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ABSTRACT

The amount of thermal energy that a system possesses, otherwise known as its temperature,
is a property whose measurement has been utilized in experiments since Galileo constructed his
first thermoscope. Over the centuries succeeding Galileo, scientific advancements lea to improved
measurement methodologies and apparatuses. This allowed measurements with increased accuracy
and sensitivity, coupled with decreased sensor size and acquisition time. A recent advancement in
this field is optical thermometry, which utilizes fluorescing color centers in diamonds. The stal-
wart of optical thermometry is the utilization of optical detection of magnetic resonance (ODMR)
of nitrogen—vacancy (NV) color centers. This method’s main drawback is its use of microwave
fields to measure the electron spin resonance (ESR) of the color center, which is detrimental to
in vivo measurements. An alternative method is to use heavier Group-IV elements to create a
split vacancy color center. These color centers have spectra whose zero phonon lines (ZPL’s) and
phonon sidebands (PSB’s) have a high enough contrast ratios to perform all-optical fluorescence
thermometry. By quantifying the temperature dependence of various properties (peak width, cen-
tral wavelength, amplitude, and Debye—Waller factor (DWF)) of their photoluminescence (PL)
spectral peaks, these color centers have been used as thermometers with high spatial resolution,
precision, and sensitivity without the drawbacks of NV based thermometers. One such color center,
germanium—vacancy (GeV), has been found to have a precision of 0.008 nm/K, sensitivities in the
range of a few mK/ v/Hz, and a spatial resolution on the micron scale; although, better sensitivities
and higher spatial resolutions are possible. While these color centers avoid the damages incurred
by the ODMR measurements, they are still hindered by a heating penalty induced by linear laser
radiation absorption from the pump laser. The relationship between pump power and fluorescence
brightness, coupled with the relationship between fluorescence brightness and sensitivity, leads to
the incurring of a substantial heating penalty for increased sensitivity in measurements. Another
split-vacancy color center, nickel-vacancy (NiV), operates in the near-infrared (near-IR), which

can penetrate farther through biological materials than the optical PL of Group-1V color centers.
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1. INTRODUCTION AND LITERATURE REVIEW

1.1 Statement

In 1586, possibly after reading up on Hero’s work, Galileo Galilei created what could be con-
sidered humanity’s first step towards thermal measurements with the creation of his thermoscope
(fig. 1.1 (a)). Its concept was fairly simple. A hollow glass ball, filled with air, atop of a hollow
glass tube filled with water, the bottom of which was open to a pool of water in which it sat. The
pressure of the air in ball pushed down on the water in the tube, keeping it a certain level. When
the ball was heated/cooled, the pressure of the air inside would increase/decrease. This would
either push the water level down or allow it to rise. This provided a mechanism for visualizing a
change in temperature. Of course, without a method to quantify this change, this could hardly be
considered a measurement, a shortcoming which was soon to be rectified when Sanctorius added
a scale of 8 degrees to the device (fig. 1.1 (b)).!

The next major advancement in thermal measurements came from Grand Duke Ferdinand II
and Prince Leopold’s ‘Accademia del Cimento’ (‘Academy for scientific studies’), as published in
their 1667 work *Saggi di Naturali Esperienze Fatte’ (‘Essays on Natural Experiments’). One of
the topics detailed in this work was their 1654 experiment on what would become renowned as
the ‘Florentine thermometers’. These thermometers flipped the idea behind the thermoscope on
its head. Instead of heating or cooling a pocket of gas, these thermometers transferred heat into
a liquid, spirit of wine specifically, which was kept in sealed glass tubes (fig. 1.1 (c)). Ferdinand
and Leopold distributed these throughout Europe, where they became the standard for thermal
measurements.[1] After a few modifications over time (i.e. shape, thickness, liquid volume and
type), the modern versions of these thermometers have an accuracy of around 1 K.[4] This style of
thermometer is physically limited to a macro scale spatial resolution and a relatively long acquisi-

tion time.

'The use of ‘degrees’ for this scale was likely inspired by Galen’s concept of ‘4 degrees of heating’ and ‘4 degrees
of cooling’, since the oldest known record of this thermometer had a scale of 8 degrees.[1]
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Figure 1.1: (a)A Galilean type thermoscope and (b)a Sanctorius type thermometer, with gas filled
bulbs atop liquid filled tubes. Heating(Cooling) the bulb expands(contracts) the gas and the fluid
in the tube falls(rises).[1] (c)Florentine thermometers from Plate I of the ‘Saggi’. 50° and 100°
versions were produced. In 1829, several of the 50° thermometers were shown to have a consistent
ice point of 13.5°.[1] "Reprinted with permission from [1]." (d)Faraday’s diary, 21 Oct. 1822 —“Dr.
Seebeck’s Expt. ... Antimony and brass wire; the bar being heated at one end the north pole of a
needle would go round it as. . . the lower figure. . . dotted lines represent the state of the wire . . . from
former experiments".[2] "Reprinted with permission from [2]." (e) The beams of the double-ended
tuning fork move between the electrodes with a temperature dependent Q factor.[3]
"Reprinted with permission from [3]."

The world of thermal measurement’s next big advancement wouldn’t come until 1833, when
Faraday recorded the first semi-conductor effect. Working with a sulphuret of silver (silver sulfide),

Faraday noticed that when its temperature changed, so did its conducitivity.

I have lately met with an extraordinary case . .. in direct contrast with the influence of
heat upon metallic bodies ... when a piece of this sulphuret . .. was put between . ..
terminating pole of voltaic battery . .. the conducting power rose rapidly with the heat
... in the manner of a metal ... allowing the heat to fall off, the effects reversed . ..

-Micheal Faraday|5]

This effect is exploited in the device known as a thermistor. It has an accuracy on par with
the sealed glass thermometer, ~ 1K[6], but can be much smaller in size, with a much shorter
acquisition time.

In the early 19" century, Thomas Seebeck was studying @rsted’s work on the relationship
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between electrical current and magnetism, leading him, in 1820, to submit a paper discussing his
own work on the subject to the ‘Berlin Academy of Sciences’. The next year, he was able to show
that heating the contact point of two metals in a loop caused changes in their magnetic fields (fig.
1.1 (c)). Five years later, A.C. Becquerel proposed that this ‘Seebeck effect” could be used in what
would become known as a thermocouple to measure high temperatures.[2]

A more modern approach to measuring temperature came along with the development of micro
electromechanical systems (MEMS). MEMS is a general class of devices that, as indicated by
their names, are on the micron scale in size. They can be manufactured in a multitude of forms,
but one of interest to the topic at hand is that of a set of tuning forks with drive and sensing
electrodes, creating a resonating chamber with a spatial resolution on the order of a couple hundred
microns (fig. 1.1 (e)). The Q factors these resonating chambers have been found to change with
temperature, allowing them to used as thermometers with sensitivities as low as 30 ppm/K, where
ppm refers to parts per million variations in frequency. While these MEMS devices are much
smaller than the semi-conductor based thermistors or the Seebeck effect based thermocouples,
they are still orders of magnitude larger than the minimum size of a diamond color center sensor.

A Diamond color center is an area of a diamond lattice containing some defects. The most
popular of these is the NV color center, where one lattice site is occupied by a nitrogen atom and
an adjacent site is vacant. Although the fluorescence emitted by this color center has a low con-
trast between its ZPL and PSB, the fact that it is a spin triplet state has made it useful for ODMR
measurements. These measurements are made by hitting the color center with a microwave pulse
and measuring the change in the brightness of its fluorescence. When hit with a pulse whose fre-
quency is resonant with either its +1 or -1 spin transitions, its fluorescence will be at it dimmest.
These resonant frequencies are uniformly shift along with changes in temperature, allowing ther-
mal measurements to be made with this ODMR.[7]?> The obvious downside to this temperature
measurement methodology is the required used of microwave pulses, which can be deleterious to

in vivo measurements. This malady is absent from all-optical thermal measurements made with

The spacing between these resonant frequencies also changes along with changes in magnetic field.[8] As this
fact is outside the scope of this paper, it will not be elucidated any farther.



split-vacancy color centers.

A split-vacancy color center is an area of diamond lattice where two adjacent lattice sites have
been vacated, while an impurity sit interstitially between them. Interesting species of these color
centers have impurities of non-carbon Group-1V elements (i.e. silicon, germanium, and tin). With
4 valence electrons of the impurity, six unpaired electrons around the vacancies and the tendency
for one of the vacancies to trap a free electron, these color centers form an 11 electron system.
When phonon-mixing of states is accounted for, this becomes a 4-level system. Once pumped with
an optical source, bluer than 600 nm, these color centers fluoresce with a spectrum composed of
4 ZPL’s and their accompanying PSB’s. Thermal changes in the color center result in changes
in the phonic properties of the system, leading to changes in its DWF, peak broadening[9], and
peak shifting[10]. Due to the accumulation of these effect, these 4 peak have merged at room
temperature, appearing a single spectral peak. Unlike NV spectra, the high contrast between the
ZPL’s and their PSB’s allow these spectra to be analyzed directly, by fitting various distributions
to them and recorded the resultant parameters. Since the ZPL broadens homogeneously, it has a
Lorentzian distribution, L (A). In the biological window, where spectra relevant to this thesis were
recorded, it has been found that a triple Lorentzian distribution, L (\) = Y2 L; (), fits well
over the whole peak. The values of the temperature dependent properties of L () allow the color
center to be utilized as an all-optical quantum thermal sensor.

This type of sensor has a noise-floor, 7y, determined by the number of PL photons, N, collected.
N is determined by 1.power of the laser pumping it, p, and 2.the acquisition time, At, with a lower
bound which is inversely proportional to the square root of the product of the two, 1 o (pAt)fl/ 2,
The downsides in decreasing this noise floor come from both parameters on which is depends.
One way of decreasing this noise floor would be to increase the acquisition time. This, of course,
would decrease the temporal resolution of measurements. The other way to decrease the noise
floor would be to increase the pump power. The downside to increasing the pump power is that
doing so increases the heating penalty and, consequently, heating that which is being measured

(this can be problematic for in vivo measurements).



Unless careful consideration is taken the diamond manufacturing process, NV defects can
form in relatively high concentrations unprovoked. Where split-vacancy defects are concerned,
diamonds containing these color centers are manufactured in one of two ways. Firstly, for bulk di-
amonds, ion implantation is a commonly used methodology. In this method, a bulk pure diamond
is irradiated with ions of whichever impurity is desired. If the inclination is for localized areas
of color centers in an otherwise pure sample a concentrated beam can be used. Another way of
achieving this outcome is via the use of a protective mask to isolate implantation regions. Either
way, the irradiation not only implants the desired impurities, it also damages the diamond lattice,
creating vacancies. Then, the irradiated sample is annealed, letting the lattice rearrange itself as

the vacancies migrate toward the heavier implanted impurities, creating the desired color centers.

Diamond
anvil

Gasket
sample

Figure 1.2: (a)The standard industrial HPHT diamond growth chamber utilizes a growth cell con-
taining the diamond seeds, graphite, and a catalyst mixture. The chamber raises the pressure and
temperature inside the cell to ~ 50 GPa and 1, 300° C.[11] "Reprinted with permission from [11]."
(b)This homemade diamond anvil cell (DAC) has a cell chamber in a 100 zm gasket hole and raises
the pressure and temperature to 10 GPa and ~ 400° C respectively.[12]"Reprinted with permission
from [12]."

Contrarily, smaller diamonds, such as those with sizes on the nanometer scale, can be grown
around seeds, such as diamonoid molecules. Diamonoid molecules are essentially engineered
molecules containing the atoms needed for the color center. Chemical vapor deposition (CVD)
can be used to grow these nanodiamonds. Unfortunately, the plasma utilized by this method tends

to destroy the seeds, leaving the final product to be standard carbon diamonds, sans color centers.



The only other viable method is high-pressure high-temperature (HPHT) growth. As the name
suggests, HPHT growth involves subjecting the seeds to a pure carbon environment under high-
pressures and at high-temperatures. The conventional source of this environment is a machine
that is resource intensive financially, spatially, and chronologically, as shown in fig. 1.2 (a). An
alternative to this type of apparatus has been found to be a diamond anvil setup. In this setup,
parallel facets of two large diamonds are clamped about a gasket with some carbon radicals and
seeds inside, as shown in fig. 1.2 (b), which is then heated in a vacuum. This diamond anvil
methodology is extremely frugal financially, spatially, and chronologically, with results on par
with the traditional HPHT apparatus. These methods can easily be used to grow standard “purer”
diamonds; however, when growing around diamonoid, a few considerations must be accounted for.
For one, if the temperature is too high, the seed can be destroyed. Also, the growth must be fast
enough to encase the impurities before they can be ejected.[13]

Both bulk diamonds diamonds with ion implantation regions and micro-diamonds grown in

HPHT environments were used to acquire the ensuing results.
1.2 State of the art

Unlike NV thermometry, split-vacancy thermometry is performed via all-optical processes. As
stated previously, NV thermometry measures the change in PL brightness corresponding to applied
microwave pulses, due to the temperature dependence of the electron spin resonances of the color
center. Split-vacancy thermometry, on the other hand, relies on the contrast between the ZPL and
PSB of the color center’s PL spectra to ascertain and exploit the temperature dependence of the
shape and location of the spectral peak (more on that later). While the ODMR methodology of NV
thermometric measurements are not ideal for in vivo measurements, it is still the benchmark for
high-resolution, high-sensitivity measurements.

One field that benefits greatly from from diamond color center thermometry is that of neu-
rostimulation. Specifically, neurostimulation via thermogenetics. For both NV and GeV ther-
mometers, the color centers are pumped with a 532 nm laser. Increasing/decreasing the pump

power will increase/decrease the temperature of the diamond containing the color centers, which
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Figure 1.3: (a)A NV probe thermometer (FD) used as a self-referential thermometer for thermoge-
netic activation of a single neuron (cell).[14] "Reprinted with permission from [14]." (b)NV nan-
odiamonds used for simultaneous spatially distinct temperature measurements to show the temper-
ature gradient across replicating cells with localized laser heating.[15] "Reprinted with permission
from [15]." (c)By placing NV diamond in a magnetic field, knowing the temperature dependence
of that field, and knowing the effects of magnetic field on electron spin resonance (ESR) of the NV
center, a hybrid thermometer with increased sensitivity was created. [16] "Reprinted with permis-
sion from [16]."

allows these types of thermometers to work as self-referential heaters. It is this property which is
exploited in thermogenetic experimentation. For example, a diamond thermometer probe is placed
in the vicinity of a neuron which expresses thermosensitive receptive potential (TRP) cation chan-
nels. As the name suggests, when a TRP cation channel is heated, it opens and allows the neuron
to fire. Due to the falloff rate of the heat radiated by the diamond, this thermogenetic approach
can address a single neuron, as opposed to previous optogenetic approaches with larger areas of
effect. An experiment demonstrating this was conducted with mouse neurons expressing TRPA1
channels, which are normally found in snakes (see fig 1.3 (a)). The heater was a NV diamond
fiber probe (FP). The beam from a Nd:YAG laser was coupled into one end of a fiber, which had
a NV diamond attached to the other end. This allowed the laser to pump the color centers, with-
out flooding the region with the light. Also, the fiber collects the PL emitted from the diamond
allowing it to be collected by the photodiode. In order to facilitate the the ODMR, a wire, carrying
microwave pulses, ran the length of the fiber and looped around the diamond. Once the pump

power was increased sufficiently to heat the diamond enough to cause the neuron to fire, it was



reduced, allowing the temperature to abate and the channel to close. This cycle was shown to be
able to repeatedly fire specifically target neurons. [14] Although this experiment was performed
with a NV-probe utilizing ODMR measurements, it should also be able to be accomplished with a
GeV fiber probe using all-optical thermometry. Doing so would allow this type of experiment to
be performed in vivo , without need for the biologically damaging microwave signals.

Another field in which diamond thermometry is useful is in cellular biology. Since the min-
imum size of a color center containing diamond is much smaller than a cell and diamonds are
non-toxic, a cell can be flooded with them allowing them to provide a thermal profile of the cell
while it undertakes various processes. This approach was used in an experiment performed on
caenerhabditis elegans (roundworm) embryos.[15] As illustrated in fig. 1.3 (b), roundworm em-
bryos were implanted with NV nanodiamonds and cell division was induced via localized infrared
(IR) heating. In order to maximize cell division rates, ODMR measurements on the nanodiamonds
were used to control the IR heating in order to maintain the proper thermal gradient across the
embryos. The simultaneous measurements of several nanodiamonds necessary for this experiment
was able to be accomplished due to the simple fluorescence brightness measurements needed for
the ODMR process. Although, the previously discussed methods of measuring the peak shift, peak
broadening, or change in amplitude of the fluorescence peak of a single split-vacancy color center,
does not lend itself to simultaneous measurements that would need to be made if this type of experi-
ment were attempted with them, there is another methodology that would work. The split-spectrum
intensity integration technique (detailed later) could be used to preform the measurements needed
for this type of experiment. Briefly, this technique exploits the temperature dependence of the
color center’s DWF and its effects on the fluorescence peak’s ZPL and PSB, allowing temperature
measurements to be made without individual peak analyses.

In NV thermometry, direct thermometric measurements are known to have sensitivities of sev-
eral mK/ V/Hz; however, better sensitivities have been demonstrated via hybrid thermometry. With
direct thermometric measurements, the zero-field splitting, D, is measured through ODMR. In hy-

brid thermometry, a NV nanodiamond is placed in the next to a magnetic nanoparticle (MNP),



whose magnetic field strength is temperature dependent (fig. 1.3 (c)). With this setup, ODMR 1is
used to measure the effect of the magnetic field on the transition frequencies (mg = 0 <» mg = £1)
of the NV spins. With the MNP designed with known temperature dependence of their magnetic
fields, this ODMR measurement of said magnetic field is also a temperature measurement. This
methodology has been shown to achieve sensitivities in the sub-mk/v/Hz range.[16] Of course
these measurements still have the setbacks of ODMR. Also, the temperature dependence of the
sensitivity must be considered. For these MNP’s, the best sensitivity is near its Curie point, with
an optimal working range on the order of 20 K. In opposition, GeV thermometry maintains its

sensitivity throughout the biological window (293-333 K).



2. BACKGROUND

2.1 Motivation

The following experiments develop methods of performing all-optical quantum thermometry
by examining the behaviors of split-vacancy diamond color center fluorescence peaks in response
to thermal stimuli, namely the precision and sensitivity limits of measurements to line shift, spec-
tral broadening, peak amplitude changes, and changes to the peak’s DWF. Experiments using fiber
probes and split-spectrum intensity integration will be detailed to demonstrate applicability in high-
spatial resolution thermometry and bolometry, while open-air thermometric measurements will

identify the limitations of these measurements.
2.2 Statement of problem

Diamond based thermometry is attractive for in vivo measurements, due to the facts that they
are chemically inert, nearly non-toxic and can achieve a high spatial resolution. Its commonplace
to use diamonds with NV color centers for these measurements; however, their drawback is that
they require microwave pulses to perform them. This weakness is eliminated with split vacancy
thermometry. Unfortunately, this solution introduces another limitation in the trade off between
sensitivity and heating, especially in Group-1V color centers. This comes from the fact that the
pump beam must be bluer than the spectral peak (e.g example a 532 nm Nd:YAG to get a GeV
to fluoresce at 601 nm), which heats the diamond. Due to the fact that sensitivity is dependent on
photon count, coupled with the fact that increased pump power increases the photon count of the
fluorescence, split-vacancy color center thermometry must sacrifice a heating penalty for improved
sensitivity. For example, in an experiment detailed later in this paper, measurements with GeV’s
pumped at a relatively high 50 mW, were able to achieve a high sensitivity, 7t ~ 0.6 mK/ vHz, but
suffered from a heating penalty of around 10 K. Induced heating of this nature can be prohibitive
to in vivo measurements. Also the possibility of near-IR thermometry with NiV’s could lead to

thermal measurements being made through much thicker biological materials.
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2.3 Tools

2.3.1 Group-lIV split-vacancy color centers as eleven electron systems

When two adjacent diamond lattice sites are vacant, there are six unpaired valence electrons.
The addition of an Group-IV atom, interstitially between those two vacancies, adds another four
electrons to the color center. The vacancy sites are now surrounded by unpaired valance electrons
and can trap a free electron in a superposition between the two vacancies. This configuration is
a split-vacancy color center with a charge of -1. Under proper circumstances, the trapped free
electron can be ejected, or another electron can be captured, leading to a plethora of potential
charge states.[17] . An example of this is shown in fig. 2.1 (a) with a germanium as the interstitial
atom and 1 captured electron. Considering a XV ! state, where X € {Si, Ge, Sn,Pb}. With
these eleven unpaired electrons, a color center of this type is analogous to a sodium atom. A
sodium atom has one valence electron in the 3s orbital shell, allowing for 2 possible ground states

%S 2(spin up/down,m;=0) and 6 excited states, P55 (spin up/down, m; = =£1) and *P; 5 (spin

up/down, m; = 0).

(a) |
-C—C—C-

_C-

-Ge-

_C..

-C—C—C-

Figure 2.1: (a)Germanium between two diamond vacancies forms an 11 e~! system. (b)Weak
and strong phonon mixing reduce the number of ground and excited states of the eleven electron
system. (c)Group-1V split vacancy spectra at various temperatures.[ 18] "Reprinted with permission

from [18]."

-C_

_C_

(b) m=-1 m=0 m=1 m=-1 m=0 m=1
3p - =1 P L=1
3s J— L=0|  weak 3s — L=0
E strong phonon strong
u phonon mixing phonon
mixing K\ mixing
mz-1 m=0  m=1 A\ m=-1 m=0 m=1
3p —_ = 30__+L1
3s J— L=0 3 . L=0
Ml R0 el , m=-1 m=0 m=1
» L1l LI + — L=
3s JR—
3 — L0l weak
strong phonon strong
phonon mixing phonon
g e N P
m=-1 m=0 m=1 1 m=-1 m=0 m=1

11

o
®

PL intensity (arb. un.)

o
=

0.0

AB CD

AE =4.5 meV

AE =0.7 meV

(¢}

1 1 1
2.060 2062 2.064

Photon energy (eV)

1
2.058



When taken in isolation, this electron configuration suggests 8 possible states for the electron
to be in; but that is there is a difference between the sodium atom and a Group IV color color center
that has yet to be accounted for. That difference is the fact that the color center is, intrinsically,
bound to the diamond lattice. This fact demands the consideration of phonon mixing. Such as the
strong phonon mixing between the ?S; /> spin up(spin down) and ?P; 5 spin up(spin down) states,
as well as weak mixing between those states. Also, there is strong mixing between *Ps /5, m; = —1
(m; = 1) spin up and down states. There is weak mixing between those states as well. As shown
in fig. 2.1 (b), these mixing relations drop our 8 state system to a 4 state system, as demonstrated

in low temperature spectroscopy as 4 ZPL’s with their accompanying PSB’s (fig. 2.1 (C)).
2.3.2 Temperature dependent behaviors of split-vacancy color center spectral properties

Due to electron—phonon interactions, various properties of the fluorescence of the color center
have been shown to predictably vary with temperature. These properties include central wave-

length, peak width, amplitude and DWF.
2.3.2.1 Line shift

As laid out in the paper ‘Electron—phonon processes of the silicon-vacancy centre in diamond’,

published by Kay Jahnke et al in “New Journal of Physics", the spin—orbit splitting shifts like:

L o 26l (o 49)
5 ((5E_ + (5E+) = —2hxp/ o o w?dw
NI

x T3

where x and p are proportionality constants for the phonon interaction frequency, i (w), and

the density of modes, p (w), respectively.[19]
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Figure 2.2: T® dependence of the central wavelength shift of GeV fluorescence, (a), is shown to be
the same across multiple samples with various vertical shifts, (b).[20] "Reprinted with permission
from [20]."

The behavior of this shift is expressed spectrally as as the central wavelength of the fluorescence
becoming redder with a T? dependence, see fig. 2.2 (a). When different samples were interrogated,

the same T? behavior was detected, but each one different y-intercepts.
2.3.2.2 Peak broadening

In the same Jahnke paper, the relaxation rate, due to electron—phonon interactions go like:

Va4 R 2T (hAxp)Q/ n(w,T)(n(w,T)+ 1) w?dw
0

273
=35 (Axp)’ ks T?

Here, A refers to spin-orbit splitting, n (w, T) is the occupation function, and, again, there is a

T3 dependency.[19]
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Figure 2.3: T* dependence of peak broadening.[20] "Reprinted with permission from [20]."

Since the relaxation rate determines spectral peak width, the experimental results showing a T?

dependence of peak broadening is expected.[20]

Linear approximation:
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Figure 2.4: Although it has been shown that line shifts and peak
broadening have T® dependence over a wide range of temperatures;
a linear approximation provides accurate relationships to line shifts,
(a), and peak broadening, (b), over short temperature ranges about
the biological window. [20] "Reprinted with permission from [20]."

2.3.2.3 Temperature dependence of peak amplitude

The ZPL of the fluorescence spectrum produced by a sample of GeV color centers is generated

by purely electronic transitions. This means that it broadens homogeneously, giving it a Lorentzian
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profile, per example:

_ Ay
L(/\) - T [<)\_)\C)2+72}

with peak width, -, and central wavelength,\.. Now consider a peak, L; () at temperature T,
with central wavelength at \.; and width of ;. Now consider the peak changing, L, (\), due to a

change in temperature, T; — T5, with a corresponding line shift, A\.; — A2 and peak broadening,

Y1 Y2l

A
L, ()\) . 272

N A1
Ly (A) T [()\ _ )\62>2 1 722}

o [N =) 72 -

Due to electron—phonon processes, a rise in the temperature of a GeV color center actually de-
creases the total energy in the ZPL. This means that the effects that will be demonstrated presently
will be greater than what is shown. With that in mind, assuming conservation of energy, the integral

over both of these spectra should be equal. i.e.

/RLl (/\):/RLQ()\)

A * A >
=L arctan (u) = 2 arctan (u)

T oo m —00
A A
r=22r=A

T T

It is evident that the value of a Lorentzian is maximized at A = )\, i.e.
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Since this treatise concerns an increase in temperature, and literature and experiment indicates

that this leads to an increase in peak width, it holds that o > ~;.

2o
i

leax

>1
L2max

leax > L2max

showing that, even in the unobtainable optimum circumstances, peak amplitude decreases as
temperature increases. As previously stated, this effect is enhanced due to lose of energy due to

electron—phonon interactions.
2.3.2.4 Temperature dependence of DWF

The DWF is chiefly used to describe the diminishment of x-ray/coherent neutron scattering in

a crystal due to thermal motion of atoms about their lattice sites. Given by:

in which wy, is the maximum phonon frequency and m is the mass of the atom. It should also
be noted that the DWF of a crystal is also dependent on temperature, T, and phonon density of

states, g (w).[21]
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Figure 2.5: Spectral peak ZPL and PSB deconstruction.

Since the fluorescence peak of a split-vacancy color center is a convolution of a ZPL and a
PSB, and the DWF is a function of temperature and phonon density of states, it is argued that the
percentage of the total spectral peak fluorescence that is contributed by the ZPL (the solid blue line
in fig. 2.5) is determined by the DWEF. For this reason, the measurement of said percentage will
be referred to as the color center’s DWE. This measurement will be made in two ways. One way
is through pure numerical integration of recorded spectra. In this method, all of the spectra bluer
than a splitting wavelength (black dashed line in fig. 2.5) is numerically integrated and divided
by the integration of the wavelengths redder than the splitting wavelength. The second way this
will be measured is through split-spectrum intensity integration. Put simply, with a more complete
description to come, a dichroic mirror (DM) separates the redder photons from the bluer ones and

integrates each portion individually via a charge-coupled device (CCD) camera.

2.3.2.5 Wrap up

It has been demonstrated that a GeV color centers emit a fluorescence peak with temperature
dependent line shift, peak width, peak amplitude, and DWF. The next section will detail the exper-

iments utilizing measurements of these properties to produce all-optical thermal sensors.

17



3. RESULTS

Interrogation of temperature dependent properties of split-vacancy color centers in diamond
has been performed via 3 general modalities: fiber probe spectroscopy, split-spectrum inten-
sity integration, and open-air spectroscopy. Two experiments were performed with fiber probe
spectroscopy.[10][9] In ‘Fiber-Optic Quantum Thermometry with Germanium-Vacancy Centers
in Diamond’, a probe was constructed with a bulk diamond containing ion implantation regions
of GeV color centers. In its execution, peak broadening and line shifting measurements were
used to create a 1-dimensional thermal image.[10] ‘Photonic-Crystal-Fiber Quantum Probes for
High-Resolution Thermal Imaging’ focused on spatial resolution by employing a microdiamond
containing GeV’s. Temperature measurements calculated from line shifting were used to produce
a 2-dimensional thermal image.[9] The experiment performed by means of split-spectrum intensity
integration used the thermal dependence of the DWF to measure the temperatures of several spa-
tially distributed GeV microdiamonds simultaneously to construct a 2-dimensional thermal image.
Then, the open air modality was employed with 1.a GeV diamond, establishing the noise floor of
measurements and their links to heat penalties, and 2.NiV diamond color centers, to push toward
near-IR thermometry.

As stated earlier, spectral analysis on the GeV fluorescence peaks was performed by the ex-
traction of parameters found by the fitting the recorded spectra with triple Lorentzian distributions,

L(\) =32 Li(\), where

B A
Li (/\) - T |:(>\ . )\1)2 +,_)/12:|

, with 7;, Ai, and A; being the peak width, central wavelength, and amplitude of the i™ Lorentzian,
respectively. Since the behaviors of interest concern the ZPL, it is the parameters of L that are of

interest.
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3.1 Fiber probe spectroscopy

For the 2 experiments conducted with this technique, fiber probes were constructed by, firstly,
attaching the core of one end of an optical fiber to a diamond containing GeV’s. In ‘Fiber-Optic
Quantum Thermometry with Germanium-Vacancy Centers in Diamond’, a standard fiber with a
50 pm core was attached to the GeV implantation region of a bulk (2 mm by 2 mm by 1 mm)
diamond.[10] Then, for ‘Photonic-Crystal-Fiber Quantum Probes for High-Resolution Thermal
Imaging’ a5 pm GeV was diamond attached to the 5 ;sm core of a photonic crystal fiber (PCF). The
PCF was used because it was able to achieve a small enough core size with a high enough numerical
aperture to collect all the modes of the diamond’s fluorescence.[9] Except for the fiber and diamond
components, both of these experiments utilized the same components in the same configuration.
Once the fibers had their diamonds attached to one end, the second-harmonic of a 532 nm Nd: YAG
laser was coupled into the opposing ends of the fibers, where it then propagated through the fibers,
pumping the GeV’s. The diamonds’ fluorescences were then collected by their respective fibers,
counter-propagating back to the ends into which the laser was coupled. Upon leaving the fibers, the
fluorescence signals were filtered from the pump light, via a DM, and collected by spectrometers.
See figures 3.1 (a) and 3.3 (a).

For the bulk diamond probe, the probe tip was placed in direct physical contact with a heating
system which consisted of a copper plate, a thermistor, a thermo-electric cooler (TEC), and a
proportional-integral-derivative (PID) controller. Once the copper plate was heated to a desired
temperature, the fluorescence from the probe was collected and analyzed. This was repeated for
temperatures ranging from 20° C to 50° C. The central wavelengths and peak widths were then
calculated for measurements at each temperature and linear fits were found, creating calibration
curves shown in fig. 3.1 (b). These calibration curves were found to have slopes of 0.013 nm/K
(width) and 0.008 nm/K (central wavelength), in accordance with the literature.

The probe was then translated across a heated 120 pm copper wire in 25 pm steps, with spectra
recorded at each step (fig. 3.2 (a)). Analyses of the recorded spectra were then compared with

the established calibration curves to determine the temperature of the probe tip at each step in
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Figure 3.1: (a)An optical fiber attached to a GeV implantation region is optically pumped and
the fluorescence is sent to a spectrometer.[10]. (b)Spectra were recorded and analyzed at various
temperatures, creating calibration curves for peak width (A\w) and central wavelength (\.).[10]
"Reprinted with permission from [10]."
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Figure 3.2: (a)The tip of the fiber probe was moved across a heated wire, with spectra being
recorded at 25 pm increments.[10] (b)Thermal images of heated copper wire, with one image
along the y-axis (black squares) and two images along x-axis (red and blue circles), each at its own
constant y-coordinate.[10] "Reprinted with permission from [10]."

the translation. It was translated once along the y-axis (black squares in fig. 3.2 (b)) and twice
along the x-axis (blue and red circles in fig. 3.2 (b)) creating 3 1-dimensional thermal images of
heat dissipation around the wire with a spatial resolution of 25 pum. This experiment was able to
achieve sensitivities better than 20 mK/ VHz.[10]

Since the whole of the bulk diamond was larger than the fiber to which it was attached, heating
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Figure 3.3: (a)A microdiamond is attached to the 5um core of the PCF and scanned over a heated
wire grid while recording spectra at 5um steps. The analyzed spectra was used to create a 2D-
thermal image.[9] (b)Z-axis temperature dependence of probe with recorded convection current
fluctuations on the order of 4+ 1K. Inset is an optical image of a section of the wire grid.[9]
"Reprinted with permission from [9]."

it by placing it on the heated copper slab was trivial. The microdiamond, alternately, was similar
in size to the PCF core to which it was attached, prohibiting the employ of the same method.
Instead, the motor from an optical disk drive was used to create a stirring mechanism. This stirring
mechanism was then used to stabilize the temperature in a water bath, heated with the same PID,
TEC, and thermistor as used prior. The microdiamond probe was then placed in this bath and
spectra were recorded at various temperatures, ranging from 25° C to 50° C. This data was then
analyzed, extracting the central wavelength for each spectrum. In agreement with the literature, a

calibration curve with a slope of 0.0078 nm/K and a sensitivity of 20 mK/+/Hz were calculated.
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The probe trip was then placed 20 pm from a heated wire mesh, consisting of 30 pym wires
and a 60 pm pitch. Spectra were then recorded, at each step, as the probe was translated away
from the mesh in 20 pm steps. The temperature distribution along this z-axis is shown in fig. 3.3
(b). At the first 3 steps, z=20 ym, 40 pum , and 60 pum, the probe was then raster scanned of a
500 pum by 500 pm area in 5 pum steps, with spectra recorded at each step. Using the previously
calculated calibration curve, temperature data were extracted from location and, utilizing Fourier-
filtering, thermal images were constructed of each scan. The image constructed while scanning at
z=20 pm is shown in fig. 3.4 (a). Fig. 3.4 (b) shows the trace of the inset of that image along the
locations indicated (yellow dotted lines) in fig. 3.3 (b). These traces show the thermal changes
around the features in the inset. Also, the trace along the black dotted line in fig. 3.4 (a) shows the
uneven heating in the grid wires (see fig. 3.4 (¢)).

These experiments demonstrated the ability use GeV diamonds to perform all-optical ther-
mometry with high sensitivity, high precision, and high spatial specificity, via measurements of

fluorescence broadening and line-shifting.
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Figure 3.4: (a)Fourier-filter thermal image of heated wire grid with probe at a distance of 20 ym.[9]
(b)Traces the inset of (a) along yellow traces in the inset in fig. 3.3(b), with purple dashed and
dotted lines representing the center and edges, respectively, of the wires depicted in the inset of fig.
3.3(b).[9] (C)Purple trace of the black dotted line in (a), showing wire-to-wire thermal variations
indicating uneven current along the y-axis.[9] "Reprinted with permission from [9]."
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3.2 Split-spectrum intensity integration

Working with the thermal dependence of the DWF of a split-vacancy color center, along with
the assertion that the percentage of the total fluorescence emitted by said color center in its ZPL, a
novel method of all-optical GeV thermometry was developed, which did not require spectroscopic
measurements. The technique for this measurement modality begins by splitting the fluorescence
spectrum into its ZPL and PSB components. Then, the intensities of each of these components are
integrated and compared. The idea behind this integration is that an each component is imaged
on a CCD camera and the number of counts of each pixel of the image, when summed over all
pixels, is the integral of the intensity of that component of the spectrum. The chief benefits of this
method, over the previously discussed methods, are twofold. First, there is no process of recording
a spectra, fitting a distribution function to it, extracting the parameters of that fit, and ascertaining a
temperature measurement from that. Instead, this method requires simply recording an image from
the CCD and summing up the counts. Secondly, whereas the previous method could only record
the temperature of a field by measuring one point at a time, losing temporal resolution in the
measurement of the whole field. Conversely, this method can use multiple diamonds, measuring
them all simultaneously, greatly improving temporal resolution.

Measurements of this type were achieved by first pumping a field of GeV microdiamonds with
the Nd:YAG laser. Then, an objective (Obj.) collected the emitted fluorescence and directed it to
a DM, which split the ZPL fluorescence from the PSB fluorescence by reflecting the wavelengths
shorter than a critical wavelength and transmitting wavelengths longer than that critical wave-
length. The reflected and transmitted components of the fluorescence were then simultaneously
imaged abreast on the CCD, as shown on fig. 3.5 (a). Now, consider the short wavelength image.
For each diamond in that image, the number of counts for each pixel occupied by that diamond
are summed over, giving the total intensities for the ZPL’s of all the diamonds in the field. This
same summation performed on the long wavelength image gives the total intensities for the PSB’s
of all the diamonds in the field. The ratios of these calculations gives the DWF measurements

for each diamond in the field. Since this method allows for multiple, spatially distinct diamonds
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to be measured simultaneously, instantaneously generating 2-dimensional thermal images with a

temporal resolution limited only by the exposure and processing times for each image.
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Figure 3.5: (a)A field of diamonds are pumped and their fluorescence is collected by the objective
(Obj). Then, the DM separates the short and long wavelengths and images them, juxtaposed, on
the CCD. (b)With the full spectrum, the green dotted trace, split at one critical wavelength, the
blue solid line shows what portion of the fluorescence is reflected off of the DM, while the blue
dashed line shows the fluorescence transmitted through the DM. Similarly, the solid and dashed
red lines show the same thing for a separate critical wavelength. The black dashed line shows
the absolute angle cutoff used in numerical calculations based on recorded spectra. (c)Thermal
response of fluorescence ratio for critical points at 610 nm (blue), 625 nm (red), and 607 nm
(green), demonstrating an optimal response of ~ 3600 K.

To determine the optimal properties of the DM, 2 different critical wavelengths were tested.
Results using critical wavelengths at 610 nm and 625 nm are shown in fig. 3.5 (b) as red and
blue traces, respectively. Also, a critical wavelength was calculated mathematically by numerical
integration of recorded spectra. This critical wavelength was calculated to occur at 607 nm (vertical
black dashed line in fig. 3.5 (b)). The thermal response (precision) for these three critical points
was measured by heating the diamonds with the PID,TEC, thermistor setup used previously and
recording images and spectra at various temperatures. The highest precision was found with the

625 nm critical wavelength, as shown in fig. 3.5 (c).
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Figure 3.6: (a)Field of fluorescing diamonds acting as thermal image pixels. (b)Thermal response
from fluorescent ratios cut at the 625 nm critical point, for the three pixels in (a), were found to
have the same slope.

With the optimal critical wavelength determined, a field of GeV microdiamonds (fig. 3.6 (a))
were pumped with the Nd: YAG laser and imaged at various temperatures, demonstrating fluores-
cence ratios of similar precisions (fig. 3.6 (b)). A sensitivity of 130 mK/ v/Hz was calculated, as a
resultant from a noise floor of 1 K per frame at a frame rate of 60 Hz.

Next, to demonstrate the ability of this method to perform thermal mapping, another field of
GeV microdiamonds (fig. 3.7 (a)) was heated with the Gaussian profile of a 635 nm laser. Treating
each diamond as a thermal pixel in a 2 dimensional array, the power distribution of the beam was
modelled as it would spread across the array (fig. 3.7 (c)). The thermal map was compared to the
numerical power distribution model, determining the power to heat ratio for each pixel. The power
of the heating laser was then varied, as measurements were taken to find the slope for applied
power as a function of pixel temperature. This slope was then used to find P, which was then
used to reconstruct the beam profile in fig. 3.7 (b), as shown in fig. 3.7 (d).

This experiment shows a viable form of biologically friendly thermal imaging, with pixel sizes

limited only by the size of the diamonds used.
3.3 Open-air spectroscopy

The fiber probe modality offers unsurpassed mobility. Once constructed, the probe tip can be

easily placed nearly anywhere a temperature measurement needs to be taken. Its main drawback
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Figure 3.7: (a)Field of diamond thermal pixels (red boxes) used in imaging. (b)Numerical model
of 25 mW focal spot of 635 nm diode laser with a Gaussian beam profile. Red stars represent
thermal pixel locations. (c)Thermal map of thermal measurements of pixels in (a) under heating
by the laser modelled in (b). (d)Power normalized by absorbance (P,s) spatial profile interpolated
from thermal map (c).

is the fact that, by its very nature, it only collects a small percentage of the total fluorescence
emitted by the color centers. Since the standard deviation of the temperature readout is inversely
proportional to the square root of the number of photons collected (i.e. o o< N™/2) at the shot-
noise-floor level, the low collection efficiency of the fiber probe directly leads to a decrease in
measurement sensitivity. This third technique sacrifices the mobility of the fiber probe, but enjoys
a much higher collection efficiency, increasing the sensitivity of the measurements.

The general mechanisms utilized by this method are nearly identical to the fiber probe method.
The setups would be indistinguishable form one another if M3 and Obj were replaced with a fiber
(fig. 3.8 (a)). As usual, in analyzing recorded spectra, a triple Lorentzian was fit to the peak (fig.
3.8 (b)), with L (\) indicating the properties of the GeV ZPL, while L; () + Ly ()\) indicating
the properties of the PSB. The central wavelengths, peak widths, and amplitudes were measured

in the same way as they were in the fiber probe experiments, while the DWF’s were measured by
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Figure 3.8: (a)The setup for this modality has a CW laser with 2 totally reflective mirrors (M1 and
M?2), an acousto-optic modulator (AOM) and an iris (D), which allows the laser to be pulsed in con-
cert with acquisition times. The laser then travels through a neutral density filter (ND) and dichroic
mirror (DM), before hitting another mirror (M3) and coupling into the objective (Obj) above the
GeV diamond. Obj collects the PL, reflecting off M3 and DM, to be collected by the spectrom-
eter [lenses (L1, L2, and L3), a diffraction grating (DG), and a camera]. (b)The overall GeV PL
spectrum (black), the fitted triple Lorentzian (red dashed), and the decomposed Lorentzians (blue,
pink, and green shaded). (c)Calibration curves for \q (black), v, (brown), A, (blue), and DWF
(red) as functions of temperature for PL spectra of GeV diamonds.

numerical integration of the spectra (just as was done when determining the critical wavelength for
the split-spectrum intensity integration experiment).

With the diamond heated to various temperatures from T~25 K to T~45 K and spectra recorded
at each temperature, calibration curves were constructed for these properties (fig. 3.8 (c)). These
curves show precisions of 0.00840.0005 nm/K (central wavelength), 0.042+0.003 nm/K (width),
and 0.008 £ 0.0005 K~! (amplitude). The values are in concordance with previous measurements.

With the diamond at room temperature, the ND was varied, allowing the beam to pump the
diamonds at different powers. Fig. 3.9 (a) shows, predictably, that the diamond heating is lin-
early proportional to the pump power. Since increased power leads to increased sensitivity, but
also incurs a heat penalty, another approach to increased sensitivity is must be considered. This
approach is found in a sensitivity maximization function. This function is a linear summation of
other weighted parameters, S;.x = Ay + W) AN+ WAAA, where Ay, A\, and AA are the preci-
sions of width, central wavelength, and amplitude measurements, respectively. This S,,,x function

minimizes the noise floor by choosing weights, W, and W,, such that they minimize the variance

of the measurements, og = \/072 + (W)\O')\)2 + (WAO'A)Z. As seen in fig. 3.9 (b), S;.x produces

a much lower noise floor than any of the individual properties on their own. Comparing changes
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Figure 3.9: (a)Calibration curves for )\ (black), v, (blue), and A, (red) as functions of power for P1
spectra of GeV diamonds. (b)Noise-floors for )y (green), v (pink), Ag (brown), and S« (blue) as
functions power compared with heating (red) as a function of power. (c)Traces for )\ ([i] and [v]),
o ([iii] and [vii]), Ay ([ii] and [vi]), and g ([iv] and [viii]) at pump powers of p ~ 4.7 mW (brown
lines in [i]-[iv]), p =~ 10 mW (green lines in [i]-[iv]), and p ~ 50 mW (blue lines in [v]-[viii]).

in noise floors with heating as functions of pump power, shows the inherent trade-off between
heating and sensitivity in GeV temperature measurements. The traces in fig. 3.9 (c) confirm this
sensitivity-to-power relationship. It is shown that, for p ~ 23 mW, central wavelength, peak width
and amplitude have sensitivities of 4, 2.3, and 19 mK /v/Hz respectively, with a few K of heating.
At p = 50 mW, a sensitivity of nr ~ 0.6 mK/ v/Hz was achieved, but the diamond suffered a
heating penalty of AT ~ 10 K.

The number of photons collected for a measurement is a product of the power of the pump
and the length of time over which they are collected. Since the noise floor of the measurement
is inversely proportional the square root of the number of photons collected, it can be lowered
by either increasing pump power or acquisition time. This experiment has shown that, without

sacrificing temporal resolution, in order to increase the sensitivity of GeV thermal measurements,
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an increase in power is required. This power increase also delivers and increased heating penalty.
For the best sensitivities, a heating penalty, that could be detrimental to in vivo measurements, is

incurred.
3.4 Nickel-Vacancy open-air spectroscopy

Another split-vacancy color center being investigated is the nickel-vacancy (NiV) color center.
It’s structure is similar to the GeV, with the exception being an interstitial nickel atom replacing
the germanium atom, as shown in fig. 3.10 (a). This color center has a central peak around 1.4 eV

(880 nm) (fig. 3.10 (b)) which is in the near-IR.
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Figure 3.10: (a)A NiV is a color split vacancy color center with a nickel impurity.[22] (b) Kohn-
Sham levels for NiV™ showing an excitation of 1.4 eV.[22] "Reprinted with permission from [22]."
(c) In the near-IR, 10% fluence penetrates 4mm through biological material[23] "Reprinted with
permission from [23]."

This near-IR peak is able to be pumped with a near-IR laser (780 nm). Since both the pump
and peak are in the near-IR, they fall well within the biological transparency window. This allows
them to penetrate biological material much better than the optical pump and signal photons from a
GeV measurement, as is made clear in fig. 3.10 (c¢). This would allow thermal measurements to be
taken at much greater depths in biological material than are possible with all-optical thermometry.
Several specimens of microdiamonds, shown in fig. 3.11 (a), were found containing spectral peaks

at 880 nm, indicating the presence of NiV’s.
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Figure 3.11: (a) Microdiamonds on the scale of around 5 microns, containing NiV color centers.
(b) Several pump lasers (488 nm, 532 nm, 636 nm, and 780 nm) are focused onto a heated stage
with N1V microdiamonds, whose fluorescence is reflected off of the beam splitter and collected by
the spectrometer.

Fig. 3.11 (a) shows a wide-field microscope where an objective (obj.) focuses a pump laser onto
a field of these diamonds on a heated stage. The objective then collects the diamond’s fluorescence
which reflects off the beam splitter (BS) and is collected by the spectrometer (SPEC). The use of a

broadband beam splitter allows a wide range of lasers to be coupled into the system.
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Figure 3.12: (a) Full spectrum of NiV with its main peak around 880 nm and a side peak around
910 nm. Tracking the temperature dependence of the amplitudes of the main peak, the side peak,
and their ratios when pumped at (b)488 nm, (c¢) 532 nm, and (d) 636 nm
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For initial measurements, amplitudes of the main peaks and the side peaks were measured,
at various temperatures. Measurements were taken with three different optical lasers: 488 nm,
532 nm, and 636 nm. As shown in fig. 3.12 (b)-(d), regardless of pump wavelength, individual
amplitude measurements were highly cubic in nature, while the temperature dependencies of the

ratios are highly linear.
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Figure 3.13: Calibration curves (a) and sensitivity measurements (b) for amplitude ratios pumped

at 532 and 636 nm. (c) Calibration curve and laser power heating for amplitude ratios pumped at
780 nm

The calibration curves showed slopes of 592.35 K and 508.98 K, for 532 nm and 636 nm
pumps, respectively (fig. 3.13 (a)). These curves were used to calculate sensitivities of 1465
mK /v/Hz and 6618 mK/+/Hz respectively (fig. 3.13 (b)). These unacceptably high sensitivities
may be due to the fact that these are the first infrared spectroscopic measurements made in a lab that
had, previously, only performed optical spectroscopy. It is highly possible that these sensitivities
can be lowered with improved measurement practices. In fig. 3.13 (c), the calibration curve for the
780 nm pump shows a slope of 442.95 K, which was used to determine a relatively low heating
penalty of less than 1 K over 5 mW of power.

With further refinement of equipment and measurement practices, improved data could be col-
lected, leading to improved analyses of said data and better understanding of this largely unex-

plored color center.
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4. CODA

4.1 applications

1. The GeV fiber probe modality could allow thermogenetics, in the same vein as the neu-

rostimulation experiment mentioned earlier, to be performed without ODMR.

2. The split-spectrum intensity integration technique could be used to perform nanoscale bolom-

etry, like the roundworm embryo experiment, without ODMR.

3. Fig. 4.1 shows a polymerase chain reaction (PCR) methodology in which a hollow fiber
is filled with PCR materials and GeV nanodiamonds. A 532 nm laser is coupled into the
fiber, which heats the diamonds and, in turn, the PCR solution. The fluorescence from the
diamonds is collected, allowing the temperature to be measured. The power of the pump
laser can be varied in accordance with the temperature measurements, providing the thermal

cycle needed for the PCR multiply the desired species.[24]

Near-IR
diode laser

readout : Blue \aser
> diode

C - y)

Figure 4.1: ‘Photonic toolbox for fast real-time polymerase chain reaction’[24] "Reprinted with
permission from [24]."



4.2 Future explorations
4.2.1 Improved fittings

Improper spectral fittings can add noise to calculations which can propagate to noise in mea-
surements calculated from said fittings. Currently, triple-Lorentzians are fit over the ZPL and
PSB; however, the peak is more similar to a Lorentzian, from the homogeneous broadening of
ZPL, mixed with a Gaussian, from the inhomogeneous broadening of the PSB. It is this observa-
tion which motivates the idea that better fits might be Voigt profiles, which are convolutions of a

Lorentzian and a Gaussian distributions.
4.2.2 Optical gating

In the paper ‘Optical Gating of Resonance Fluorescence from a single Germanium Vacancy
Color Center in Diamond’, published by Chen et al in "Physical Review Letters’, a diamond with
GeV’s was placed in a cryostat with a confocal microscope. It was pumped with a non-resonant 532

nm laser as well as a 602.3 nm laser, which was resonant with one of the four GeV transitions.[25]
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Figure 4.2: (a) A GeV diamond in a cryostat being pumped with resonant and non-resonant beams
while its fluorescence is collected.[25] (b) While pumped with both beams, the color center fluo-
rescence is brighter than when pumped by the resonant beam only.[25] "Reprinted with permission
from [25]." (c¢) Using the LO in a LIA to control the AOM, allows the change of fluorescence to be
recorded while filtering out the noise in the measurement.

The acousto-optic modulators (AOM) allow the switching of pumping modes from either one,
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individually, to both, simultaneously. It was found that when pumping the GeV’s with both lasers,
the fluorescence was bright, while pumping the GeV’s with just the resonant laser would cause the
fluorescence to dim (fig.4.2(a)).

This behavior can be exploited by running the AOM on the resonant laser with the local os-
cillator (LO) on a lock-in amplifier (LIA), with the output of the photodiode being input into the
LIA (fig.4.2(c)). In this measurement regime, the LIA would filter the noise and output a voltage
that’s the difference between the voltages output from the photodiode during bright and dim fluo-
rescences. This value should be temperature dependent and could possibly provide another GeV

thermometric measurement methodology, which a much lower noise floor.
4.3 Conclusion

Optical thermometry has been shown to have high spatial resolution, high sensitivity, high tem-
poral resolution. Also, they’re biologically inert, making them safe to put in living organisms. The
most common optical thermometry is performed with ODMR performed on NV color centers. An
improvement to that is the all-optical thermometry of split-vacancy color centers. These color cen-
ters have shown to have fluorescence spectral peaks with temperature dependent: peak amplitude,
peak width, central wavelength, and DWEF. They are able to achieve sensitivities on par with NV
sensors, but suffer a heating penalty in exchange for it. Further investigation into the properties
and behaviors of NiV’s, could provide viable near-IR thermometry, allowing biologically deep

fluorescence spectroscopy.
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APPENDIX B

SUPPLEMENT 2: TEMPERATURE DEPENDENCE OF ELECTRON-PHONON PROCESSES
IN SPLIT-VACANCY COLOR CENTERS AND THEIR EFFECTS ON SPECTRAL PEAK
PROPERTIES

Jahnke et al built a microscopic model of the electron—phonon processes in silicon—vacancy
(SiV) color centers for their paper, “Electron-phonon processes of the Silicon—Vacancy centre in
diamond", published by Janhnke et al in the ‘New Journal of Physics’. This model explains the
mechanisms behind the relationship between temperature and peak shift and broadening behav-
iors of the fluorescence emitted by SiV’s.[19] Although this treatment addresses SiV processes
specifically, these properties are explanatory for similar behaviors in other Group IV color centers

(including GeV’s).
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Figure B.1: (a)The standard spin up projection of the four energy levels,of a split-vacancy color
center. This model includes 2 ground states(|e® ( +)>), with energy splitting of A® and dephasing

rate of 7, and 2 excited states (|e". ( +))), with energy splitting of A" and dephasing rate of . This
energy structure provides four radiative transitions (A,B,C,D) and four non-radiative transitions
', Y-, v®,, and v®_). (b)Two-phonon inelastic Raman scattering. (c)Two-phonon elastic
Raman scattering.

For Group 1V split-vacancy color centers, assuming temperatures on the scale of T > %, the
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splitting of the ground and excited levels is determined by the linear Jahn-Teller interaction be-
tween E-symmetric electron states and acoustic phonons. Consider the following electron-phonon

interaction:

o S s (o) o ()] ®
k

Here, xy is the interaction frequency for a single phonon, o (_) is the orbital state raising(lowering)
operator. While a', x and a, y, for polarization p € {—, +} and wave vector k, are the phonon cre-
ation and annihilation operators, respectively. In diamond color centers, the impurity ions are dis-
placed and translated by long wavelength acoustic phonon modes with even parity. These modes
are the ones responsible for electron—phonon coupling. When averaged over all modes such that
wy = w, they have an interaction frequency of |y (w)|> &~ yw, where  is a proportionality con-

stant. Also, the density of modes is p (w) = pw?, with p being another proportionality constant.
B.0.1 Relaxation rates and peak broadening

Let V. /0t = 0, a single E phonon, with a frequency equal to level splitting (A" in fig. B.1
(a)), will be absorbed or emitted as a first-order transition. After thermally averaging over initial
states, summing over final states, and assuming temperatures such that T > hA /kg, the relaxation

rates are approximated to be linearly dependent on temperature, i.e.

u u 2T
’Y-g+( ) ,Yg( ) prAszT

Fluorescent line broadening is determined by these relaxation rates and Jahnke et al found the
broadening to be in line with these relaxation rates for 2.4K < T < 20K, but strayed from it beyond
those temperatures. Indicating that, for temperatures greater than that range, relaxation rates are

dominated by second-order electron—phonon transitions. Due to the form of equation B.1, the only
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possible second-order electron—phonon transitions require identical initial and final states. This
limitation suppresses, in split-vacancy color centers, the inelastic Raman scattering processes (fig.
B.1 (b)) which dominate NV color centers, leaving the elastic Raman scattering processes (fig.
B.1 (c)) as the only transition. Considering, then, the elastic scattering rate for |e_), and, again,

thermally averaging over initial states and summing over final states, leads to

p (A +w) p(w) dw

“ 1 1
=27t [ 0@+ T 0w D) + ) B+ o)l e @F| =5 + 5
0 W

(B.2)

With the Debye frequency of diamond being (2. Under the conditions that acoustic modes and
temperatures of the sort that exclusively modes with frequencies €2 > w > A make up the vast

majority of contributions to the integral in equation B.2, the relaxation rates can be rewritten as

Ve N Yy N 27r(hAXp)2/ n(w,T) (n(w,T)+ 1) wdw
0

273
=37 (Axp)’*ks®T?

This shows that the relaxation rates and, therefore, the peak broadening, goes like T?.

B.0.2 Spin-orbit splitting and central wavelength shifts

Orbital state energies are also perturbed by electron—phonon interactions. 0E_ ), the second-

order energy shifts for states |e_(.)), due to phonon modes, are
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Ny (y), Ny(y)k + 1
TE- (x(3),K) = (i) (22 - 0 )

and

Dy (y) k Dy (y) k +1
OB (x (v),k) = (hy)? [ =%
)10 = () (0 - B
with wavevector k and occupation ny(y) k. Using the assumptions from section B.0.1, concern-
ing the acoustic modes and temperatures, and taking the thermal averages over all vibrations levels,

it can be seen that

— 1. A (rkg)?
SE_ = W2y | ——03 + 202 4 VB 2
Xp < 30T T g

— 1 A (rkg)?
E —_ 2 _Q?) _QZ T2
0E h=xp <3 + 5 + 372

e 2(mk®)?

This shows the splitting to be proportional to T?; however, it has been experimentally shown
to be proportional to T3. The failure of this treatment to properly predict experimental data stems
from an established problem in dealing with the linear Jahn-Teller interaction. Namely, the choice
of rectangular coordinates in said treatment. The rectangular coordinates, (Qy, Q,), produce wave-
functions (¢; (Qy) , ¥; (Qy)), where i and j are the independent mode numbers. Conflicts with
the cylindrical symmetry of the linear Jahn—Teller vibrational potential, require higher orders of
perturbation to achieve an accurate result.

This problem is alleviated with a switch to polar coordinates, p and ¢, giving vibration wave-
functions 1, (p, ¢). These wavefunctions depend on principal vibrational quantum numbers, v =
1,2,3, ..., and vibrational angular momentum quantum numbers, 1 = —v+1,...,0,1,...,v — 1.

In these coordinates, E, = vhw is the energy for modes of frequency w and principal vibrational
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quantum number v. This gives that

2ehw/kBT (e2h/.d/kBT + 3)

2
d
ehw/ksT _ 1) (ehw/kBT + 1)2w w

1 Q
o (

x T?

Thusly, this approach does properly predict the experimental behavior, linking the second-order
electron—phonon interactions in the color center with the shifting of the central wavelength of the

fluorescence peak.
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