observed. The application of magnetic field
resulted in a sharp drop in contrast and a broadening of the ODMR curve as seen in

Fig.3-5d. This can also be seen in the contour plot shown in Fig.3-6.
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Figure 3-4: Curve fits of NV ODMR spectra (a) A large magnetic field was ap-
plied to separate all four NV orientations. The ODMR curve was fitted to determine
B., By, B, and the lattice orientation. (b) The red curve was generated when 20
mA DC current was applied through the solenoid oriented above the sample. The
parameters shown in table 3.1 were determined from Fig.3-4a and then recycled leav-
ing only the electromagnet's conversion efficiency at the sample plane, (, as the only
remaining fit parameter. This parameter was determined from the blue fit. A value
of -26 uT/mA was determined as the overall magnetic field conversion parameter.
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Figure 3-5: Measured ODMR spectra of NVs within nanodiamond(a) Flu-
orescence image of deposited commercially available Addmas nanodiamonds. The
ODMR spectra of the selected nanodiamond with increasing magnetic field is shown
in figures b-d. (b) ODMR of an ensemble of NVs within the nanodiamond at low
magnetic field.(c) ODMR of an ensemble of NVs within a nanodiamond at 1125 pT
applied field. (d) ODMR curves of an ensemble of NVs within a nanodiamond mea-
sured at increasing magnetic field. Note the drop in contrast and the broadening of

the ODMR curve.
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This contour plot shows the contrast for an NV ensemble within a nanodiamond
over a range of frequencies and magnetic fields.
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Figure 3-6: Contour plot of the contrast as a function of frequency and magnetic
field.

These results are inconsistent with the NV model that was described before. Thus,

it became necessary to modify the NV model for bulk diamond systems to describe

the effects seen in nanodiamonds.

3.3 NV Polycrystalline Modeling

To explain the above ODMR spectra, this thesis suggest that NVs within aggregrated
nanodiamonds should be treated as an ensemble of diamond lattices. It has been
shown that nanodiamonds can be as small as 2 nm [41]. Thus for the commercially
available Addmas nanodiamonds used in this work, this places an upper bound on
the number of lattices within a diffraction limited spot. In the limit of many NV
lattices within the diffraction limit, NV resonances overlap and are not resolvable.
We model such ensembles of diamond lattices as one polycrystalline nanodiamond. A

polycrystalline nanodiamond can be idealized as having many NV's orientated around
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a unit circle. Each NV is rotated by an angle ¢ and 6 about the origin. An illustration

of this is shown in Fig.3-7. In a diamond lattice (top image) their are four orientations

Model of a NV Lattice

Figure 3-7: Illustration of two different NV models The top image shows NVs
within defined crystallographic orientations such as those found in bulk diamond
systems. The bottom image represents NVs found in aggregated polycrystalline dia-
mond. The NVs are modeled to be spherically symmetrical around an origin.

arranged in a tetrahedron. A polycrystalline model (bottom image) arranges NV's
spherically around an origin. Since the NV orientations are spherically symmetric,
the applied magnetic field can be treated as being vertically oriented without any loss
of generality. As was shown in Fig.2-5b, the final ODMR curve of an NV ensemble
of polycrystalline nanodiamonds is the sum of all the contributions of each of the
NV orientations. In the limit of many NV orientations within the diffraction limit,
the ODMR curve broadens as previously observed because each orientation couples
with the applied magnetic field at a different rate. To apply this model, the modeling
package for a diamond lattice was reused. An additional for loop .which loops through
all the NV orientations, was implemented.

We can derive an analytical expression for the expected ODMR. curve for an NV
ensemble within a polycrystalline nanodiamond by considering equation 3.1. This
equation describes the expected lineshape about each NV resonance as a function of

w and fo. Since each NV has two resonances, fo4+1 and fos_1 we can expect the
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final ODMR curve for a single NV to be equation 3.3. Where the location of fo_,

and fo_,_, are given by solving the NV's Hamiltonian.

Crv(w, fo) = A1[F (v, w, fomsi1) + F(v,w, fO%fl)] (3.3)

If we now consider the bottom illustration of Fig.3-7 then we can straightforwardly
extend this model by integration about the unit sphere. To simplify the calculation,

we make the approximation that the driving MW field effects all NV orientations
equally.

Cmodel(B) = / CNV(wv fO) sin 6d6. (34)
0

An additional complication of modeling NVs within these nanodiamonds is that
they are strained. To acquire all the parameters that characterize this system, two
datasets were taken. As shown in Fig.3-8, a data set at low magnetic field is curve

fitted to get the parameters for strain, linewidth, D and C. Once the ODMR curve

ODMR Fitting at Low Magnetic Field
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Figure 3-8: ODMR curve taken at low magnetic fields to determine static parameters
such as strain, linewidth and contrast.

is fitted, these parameters are recycled for future curves to determine D and B. One
NV ensemble was fitted for multiple applied magnetic field values, as shown below in

Fig.3-9. From these curves, an estimate for the sensitivity of the nanodiamonds shown
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Curve Fitting ODMR Curves for NVs in Nanodiamonds
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Figure 3-9: Fitted ODMR curves for an ensemble of NVs within a nanodiamond as
a function of magnetic field. These result confirm the validity of the polycrystalline
model.

in Fig.3-5a can be determined. Fig.3-10 shows a histogram of their sensitivities. A

sensitivity better than 2 i Was observed.

Histogram of Sensitivity

()]

Number of NVs
N N

Figure 3-10: A histogram of sensitivity of these aggregated nanodiamond systems.

The drop in fluorescence at one frequency point (2.87 GHz) was observed, as
illustrated by the curve shown in Fig.3-11a. This figure is a continuously decreasing
function. The reduction in contrast is a result of the NV's resonance frequency shifting
with Byy . Unlike in a 2a diamond with fixed orientations, the ensembles' contrast

decreases globally with increasing magnetic field. The NVs split incoherently and the
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Figure 3-11: Response curves of different NV systems (a) Contrast recorded
at 2.87 GHz as a function of magnetic field. This is called a response curve. (b)
Simulated response curves of different NV systems. It is shown that a single NV has
a very different response to magnetic field compared to aggregated ensembles. Error
bars on this plot refer to the standard deviation of normalized fluorescence resulting
from varying the NV's orientation. The solid curves are the averaged values over all
orientations.

47



SNR reduces as the magnetic field applied across the nanodiamonds is increased. A
curve that is plotted like this is called a response curve.

An interesting implication of these polycrystalline diamonds is that their ESR
response is independent of the direction of the applied magnetic field. Since the NV's
are modeled as spherically arranged around an origin, they respond isotropically to
applied magnetic fields. When the direction of the magnetic field is changed, the
location of NV resonances are shuffled within the aggregated ODMR envelope but
the final resultant curve is unchanged. While this is true for this idealized case of

NVs with spherical symmetry, actual aggregated NVs are either one of two cases:
1. An aggregation of single NVs.

2. An aggregation of NV lattices. Each lattice constrains its NVs to one of four

possible tetrahedral orientations.

These two cases have different response curves. As shown in Fig.3-11b, the en-
sembles of single NVs (green and black curves) and lattice NVs (gold curve and pink
dots) cannot distinguish, on average, between magnetic fields applied in orthogonal
directions (X and Y). The X and Y directions are defined by the reference curves
shown for an applied magnetic field aligned with a single NV's axis (blue curve) and
a magnetic field that is applied orthogonal to an NV's axis (red curve). A magnetic
field that is orthogonal to the NV's orientation does not effect the NV's fluorescence
value, yielding a horizontal line as observed. Further, a broadening of an ODMR's
lineshape is observed with increasing aggregation. In this figure error bars on this
plot refer to the standard deviation of normalized fluorescence resulting from varying
the NV's orientation as shown in the bottom image of Fig.3-11b. The solid curves are
the averaged values over all of these orientations. In the limit of dense aggregation
these response curves for X and Y are indistinguishable. This yields the conclusion

that these aggregated NV systems behave as absolute magnetometers.
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3.4 Mapping NV Fluorescence to Magnetic Field

Now that a working model has been developed, measured ODMR for NVs within
nanodiamonds can be fitted to determine their ambient temperature and magnetic
field. Such an approach requires sampling the fluorescence at many frequency points
to back out these parameters. A method that allows for the determination of an
applied magnetic field from one frequency point would allow for a drastically higher
imaging rate of magnetic fields. This requires an accurate mapping of NV fluores-
cence to applied magnetic field. Using the simulations previously developed, different
mapping schemes are compared below. For each of these cases the accuracy of the
mapping is evaluated with increasing magnetic field.

The first method of mapping is to treat each nanodiamond as a single NV. The

applied magnetic field is aligned with the NV axis. In Fig.3-12 the accuracy of this
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Figure 3-12: Simulated calculation of the magnetic field for different NV systems
assuming a mapping based on the response curve of a single NV with increasing Byy.
Error bars on this plot refer to the standard deviation of normalized fluorescence
resulting from varying the NV's orientation. The solid curves are the averaged values
over all orientations.

mapping is demonstrated. The Y axis denotes the magnetic error expected using this
mapping for a given applied magnetic field (X axis). The blue curve gives an error of

0 uT for every applied field because this curve has been defined to be true. Similarly
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for a single NV that was orthogonal to the applied magnetic field, a straight line
with a slope of 1 is observed. The NV does not yield a differential measurement for
orthogonal magnetic fields, thus the error is always the applied magnetic field. For
NV ensembles (gold and black curves) this mapping is not very accurate. For a 600
uT field, an error of ~ 350 uT is observed.

An alternate mapping is to assume a first-order truncation where the fluorescence
changes linearly with applied magnetic field. The slope for this mapping is evaluated

at w/2 of the Lorentzian, denoted in Fig.3-13a by the red dashed lines. This mapping
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Figure 3-13: Analysis of first-order truncation mapping (a) First-order trunca-
tion mapping using tangent lines located at D + w/2. (b) Simulated accuracy of the
first-order truncation mapping. This mapping is not ideal for NV ensembles, giving a
large error when calculating the magnetic field. Errors greater than ~ 300 uT across
many applied magnetic field magnitudes are observed. Error bars on this plot refer
to the standard deviation of normalized fluorescence resulting from varying the NV's
orientation. The solid curves are the averaged values over all orientations.
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can be mathematically described as follows:

dB = o + By (3.5)
GHBT;

where 6B describes the change in magnetic field, m; is in units of contrast per fre-
quency and describes the slope of each of the tangent lines shown in Fig.3-13a, 61
is the change in fluorescence of the ensemble of nanodiamonds and Bjy is the initial
magnetic field across the NV. The accuracy of this mapping is shown in Fig.3-13b.

On the y-axis the calculated magnetic field using this mapping is shown. The
light blue dotted line is the applied magnetic field and is shown as a reference. A
single NV with increasing By gives an error of 20 pT and, at worst, has an error
greater than 200 uT. For ensemble systems an error of ~ 300 uT across many applied
magnetic field magnitudes are observed. Thus, this mapping is also inaccurate.

The next type of mapping is based on the response curves for each NV ensemble
as illustrated in Fig.3-14a. A mapping is obtained by performing a polynomial fit of
the response curve for each NV ensemble in Fig.3-14b. By measuring the fluorescence
of an ensemble after calibrating and using this polynomial fitting, the magnetic field

across the NV ensemble is determined.

a b
(a) 3 ODMR Curve 300 ;T (b) Polynomial Fitting of an NV's Response Curve
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Figure 3-14: Nanodiamond calibration procedure (a) Mapping a response curve
by sampling the contrast at one frequency point with a known magnetic field value.
In this instance the contrast is recorded with an applied field of 300 uT. (b) The
response curve was mapped and fitted to a second-order polynomial. This resulting
polynomial is shown above.

Once the fluorescence value is recorded at a given driving MW frequency for
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several applied magnetic fields, it is fitted as shown in Fig.3-14b. In principle, the
response curves do not have to be measured empirically and can be simulated as
shown in Fig.3-11a. Once this mapping has been determined it was tested to sense

dynamically changing magnetic fields as shown in Fig.3-15a. Fig.3-15a shows that
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Figure 3-15: Accuracy of calibration procedure (a) This calibration method of
fitting an NV ensemble's response curve is used to sense a changing magnetic field.
(b) The accuracy of fitting an NV ensemble's response curve to sense magnetic field

is shown as a function of A7r. Increasing the measurement time reduces the error
before the accuracy settles to some systemic error.

a changing magnetic field can be tracked with an average error ~ 50 uT using this
calibration method.

This method of mapping results in a systemic offset from truncating the polyno-
mial fit. For example, the polynomial fitting shown in Fig.3-14b is only a second-order
fit. The error results from mapping to a point which does not lie on the response

curve. This systemic offset error improves with increasing measurement time, AT,
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before settling to some value that is offset from the NV ensemble's response curve as
shown in Fig.3-15b. In this case the red dashed line represents the magnitude of the
applied magnetic field and the blue curve represents how the accuracy of the mapping
scales with integration time. As the measurements become longer the blue curve gets

closer to the red line, oscillates about it, before settling at some systemic offset.
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Chapter 4

Fabrication

4.1 Liftoff

Once a model that described NVs within nanodiamonds and maps their fluorescence
to magnetic field was developed, it became necessary to develop a magnetic test
system. The magnetic field generated by a current carrying wire fabricated onto a
# 1 coverslip is such a system. The coverslip was chosen as a substrate because it
is index matched with objective oil. The microscope objective shown in Fig.2-7 are
coverslip corrected and thus require # 1 coverslips to focus an image.

The first attempt at fabricating this structure used a process called liftoff. The
fabrication outline shown in Table 4.1 describes the process for performing liftoff.
Performing liftoff on # 1 coverslips is difficult because they are composed of a ther-
mally insulating brittle glass substrate (thickness ~ 200 pm). This low conductivity

means that new procedures need to be developed to perform liftoff on them.

4.1.1 Photolithography

As shown in Table 4.1, the first step is to perform photolithography on the substrate.
Photolithography is the process where a light sensitive film (called resist) is exposed to
ultra violet (UV) light through a masking layer. Regions of resist that are exposed to

the UV light undergo a chemical reaction and can later be removed in liquid solution
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Fabrication Overview of Liftoff Process

Side View Top View Step Overview
Solvent clean substrate.

Spin on resist.

Expose and develop resist.

Deposit adhesion layer, then a gold layer.

e ey —

Strip resist.

Table 4.1: Overview of the fabrication process for performing liftoff.

(developer). Areas that are covered by the mask are not exposed and therefore
develop much slower. In this way, designs from a masking layer can be imprinted

onto resist, as shown in Fig.4-1. This figure illustrates two types of resist: on the left
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Figure 4-1: This figure gives an overview of Photolithography, where resist is exposed
to UV light through a masking layer. Two types of resist are illustrated. On the
left is a positive resist and it behaves as described earlier. However, on the right is
a negative resist that behaves oppositely. Regions that are exposed harden, unlike a

positive resist. In this way, designs on the masking layer can be imprinted onto the
resist.

is a positive resist that behaves as described earlier; however, on the right side is a
negative resist that behaves oppositely (i.e., regions that are exposed with UV light
harden). This procedure will start with a positive resist, AZ5214, and will end with
a crosslinked negative resist. Crosslinking is the process where new bonds are formed
between polymer chains as a result of illumination. For instance, a positive resist that
is initially insoluble in developers becomes soluble as a result of crosslinking through
irradiation. This is inverted for negative resists. A crosslinked negative resist is used
to ensure correct sidewalls for liftoff as shown in the final sidewall profile in Fig.4-6

The recipe for photolithography that was used is as follows:
1. Clean with acetone and IPA on a spin-coater.

2. Deposit AZ5214 onto the glass slide and run at 3K RPM for 60 seconds. The
final resist thickness will be ~ 1.5 pum [1].

3. Bake at 110 degrees for 2 minutes on a silicon wafer to have good thermal contact

with the hotplate (very important). This crosslinks the resist and allows it to
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develop as a negative resist.
4. Place in a mask aligner and expose for 5 seconds at 5 mW/cm?.
5. Perform post exposure bake again at 110 degrees for 2 minutes.
6. Do flood expose for 45 seconds at 5 mW /cm?.
7. Develop in AZ422 for 2-3 minutes or as needed.

8. Dry and check sample on microscope/profilometer.

The first step described above requires the use of a spin coater. Substrates were
cleaned and resists were deposited using a spin coater. Solvents were sprayed /pipetted
onto the substrate and then rotated at a desired angular frequency as shown in Fig.4-

2 [3]. As the substrate is rotated the deposited material flattens and becomes planar.

B bR il b

Figure 4-2: A schematic illustrating how a spin coater operates. As the substrate is
rotated the deposited material flattens and becomes planar. By varying this speed
the resist can be tuned to a desired thickness. This image was taken from Wikipedia

[3]-

By varying this speed the resist can be tuned to a desired thickness. Once spun for
approximately 30-60 seconds, the resist saturates and is now flat. After spinning the
resist is now planarized and ready to be exposed in a UV source and developed. Some

things to be aware of when spin coating coverslips:

1. Make sure the glass slide has a vacuum seal with the chuck otherwise it will
spin off and break. A chuck that is correctly sized to the width of the coverslip

is ideal. Avoid squirting solvents into the pump motor.

2. Place the first couple drops from the pipet into the spin coater bowl; these drops

have a tendency to dry within the pipet and will coat on poorly.
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3. A hot plate is used to remove solvents from the resist. Failure to remove solvents
will effect the side wall profile shown in Fig.4-6, which is important for liftoff.
Preset the hotplate to the desired temperature and place either an aluminum
cup (for small glass slides) or a silicon wafer onto the hotplate as shown in Fig.4-
3a. This is done because the glass slides have very little weight and are not in
uniform thermal contact with the hotplate. Fig.4-3b is an example of how not
to bake a sample. The poor contact with the aluminum foil means their will not
be a uniform bake and some regions of the substrate will not crosslink. Thus,
the sample will not not develop uniformly. This poor thermal contact will lead
to deformities in the final developed sample. Regions develop too much, too

little or not at all depending on their thermal contact.

(b)

Figure 4-3: Baking glass slides (a) A sample is placed in an aluminum cup and
weighed down to create a uniform thermal contact between the substrates. (b) Glass
slides have very little weight and when placed on an aluminum foil or hotplate, do
not have good thermal contact. The poor contact with the aluminum foil means their
will not be a uniform bake and some regions of the substrate will not cross link.

4. After baking, expose the resist. First, make sure that the mask (pink side) is
facing the sample otherwise the resolution will be poor. Second the product
of the exposure time and the bake temperature(s) is what determines how well
the sample develops. Increasing the exposure time will increase the develop-
ment rate, but may hurt the resolution. Increasing the bake time improves the
development of exposed regions and preserves resist thickness. However, care

should be taken to avoid hard baking the resist. Too much baking, will make
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the resist solidify and prevent it from developing.

5. The post exposure bake is what turns the positive resist into a negative resist.
After the post exposure bake the exposed regions will cross link and will not

develop in solution.

6. The flood expose makes regions of the resist that were not initially exposed

soluable in a developer.

7. After developing make sure to check the sample on the microscope/profilometer
to confirm that trenches reach the substrate layer. The sample should look like

Fig.4-4a.

(@ 100 um (b)
ey

400 um

Figure 4-4: Bright-field images of developed samples (a) An image of a well-
developed sample. A clear contrast between the regions can be observed. (b) An
image of an insufficiently developed sample. Large discolorations are a result of
thickness variations across the sample.

Fig.4-4a is a bright-field image of a sample post development. A clear optical
contrast between the regions can be observed. Any rainbow effects or variations
in color (as shown in Fig.4-4b), is a sign that the sample has not been developed
enough. These rainbow effects are a result of variations in thickness. These variations
are especially prevalent in very large structures, as the internal areas develop slower

compared to the areas on the outer edges.
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4.2 Electron Beam Physical Vapor Deposition

Now that photolithography has been performed on the coverslips, the samples need
to have metal deposited on them. This is done through electron beam physical vapor

deposition (EBPVD). An illustration of this process is show in Fig.4-5 [59]. EBPVD

| Direction \
of

l sublimated

material

Electron |
Path

Magnetic Field
(out of plane)

©

Heated
Region

Filament

Filament

Figure 4-5: EBPVD schematic. Electrons are emitted by a tungsten filament and
guided by a perpendicular magnetic field. These electrons impact and sublimate the

metal in the crucible. This sublimated metal is deposited onto the sample. This
image was taken from Wikipedia [59].

is the process where electrons are emitted by heating a tungsten filament. Their
kinetic energy (KE) is controlled by DC current through the filament. A controlling
magnetic field is oriented perpendicular to the direction of electron emission and
is used to control the ejected electrons. These electrons are focused onto a metal
crucible which contain the metal to deposit. The metal in the crucible sublimates
when the impacting electrons are significantly energetic. This sublimated metal is
ejected upward, where a sample is positioned. In this manner by controlling the KE
of the emitted electrons from the filament, the deposition rate onto the sample is
controlled. For this application, a deposition of an adhesion layer (usually titanium)

is deposited first. This adhesion layer is important because it acts as a connection
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between the second layer (Au) and the underlying substrate. Without an adhesion
layer, gold would not stick to the coverslip. This deposition takes place at high
vacuum, because titanium quickly oxidizes into titanium dioxide at pressure greater
than 2e-6 torr [2], which is not an effective adhesion layer. Thus, having a very high

vacuum is important for the structure's electrical and structural properties.

\\\\\\"

Figure 4-6: Possible side wall profiles from photolithography. The top image is a bad
side wall profile. Deposited metal will form metal bridges which can ruin the liftoff.
The second profile is acceptable and the third profile is ideal for a successful liftoff.

As shown in Fig.4-6, EBPVD is non-isotropic, because metal is deposited verti-
cally. This is very important because liftoff creates structures by discriminating based
on material that is deposited on the substrate and material that is deposited on the
resist. As the above figure shows, the blue coloration represents metal depositions.
In the first case, material covers the sidewalls as well as the underlying substrate.

When the resist is later stripped, a metal bridge between material deposited on the
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substrate and on the resist will lead the metal on the substrate to be stripped also.
Thus, the top image in Fig.4-6 is a poor sidewall and will lead to a bad liftoff result.
The second profile in Fig.4-6 can handle a deposited material to resist thickness ratio
of ~ 1:5 or less. The third image can handle a ratio of ~ 1:2 or less. Thus, the second
image is an acceptable side wall for the amount of material to be deposited (100 nm),
but the third image is ideal. With this kind of angular sidewall, their is very little
chance that the deposited material could form a metal bridge. This is why AZ5214
was chosen: after cross linking, it gives the side wall profile shown in image three of
Fig.4-6.

Fig.4-7a is the mounting tray for the EBPVD tool. Kapton tape was placed on

(a) (c)

(b) (d)

100 um

Figure 4-7: EBPVD procedure (a) Image of the EBPVD Tray. Avoid making
excessive contact between the mounting tape and the glass coverslips. (b) EBPVD
pressure sensor and controller. Program deposited material sequentially to correctly
calibrate the EBPVD sensor. (¢) EBPVD tray post deposition. The entire tray is
covered in deposited material. (d) White light image of a completed and wirebonded
sample. The gold wire is a wire bond that is bonded off chip. High frequency
alternating (AC) current is transmitted through the thick outer wire which generates
microwave fields at the location of the NVs. A similar structure will carry DC current.

the metal cover sticky side up, and the glass coverslips were laid on them so that the
coverslips remain attached to the tray even while inverted. Only place the corner of

the coverslips onto the tape, as the adhesion between the coverslips and the Kapton
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tape is very strong. If too much area is in contact, the coverslips are likely to be
damaged when removed from the Kapton tape.

Once the coverslips have been mounted and put into the chamber, pump down
to base pressure ( ~ 5e-7 torr) and program the materials that are to be deposited
into the controller as shown below in Fig.4-7b. After the controller is programmed
for the materials to be deposited (in this case titanium and gold), the electron beam
gun needs to be activated and aligned onto the first crucible.

Repeat these steps for each metal to be deposited. After finishing, the structures
should look like Fig.4-Tc, with 100 nm of gold deposited. After EBPVD, the entire
tray is deposited and not just the samples. This results in EBPVD being an inefficient
deposition process.

Once the deposition is complete, place the samples in a beaker of acetone or N-
Methyl-2-pyrrolidone (NMP) to strip the resist. With the correct sidewalls, deposited
material that is attached to the underlying substrate will not strip off in solution. A
completed structure should look like Fig.4-7d.

In this figure, the gold wire is a wire bond that is attached to a pad off chip. This
pad connects to an SMA cable that delivers high frequency alternating (AC) current
through the thick outer wire which generates microwave (MW) fields at the location
of the NVs. By driving the NV's spins and reading out their spin state with green
light, their ambient magnetic fields can be measured. Another pair of wire bonds will
be made to the inner pads to deliver DC current that will be imaged with the NVs
within the nanodiamonds.

The ODMR curves of NVs within nanodiamonds showed the following effect when
the current was increased. The blue curve in Fig.4-8 is an example of an ODMR curve
of an ensemble of NV centers at 0 mA DC current. When 20 mA of DC current is
applied, the green curve is observed and shows that the resonances have decreased in
energy. This effect is characteristic of an NV that is being heated. A decrease in the
zero field resonance line (D parameter) is caused by an increase in temperature across
the NV center. In this case a temperature shift of 6 Kelvin is observed. To observe

the changes in temperature across the nanodiamond ensembles, as the current was
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ODMR Curve- Temperature Shift 6 Kelvin
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Figure 4-8: Two ODMR curves showing the effects of an increase in temperature of
6 K. Error bars are omitted on the second ODMR curve for clarity.

increased, the D parameter was mapped spatially. See Fig.4-9a (0 mA) and Fig.4-9b
(20 mA).

(a) ; . (b) : :
Spatial Mapping of D Spatial Mapping of D
i - = 2.865
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Figure 4-9: Spatial Mapping of the increase in temperature (a) D parame-
ter mapping at 0 mA applied DC current through the fabricated structure. (b) D
parameter mapping at 20 mA applied DC current through the fabricated structure.

The temperature is shown to increase between the two images because the D pa-
rameter decreases for every NV. No ODMR broadening was observed, making this
sample unsatisfactory as a magnetic test system. To test the models developed pre-

viously, spatially-varying magnetic fields are needed.
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The temperature effect can be explained due to high Joule heating caused by
the DC current in the wire. Since a reduction in heating is desired, the overall
resistance of the wire needs to be decreased. This can principally be done by increasing
the thickness of the wire structure. These structures are limited to ~ 300 nm tall
because they are made from EBPVD and liftoff. Thicknesses greater than this are
in danger of making metal bridges and ruining the liftoff. As shown in Fig.4-7c,
deposited material will coat the entire tray. This is very wasteful and expensive.
Since significantly thicker structures are needed to reduce heating, a process that
only creates materials exactly where desired is ideal. Thus, to increase the thickness

by an order of magnitude (=~ 1 micron) a technique called electroplating is more

suitable than EBPVD.

4.3 Electroplating

Because liftoff techniques are not ideal for making structures of the desired thickness;
electroplating is offered as an alternative. Electroplating is the process where a voltage
is applied across a conductive substrate that is placed in a metal ion solution. Due to
Coulomb interactions, metal is deposited onto the substrate as shown in Fig.4-10 [60)].
As shown, the negative electron charges within the current attracts the positive ions
within the solution. This attraction causes the copper ions to deposit themselves onto
the metal surface. By increasing the amplitude of the current, the rate of deposition
can be increased. Further, where the deposition occurs on the substrate can be
controlled by selectively coating some regions in resist. The resist is an insulating
barrier that denies the negatively flowing electrons within the metal an interface for
interacting with the copper ions in solution. In this manner, the plating rate (by
controlling the amplitude of the current) and where plating occurs (by depositing
resist) can be controlled. For the structures to be created, the same process will be
used, but with gold, rather than copper ions.

With this process, all the techniques previously established to perform liftoff can

be reused. The overall process flow for electroplating is shown in Table 4.2. Begin by
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Figure 4-10: A diagram giving an overview of electroplating. A current is run through
a metal sample that is placed into a solution of metal ions. The metal ions attach to

the surface through Coulomb interactions. This creates a deposition layer. The rate

of deposition and the location can be controlled to create structures. This image was
taken from Wikipedia [60].

pouring 1200 ml of J.T. Baker's gold electroplating solution and a magnetic stirring
rod into a 10000 ml glass beaker. The volume was adjusted so that the sample is
completely submerged. Heat the solution to 50 £ 5 °C, but do not exceed 70 °C. This
temperature is desired for a constant plating rate. Set the plating parameters on the
current controller as shown in Fig.4-11. These parameters are very sample dependent.
To visualize the process, think of the sample as a network of parallel resistors. The
more plating area (more parallel current channels), the less current that flows in each
square unit of area. Some of the samples were tiny and plated at rates greater than
~ 7 um/min. Bigger samples plated at a rate of ~ 0.3 pm/min. High plating rates

create grain boundaries that increase the structure's resistance. Thus, the DC current

Figure 4-11: The electroplating current controller.
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{ Fabrication Overview of Electroplating Process

Side View | Top View Step Overview

Solvent clean substrate.

Deposit adhesion layer then gold onto # 1 coverslip.

Spin on resist.

sanese
—

Develop resist down to the seed layer and hard bake resist.

Put the substrate into the solution and begin plating.

Strip resist and wet etch the seed and adhesion layer.

L
]

Table 4.2: Overview of the fabrication process for performing electroplating.

polarity was periodically switched to reduce the depletion region around the plating
area and prevents large grains from plating. This creates less grain boundaries. A
timing ratio of 20 ms forward current to 1 ms reverse current was chosen.

A slower deposition rate reduces the surface roughness of the final structures.
Fig.4-12a is an example of a sample that is plated too quickly (12 mA/min). The
height differential between points hy and hs is calculated by taking the mean value of
the curve over the shaded regions. A large amount of surface roughness (> 600 nm)
is observed. When the plating rate was decreased to 0.25 mA /min, a smaller surface
roughness, as shown Fig.4-12b, was observed (~ 90 nm). To improve repeatability
a dummy load was added to the sample. When a dummy load is included, the area

of the structures for each sample is small in comparison to the total plating area.
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Figure 4-12: Profilometer measurements on electroplated sample (a) Sample
step profile when structures are plated too quickly. A high surface roughness is
observed. (b) Sample step profile when structures are plated slower. A reduction in
surface roughness is observed. The height differential between points h, and hg is =~
2 pm.

This reduces the variance in plating rates amongst samples. The first attempt was

to attach a gold dummy load to the sample as shown Fig.4-13. When clipped to the

Figure 4-13: Image of the sample holder when a sample is clipped in.

coverslips, the samples broke as a result of the brittleness of the substrate. Thus, a
thick glass slide was placed as a backstop behind the slides. This insulating barrier
between the glass substrate and the dummy load prevents current flow. So a dummy

load was added through direct fabrication onto the mask. A finished sample looks
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like Fig.4-14a with a sidewall profile shown Fig.4-12b. Fig.4-14b is an bright-field
image of the sample after finishing electroplating. Distinct features can be observed.
The black particles that cover the structure are nanodiamonds that were placed onto

the surface afterwards.

Figure 4-14: Sample after electroplating (a) Picture of a finished electroplated
sample on the profilometer stage. (b) A bright-field image of a finished electroplated
sample. The black particles that cover the structure are nanodiamonds that were
placed onto the surface afterwards

After plating, the structure still has a gold seed layer and a titanium adhesion
layer. It is necessary to etch away these layer to avoid shorting the circuit. This is
done by first stripping the resist layer with acetone. Any resist left on the structure
will prevent etching of the underlying seed and adhesion layer, because AZ5214 acts
as a masking layer for gold and titanium wet etches [63]. After stripping the resist,
place the sample in etchent solution. The first etchent is gold etch TFA and it etches
at ~ 0.30 nm per second. For a 100 nm gold seed layer, an etch time of ~ 5.5 minutes
is estimated. The etching of the gold seed layer will be complete when the substrate
looks silver. This silver coloration is the titanium adhesion layer. After etching in
gold etchant, place the sample in titanium etchant TFT. Titanium etches at a rate
of ~ 0.25 nm per sec. The titianium etch will be complete when the sample becomes
transparent as shown below in Fig.4-15a. The sample's adhesion layer is being etched,
revealing the transparent cover slip below. After etching, the sample is mounted to

a polychlorinated biphenyl board and wirebonded as shown Fig.4-15b.
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Figure 4-15: Etching and mounting finished sample (a) Image of the sample
during etching. The discoloration is remaining titanium on the sample. Continue
etching until the entire underlying sample is transparent. (b) Bright-field image of
a finished sample which is mounted. Wire bonds are made to deliver MW and DW
current to the sample.
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Chapter 5

Overview of the Experiment and

Results

5.1 Overview of Experimental Setup

In chapter 2 an overview of the setup was described. For convenience it is shown again

in Fig.5-1. In this figure green excitation light couples into a microscope to excite

Optical Inverted
Elements
Microscope

Current
Controller

Solenoids x3 sample

-

Magnetic
Fields

Fluorescence

/

Figure 5-1: An image of a schematic diagram of a spin microscope.

\

NVs. Light is emitted from a Coherent's Compass laser and the beam is magnified

71



Excitation Beam Path

Beam
Expander

9|dwes

Figure 5-2: Illustration of the beam excitation path. Light emitted from the laser is
expanded by a 10x beam expander. The beam is focused onto the back aperture of
the objective. This focused beam is then collimated by the objective.

by a beam expander as shown in Fig.5-2. The beam is expanded so that is can be
more tightly focused onto the back aperture of the objective. This focused beam is
then collimated by the objective.

The exact mechanism for these transformations is known as the thin lens equation

[27] and it is shown below.

L1 -
ffocus Sk 52 .

In this equation, ffyws is known as the focal distance of a lens; this is the distance
at which incident collimated rays through a lens are focused. S, is the the object or
source distance, and it is defined as the distance from the source of the light to the
lens. Ss is the distance from the lens at which the resulting image is formed. These
parameters are shown in Fig.5-3[62]. By convention S, is defined as negative when
the image forms on the same side as the source. When a light source is very far from
a lens, S;, the resulting image will be located at fy,cus. The opposite process is also
true: light emitted at the focus of a lens will be projected at an infinite distance away.
When light is projected so that it forms an image at infinity, it is called collimated.
It can be shown[27], that the magnification of a lens, M, is given by the equation

shown in equation 5.2.
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Figure 5-3: Figure showcasing the definitions of terms in the thin lens equation. This
image was taken from Wikipedia [62].

From these principals, an understanding of each of the optics described in Fig.5-2 can
be gained. The beam expander is comprised of two lenses located a distance apart
that is the the sum of froeus, and frocus, (the focal lengths of the lenses). When
ffocus, 18 ten times greater than fros, the input beam will be magnified by a factor
of 10. Further, a magnified beam is more tightly focused by a lens, as the previous
equations shows. As shown in Fig.5-2, a focused beam on the back aperture of the
objective is emitted as a collimated beam; this can be understood by treating the

objective as a lens.

Figure 5-4: An image of the optical elements that comprise the excitation path. A
Coherent Compass is used as a green laser.

The light is shaped by the optics shown in Fig.5-4 and is collimated by the objec-
tive at the sample plane. It is this excitation beam that allows wide-field imaging to

be accomplished. This beam is shown below in Fig.5-5. In this figure a 2a diamond
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Figure 5-5: A fluorescence image from NVs that are located within the excitation spot.
The black lines superimposed onto the image trace the outline of the microwave wire.

slab is excited from the bottom. The fluorescence is emitted by NVs that are within
the excitation beam. The black lines superimposed on the image represent the outline
of the MW wire that will drive the NV's spin state.

This MW current is emitted from the Rohde & Schwarz signal generator shown in
Fig.5-6. This emitted MW current is transmitted by SMA cables (blue chord shown
in Fig.5-6). The MW signal is amplified 45 dB by an amplifier. This amplified MW
current is transmitted through the wire illustrated in Fig.5-5. By controlling the sig-
nal generator, the MW frequencies can be swept through the NV's spin resonances.
By correlating which frequency was applied for each collected image, each NV's flu-
orescence as a function of MW frequency can be plotted. This is how an ODMR

measurement is performed.

Signal
a Generator
Amplifier

S ——

Figure 5-6: Image of the Signal Generator that delived the MW current. The signal
generator is controlled through GPIB by matlab. The emitted MW frequencies are
routed through an amplifier and then delivered through the wire shown in Fig.5-5.

74



Once the excitation beam is coupled through the objective, it excites the NVs
located at the sample plane. These NVs emit red fluorescence. The collection path

for this fluorescence is shown in Fig.5-7. From the thin lens equation it was shown

Collection Beam Path |

| __"7"-_‘ 1
Filters Camera |
) e ——————

Figure 5-7: An illustration of the collection beam path. Fluorescence from NVs are
collected by the objective and focused onto the camera. Stray green light is filtered
by a Semrock 532 laser line filter.

9|dwes

that emissions emitted at the focal distance of a lens are transformed into collimated
beams. The sample plane is located at the focus of the objective and collimates
the collected NV fluorescence. This collected fluorescence is a combination of the
fluorescence from the NVs and residual green light from the excitation path. Even
though only a small percentage of the excitation light is collected into this path, it
still dwarfs the light emitted by the NV. Thus, a Semrock 532 nm laserline filter is
inserted. This filter attenuates residual green light and prevents it from reaching the

camera so only light emitted by the NV center is collected.

5.2 Overview of the Experiment

In Fig.5-8 a schematic overview of the measurement is shown. On the left side is
a cross section of the measurement. Green laser light is shined onto the sample as
previously discussed. This excitation light excited NVs within nanodiamonds which
emit in the red. The red fluorescence is coupled back through the objective and
imaged onto a camera. The right side of Fig.5-8 is a top view of the measurement.
This perspective shows that DC current is being run through a wire. This DC current
applies a magnetic field that effects the NV's ODMR curve as shown previously. This

magnetic field is generated as a result of Ampere's law. In Ampeére's law, magnetic
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Figure 5-8: Overview of the measurement. The left image is a side view which shows
the excitation of NVs and the collection of their fluorescence. The right image is a
top view that shows the structure. DC and MW current are run through this wire.

field is generated by current according to the relationship shown in the equation

below.

7 = Holeurrent 5 (5.3)
2mr

In this equation B represents the magnetic field generated by this current and Ieyrrent
represents the current throught the wire. The vacuum permeability is represented by

o and 7 is the distance from the wire as shown in Fig.5-9[56]. From this equation

Figure 5-9: Tllustration of a magnetic field generated by the current through a wire.
This generation of magnetic field is described by Ampére's law. This image was taken
from Wikipedia [56]

an understanding can be gained of how the magnetic field changes as a function of

distance from the wire.
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The current for this measurement is controlled by the equipment shown in Fig.5-

10. In the figure, four devices are shown. The rightmost is a Yokogawa programmable

Multimeters Power Supply | Current Controller

Figure 5-10: Image showing the control devices used to perform the measurement.

current source. This current source is very low noise, and is important for the small
magnetic fields that this experiment aims to measure. The Yokogawa is controlled
through matlab and the applied current and resistance of the circuit for each mea-
surement is read out in real time. The device to the left of the current controller is a
power supply. This power supply drives current through electromagnet coils above the
setup. The two left-most devices are multimeters, which record the current through
both the electromagnet positioned above the NVs and the wire fabricated onto the

sample.

5.3 Experimental Results: Magnetic Imaging

Once the electroplated samples were completed and mounted, the sample was wire
bonded. The experiment described above was performed and the ODMR spectrum
shown in Fig.5-11a was seen. Running DC current through the sample resulted in the
ODMR curve shown in Fig.5-11b. In these figures the contrast decreases as expected
for an increasing magnetic field. Curve fitting the ODMR spectrum for every NV
shown in the fluorescence image in Fig.5-12 yielded the image showing in Fig.5-13.
Next, the current was increased and the resulting magnetic fields were imaged us-
ing the mapping techniques described earlier. These images were produced 101 times

faster than those produced through ODMR fitting, where the speed up was a direct
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Figure 5-11: ODMR spectra on the electroplated sample (a) ODMR of an NV
ensemble when OmA DC current is run through the electroplated sample. (b) ODMR
of an NV ensemble when 60mA DC current is run through the electroplated sample.

Wide-field Fluorescence
Image of NVs on
Electroplated Sample

50 um

Fluorescence

Figure 5-12: Wide-field fluorescence image of NVs on the electroplated sample.
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Figure 5-13: Magnetic field image measured by curve fitting the broadened ODMR
curve for each NV ensemble in the FOV.

result of the decrease in frequency points sampled. With this mapping the magnetic
field was imaged every 30 ms resulting in a framerate greater than 33 Hz. Averaging
50 images together increased the SNR of the resultant image. These averaged images

are show below in Fig.5-14a and Fig.5-14b. Fig.5-14a shows the averaged magnetic

(a) 0 ms till 3000 (b) 9000 ms till 12000

50 um

Figure 5-14: Magnetic field images Magnetic field images measured through sparse
sampling. (a) The interval that this image captures is between 0 to 3 seconds. (b)
The interval that this image captures is between 9 to 12 seconds.

image over the first 3 seconds as the current was increased at a rate of 1.4 mA/s (in

real time). Fig.5-14b the magnetic image between 9 and 12 seconds.
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These results can be summarized in Fig.5-15, where different magnetic images of
the increasing DC current in the wire are shown in images Fig.5-15A-C. The total
experiment took 70 seconds, real time, to perform. The green dashed lines represent
the intervals that the images were averaged over. Image E represents an interpolated
magnetic field image at 60mA DC current. This image was generated by fitting each

NV's ODMR spectrum. These results confirm that magnetic imaging with nanodia-

Dynamic Magnetic Field Imaging of a Current Carrying Wire

Real Time (Seconds)

Exposure Time: 30 ms
Readout Time: 30 ms
Averages: 50

Figure 5-15: Summary of the magnetic field images generated from sparse sampling.
A-C show the different magnetic images generated from the increasing DC current in
the wire. The green dashed lines represent the intervals that the images were averaged
over. Image E represents an interpolated magnetic field image at 60mA DC current.
The image was generated by fitting the NV's ODMR spectrum.

monds is possible using an aggregated polycrystalline model and that sparse sampling
drastically speeds up the measurement time. The field of view of the measurement
was limited by the size of the excitation beam as previously discussed. In this in-
stance the field of view was 10 pm x 10 um and the associated images were read out
at speeds greater than 33 Hz. A total measurement time of 70 seconds, offers the
promise of measuring dynamic magnetic phenomenon with NVs in nanodiamonds in

living cells.
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Chapter 6

Conclusion and Outlook

In this work a spin microscope was constructed to view NVs in nanodiamonds. These
nanodiamonds are biologically compatible and can be read out in parallel at high
framerates. These NVs were shown to have properties that disagreed with traditional
NV systems in bulk diamond with defined crystallographic orientations. A model was
presented that treats the NVs within aggregated nanodiamonds as having multiple
orientations centered about an origin. This model yields the conclusion that these
NV systems can be treated as absolute magnetometers in contrast to NVs within bulk
diamond which have been shown to posses magnetic field vector resolution. These
results were shown in proof of principle measurement where sparse sampling was
used to image the magnetic field of a current carrying wire 101 times faster than
curve fitting an ODMR spectrum. These magnetic images were taken over a 100 ym?
FOV with associated framerates greater than 33 Hz. These results offer the promise of
in vitro measurements of dynamic magnetic phenomenon with NVs in nanodiamonds.

These measurements were done on an electroplated sample that minimized tem-
perature effects of the NV's ODMR curve. Modeling NV's within nanodiamonds
as polycrystalline domains was verified by first observing only magnetic effects on
the NV's ODMR curves within this magnetic test system. These results were pos-
sible because new techniques were developed to electroplate thick gold structures
onto number one coverslips through more established fabrication processes such as

photolithography and ebeam deposition.
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Thermometry and the imaging of thermal profiles was demonstrated in this work.
However, a sparse sampling protocol that allows for simultaneous measurements of
temperature and magnetic field still needs to be demonstrated. Such a protocol would
allow the imaging of temporally and spatially varying magnetic field and temperature
at high frame-rates. Such capabilities would be useful in studying electromigration
in wires. Electromigration is the process where the critical current density that a
metal can maintain is exceeded. In this scenario, wires break down and degrade in a
runaway process. Nanodiamonds will be used to image the resulting magnetic fields
and thermal profiles during this breakdown to yield insights into how the current
behaves as the wire begins to degrade.

The system could be further improved if the sensitivity could be extended by
decoupling the laser excitation and MW pulse temporally. The sensitivity could also
be enhanced by orders of magnitude by using nanodiamonds with a higher 75" time.
Further, implanted metallic impurities within the diamond nanocrystals could be
used as magnetic amplifiers[55]. These amplifiers would increase the local magnetic
field across the nanodiamond. If nanodiamonds could be reliably fabricated that
were single crystal and were resilient to aggregation, that would solve many of the
limitations of these systems. Various sparse sampling techniques could then be used
to perform vectorial magnetic field sensing. Further, super-resolution techniques with
high magnetic field gradients could be implemented to improve the spatial resolution

of these systems [12].
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