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One of the most powerful scientific tools available to studying natural phenomena is
light. For spectroscopic analysis, Light has uses in nearly every branch of science, yet
light has the often unintended side effect of causing photothermal heating. This heat-
ing will alter the system being measured, which can cause serious issues for sensitivity
and accuracy of measurement readouts. It becomes necessary to offset this heating
in many applications. While this can be done with traditional methods, mainly heat
sinks, cryogenic fluids, and thermoelectric coolers, these also add constraints to the
system by requiring cooling via conduction with a cooler medium. One solution is the
use of laser refrigeration to remove the excess energy from the system via radiation
through the emission of light. Chapter 1 focuses on understanding laser refrigeration,
as well as understanding optical tweezers, which stand to gain much from the use of
laser refrigeration.

This work focuses on understanding the current scientific body of knowledge sur-
rounding rare earth fluoride microcrystals for laser refrigeration applications, includ-
ing synthesis, characterization, and applications in complex experiments. These ma-
terials represent a non-contact method of cooling micro and nano scale materials

through laser irradiation alone, including the cooling of payloads attached to the sur-



face of the crystals. In chapter 2, we discuss the synthesis of these materials. By
controlling the synthesis, we can make microscale materials that cannot be grown in
bulk with current methodologies. These novel crystals are predicted to have the high-
est possible cooling power of any material that can be reliably made. Not only can
these materials be grown through these novel methods, but the morphology can be
tuned easily to provide optical cavities with resonant properties, with respect to the
cooling laser beam. By doing so, it becomes possible to make microcavity materials

for optimized laser refrigeration through direct hydrothermal synthesis.

Understanding the synthesis of these materials is critical to successfully modeling
and improving upon design. The nucleation of sodium yttrium fluoride, the main
material of interest, was not well understood prior to these works. We study the
nucleation and find it to be a multi-step crystallization mechanism that operates
through spinodal decomposition of the principal reagents into ion-rich and ion-poor
phases, causing the product to crash out as a gel. The gel then reacts with the water
surrounding it to transform from an amorphous YFj3 phase to a crystalline NaYF
phase by taking in sodium ions from the surrounding environment. This allows the

gel to condense into nanocrystals of the stable, cubic alpha phase of NaYF.

When heated in aqueous conditions, the alpha phase can convert to the hexagonal
beta phase of NaYF. This phase of NaYF has been predicted to be exceptionally
good at laser refrigeration, but it cannot be grown in bulk at high temperatures due
to fracturing of bulk crystals during the melt-growth process. The high temperatures
needed for crystal melts are avoided by use of hydrothermal synthesis. While this
cannot grow bulk sized crystals, we can reliably grow beta phase NaYF as nanowires.
This was the only morphology shown to cool prior to my work. The crystals prefer-
entially grow along the [0001] plane, leading the long, thin nanowires. By controlling

the synthesis through ligands and relative ionic concentrations, the morphology can



be altered to produce hexagonal platelets up to 10 um across while remaining less
than 200 nm thick. The aspect ratio is tunable with relative reagent concentration,

allowing for precise morphology control.

In addition to these crystals being morphologically controllable, they are capable
of undergoing laser refrigeration. By doping with 10% Yb?** during the synthesis,
the crystals become capable of emitting higher energy light than they absorb with
sufficient efficiency to create a net loss of energy in this system, resulting in cooling,
which we explore in chapter 3. The crystals are placed onto cadmium sulfide nanorib-
bons for thermal isolation from a large substrate, and then they are irradiated with
a 1020 nm laser to induce cooling. The luminescence is collected and used for ratio-
metric thermometry, where specific crystal field levels are integrated for comparing
emission from the different crystal field levels. The ratio of the relative emission can
be calibrated against temperature, confirming that the hexagonal platelet beta phase
of NaYF is capable of cooling up to 12.5 K. Further cooling may be possible with
synthetic and experimental refinement. Further experiments are done with nanodi-
amonds attached to the surface of rare earth fluorides to act as a payload. Since
nanodiamonds do not cool under NIR light, we can use them as a thermometer to
determine if the cooling power of the crystal is sufficient to overcome any photother-
mal heating of the nanodiamonds. Debye Waller factor thermometry and ODMR
thermometry confirm the nanodiamonds to be cooling, with the diamonds on YLF
crystals being cooled by more than 30 K and the diamonds on NaYF crystals con-
firmed to cool 12.5 K below room temperature. We also explore the possiblity of
cooling diamond in chapter 3 through the conversion of NV~ centers into H3 centers,
which can undergo anti-Stokes luminescence necessary for laser refrigeration. While
the diamonds are not cooled below room temperature, we report progress in offsetting

photothermal heating in NV-rich diamond samples.



While the process of laser refrigeration is novel on its own, it is enhanced by
applying it to other optical systems. The system most poised to take advantage
of laser refrigeration is optical tweezers. In chapter 4, we discuss the use of laser
refrigeration to cool objects trapped in optical tweezers. Due to the spatial isolation
provided by optical tweezers, it is easy for photothermal heat to build in the absence
of a method to conduct the heat away. By using materials with laser refrigeration, we
can offset this heat and measure particles without the threat of vaporization of the
sample. We use alpha phase NaYF crystals in a set of optical tweezers to determine
the minimum possible temperature for these crystals in vacuum tweezers, reaching
temperatures as low as 241 K. We also investigate the use of dual-beam tweezers for
trapping hexagonal beta phase NaYF. While no cooling was investigated during these
experiments, we do demonstrate the stable trapping of the hexagonal platelets with
wide aspect ratios. The provide a significant improvement in materials for levitated

sensor disc applications due to the high laser irradiances they can withstand.

In chapter 5, we explore the other projects I have been able to participate in,
including the laser refrigeration of YLF at extreme pressures through the use of a
diamond anvil cell. The high pressures (more than 6 GPa) causes the YLF to un-
dergo a phase change from a scheelite phase to a fergusonite phase, which alters the
symmetry of the crystal lattice. This in turn affects crystal field splittings, which
will affect the laser refrigeration. Even after the phase change has affected the crystal
phase, laser refrigeration is still observed, though the magnitude is greatly diminished,
going from more than 20 K below room temperature to only a few degrees. In this
chapter, we also explore the generation of optical cavities through the deposition of
chalcogenides via pulsed laser deposition. Quantum dots are coated on the deposited
films to create cavities with quantum dots between the layers. We characterize and

report the survival of the quantum dots through the pulsed laser deposition process.



Lastly, chapter 6 discusses significant conclusions from the experiments presented

and discuss future work in the field of laser refrigeration.
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Chapter 1

INTRODUCTION

Photothermal heating is a near-constant effect in systems involving lasers. Due
to the conservation of energy, any excess energy during an energy transfer must go
somewhere, which usually leads to the remaining energy being expressed as heat,
and excited states may relax and generate heat as well. This photothermal heating
can be problematic in experiments. When the heat cannot be easily dissipated or
if the sample is particularly sensitive, the sample may be destroyed by burning or
vaporization. Photothermal heating may also cause changes in material properties
which can be difficult to precisely control. Many experiments require varied optical
power, which will lead to varying temperatures by photothermal heating. This can
cause erratic behavior in sensitive measurements, which needs to be offset or controlled

through some means.

1.1 Motivation

Photothermal heat is normally managed through the use of heat sinks and heat ex-
changers. This may work for many bulk systems, but these methods of heat mitigation
can introduce new problems through vibrations and additional mass in sensitive sys-
tems. Additionally, they cannot be easily applied to many nanoscale systems and are
not typically responsive at fast time scales. This leads to the need for a method to
cool materials and samples that can be applied evenly regardless of size scale or time
scale.

There are also conditions where physical contact between the sample and a heat

sink or exchanger is not physically possible, such as with levitated sensors. These



systems use optical tweezers to remove the sensor from any surrounding environment.
If a vacuum is also pumped, then the sensor can theoretically be isolated from con-
tact with any surrounding system, allowing for precision measurements. However,
this isolation also comes with the drawback that heat cannot be dissipated through
conduction or convection. It is not uncommon for these levitated sensors to be va-
porized due to extreme temperatures achieved during the measurement. To overcome
these issues, we need a non-contact method of cooling that can apply to both bulk
systems and nano-scale systems at fast time scales, which can be solved with laser

refrigeration.
1.2 Laser Refrigeration

There is a long history regarding the science of laser refrigeration (often also called
laser cooling or optical refrigeration, all of which are synonymous). Laser refrigeration
was first proposed as a possible experiment in 1929 by Peter Pringsheim[1], who
suggested that it may be possible to cool sodium vapor atoms by exciting them with
lower energy wavelength and forcing them to emit a higher energy wavelength. This
idea led to the process of Doppler cooling, formally conceived in 1975. While this kind
of cooling is possible, it only applies to atoms in the vapor phase at low pressures. By
exciting just below the electronic transition, the transition can coupled with another
transition to make the transition possible. While the viability of the process was
debated early on, this was deemed thermodynamically possible by Landau in 1946
due to the increase in entropy from a low-entropy excitation light source to the high-
entropy emitted light from the cooled sample.

While Doppler cooling is only possible in the vapor phase, a form of solid state
cooling was proposed by Kastler in 1950 by using rare earth ions in crystalline material
due to their sharp emission lines and extremely high quantum efficiency. However,
it was difficult to experimentally test this due to fact that the laser had not been

invented yet. After the invention of the laser, many people tried to observe laser



cooling through anti-stokes luminescence, but it was not observed experimentally for
several decades, not until 1995 by Epstein.[2] Epstein used a heavy metal fluoride
glass doped with ytterbium ions called ZBLAN:Yb3* that was able to demonstrate a
net cooling of 0.3 K. While this may not seem like a great deal of cooling, this was the
very first demonstration of laser cooling for a solid state object at room temperature,

and further developments have been made since then.

Improvements in material synthesis and engineering design has further increased
the capabilities of solid state refrigeration to the point where it is possible to cool
bulk materials to temperatures below 100 K from room temperature without the
of any heat sinks, thermoelectric coolers, or cryogenic fluids.[3] Even materials that
were not traditionally considered good prospects for laser refrigeration have been
shown to be able cool significantly, such as silica. Recent work from the Sheik-Bahae
group has shown that Yb doped silica fibers can be cooled by 18 K below room
temperature, which could have large implications for radiation-balanced lasers and

for telecommunication applications.[4]

While bulk materials have had major progress, there has also been development us-
ing laser refrigeration on nano and micro materials. While bulk materials are typically
grown from melt, microcrystals and nanocrystals are typically grown hydrothermally
or solvothermally. This often requires the use of ligands to control the size and mor-
phology, which will lead to heating at the surface of the crystals. Combined with
the fact that microcrystals have comparably high surface areas, this poses a serious
challenge to laser cooling microcrystals. Additionally, it is possible that there are sur-
face states and surface reconstructions that further inhibit any cooling by providing
non-radiative decay pathways that lead to heating. Despite these challenges, laser
cooling has been shown in these materials, including the report of cooling in 5 um
YLiF, (YLF) crystals in physiological conditions by more than 10 K.[5] However, this
area of laser refrigeration is considerably less explored than with bulk crystals, and

much work remains to be done with cooling nano and microscale materials.



1.2.1 Laser Refrigeration Mechanism
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Figure 1.1: (a) Schematic energy diagram of a laser cooling cycle in a solid: an
optical input at wavelength X\ excites the electronic transition from a ground state to
an excited state of an ion doped into a host matrix. After thermalization (wavy arrows
within manifolds), excitation relaxes radiatively with an mean emission wavelength
A; < A. (b) Top, absorption (red) and emission (blue) spectra for a transition between
?F7 /5 and *F5» multiplet states of Yb*"-doped YLiF, (Yb:YLF) at 300 K; excitation
(labeled “pump”) is below the mean emission wavelength S\f, i.e., in the “cooling
tail” (shaded) of the absorption curve. Bottom, data points (open circles) and fit of
the cooling efficiency (n.) spectrum of Yb:YLF. Cooling (1,) occurs slightly below A 7
and reverses sign at longer wavelengths because of background absorption. Reprinted
with permission from [6] (©)The Optical Society.

Under standard conditions, materials will not spontaneously absorb low energy
light and emit high energy light with high efficiency. This process, commonly referred
to as anti-Stokes luminescence, can occur when selectively excited with red-shifted
light with respect to the normal transition wavelength. However, the normal lumines-
cence process is Stokes luminescence where blue-shifted light is absorbed, and then

red-shifted light is emitted. During Stokes luminescence, the remaining energy from



the original photon is commonly converted to photothermal heat. In anti-Stokes lu-
minescence, there is no remaining energy after the transition. In fact, energy must
be taken from the system to make the transition occur. This process can be seen
in Fig. 1.1. For this to lead to cooling, however, there must be enough radiative
emission to overcome any nonradiative relaxation. This process efficiency, referred
to as quantum efficiency, must be approaching perfectly efficient for cooling to occur
due to the low amount of upconverted energy compared to the overall photon energy.
One nonradiative relaxation event will convert the photon energy into heat, offsetting
dozens of anti-Stokes luminescence events. But if the process can approach near-unity
quantum efficiency, the overall system will cool down, and laser refrigeration will have
occurred.

The cooling efficiency of the anti-Stokes luminescence process is what dictates
how high the external quantum efficiency must be. The cooling efficiency for the

anti-Stokes process is defined as

_hl/f—hV_

Vf )\
. 1= _1 1.1
" hv 1% )\f ( )

where 7, is the cooling efficiency, h is plank’s constant, v is the excitation photon fre-
quency, A is the excitation photon wavelength, v is the fluorescence photon frequency,
and Ay is the fluorescence photon wavelength. While this is technically correct, it only
applies to ideal systems with no losses due to nonradiative relaxation. If other con-
taminants are present that can absorb, we need to correct for background absorption.

This modified absorption efficiency is

o,

abs — 1.2
Mabs = o (1.2)

where «, is the resonant absorption due to the rare earth ions and «; is the background
absorption from contaminants and impurities.
In addition to correcting the absorption efficiency, we must also correct for nonra-

diative relaxation. The quantum efficiency is used to correct for this, which is defined



to be

Wr(zd

= rad 1.3
1 Wrad + Wnr ( )

where 7, is the quantum efficiency, W,.q is the radiative relaxation, and W, is the
nonradiative relaxation. However, the quantum efficiency is not enough on its own.
Emitted photons can become trapped in the crystal due to internal reflections, as well
as reabsorption events can occur. To correct for this issue, we modify the quantum
efficiency to extract the external quantum efficiency, which is the chance for photons
to escape the crystal after an absorption event. The external quantum efficiency is

defined in this case to be
neWrad
Ne Wrad + Wm“

where 7.,; is the external quantum efficiency. When corrected for both absorption

(1.4)

Next =

efficiency and external quantum efficiency, the final cooling efficiency looks like

A
— =1 1.
. (15)

Ne = NextTabs
which corrects for both background absorption and reabsorption probabilities. Due to
physical limitations in upconversion probability, the ratio of A over Ay is only slightly
greater than one. This means that the product of 7. and 7,5 must be near one
in order to have a nonzero cooling efficiency. Background impurities must be nearly
nonexistent, and the doping level of rare earth ions must be low to prevent reabsorp-
tion. While a low rare earth level is required, this also limits cooling power, since
the rare earth is what drives the cooling, leading to an engineering challenge of opti-
mizing cooling power while minimizing reabsorption. When the system is optimized

properly, however, 7. becomes positive, which means that anti-Stokes luminescence is

carrying heat out of the system and the system as a whole is cooling.

1.2.2  Materials for Laser Refrigeration

As discussed earlier, solid state laser refrigeration was first achieved using ZBLAN:Yb3*,

a heavy metal fluoride glass with fluorides of zirconium, barium, lanthanum, alu-



minum, and sodium. Fluorides are desirable for laser refrigeration applications due
to the low phonon energy, which is a barrier to thermal upconversion and must be
kept low for laser refrigeration. Yb3* is the most common rare earth fluoride used
due to its electron configuration leading to only the 2F manifold for the state of the
ion. Due to spin-orbit coupling, the *F manifold of the Yb** ion splits into the *F
and 2Fj /2 multiplets, which makes the optical transitions of Yb3* relatively simple
compared to other rare earth ions. While amorphous glasses such as ZBLAN can be
laser refrigerated, crystalline materials are typically preferred as it limits the inho-
mogenous broadening of the absorption of the rare earth ions in the crystal. This
means that the *F7/, and *Fj5/5 multiplets have discrete energy levels depending on

the crystal field splitting of the host lattice containing the rare earths.

The Yb3* ions in the crystal can be treated as an ensemble in determining the
average state of an Yb3* ion in the host lattice. The ions follow a Boltzmann dis-
tribution of states in the 2F7,, based on the thermal energy available. For laser
refrigeration to occur, the minimum photon energy must be used to prevent energetic
downconversion. This means that ions must be excited from the uppermost state of
the 2F; /2 multiplet to the lowest state of the 2Fs /2 multiplet, which is usually around
1020-1030 nm for Yb3* ions in the most common laser refrigeration materials. The
Boltzmann distribution of states becomes very important to laser refrigeration since
ions must be in the uppermost state of the ?F7, multiplet. The larger the crystal field
splitting applied, the wider the energetic gap and fewer ions will be in that state. To
counteract this, crystals with very low crystal field splitting offer the best potential
for laser refrigeration. For this reason, YLF is the most commonly used material since
it can be grown in bulk and has a very low crystal field splitting in the ground state
(~ 477 + 10 cm™1). The beta phase of NaYF offers lower crystal field splitting, but
the hexagonal crystal structure has large thermal expansion coefficient anisotropy,
preventing it from being grown from melt due to strain and cracking when cooling

the crystal down. NaYF can still be used as microcrystals due to the less extreme



conditions of hydrothermal synthesis, and it has been shown to cool, though its use

is not common yet.

1.3 Optical Tweezers

Figure 1.2: Artistic rendering of a silica nanosphere levitated in vacuum by an optical
tweezer. Inset: motion of the levitated sphere’s centre of mass observed in the plane
transverse to beam propagation, showing Brownian motion below threshold (left)
and coherent oscillation along the x axis above threshold (right). Reprinted with
permission from [7].

Optical tweezers are a versatile instrument for the manipulation of micro and nano
scale materials. They are capable of many applications, including ultra-precise force
sensing, [8] magnetometry,[9, 10] microfluidic control of biological samples, [11, 12] opti-
cal refrigeration,[5, 13, 14] generating squeezed light,[15] and quantum computers,[16,
17] among other applications. Since then, optical tweezers have been used for micro-

manipulation in many experiments, especially biological experiments.



First developed in 1970 by Arthur Ashkin,[18] who went on to observe that light
could trap transparent dielectric spheres,[19] optical tweezers are the use of tightly
focused light to trap objects near the focal plane of the light. This discovery directly
led to the trapping of atoms and laser cooling of atoms discussed above, which re-
ceived the physics Nobel prize in 1997. In addition to Doppler cooling, atom trapping
has been used in many breakthrough experiments, including the observation of Bose-
Einstein condensates as well as atomic clocks. Optical tweezers are so critical to many
scientific experiments that Ashkin himself received the physics Nobel prize just four
years ago in 2018 for his work in discovering optical tweezers. Despite their use in
fundamental physics experiments, optical tweezers are more widely known for their
applications in biology. They enable experiments with isolated single cells or proteins
and allows for the direct probing of systems that are otherwise difficult to measure,
such as cellular mobility, cellular assembly, or biological motor strength. More re-
cently, there has been great interest in using optical tweezers to trap nanocrystals
and 2D materials, such as quantum dots, nanodiamonds, and graphene/graphene

oxide.

1.3.1 Optical Twezers Mechanisms and Forces

Optical tweezers work by focusing a laser through high numerical aperture objective.
This focuses the light to a near diffraction limited spot. This tightly focused light
generates a strong electric field gradient, described first in Ashkin’s paper. This
strong electric field gradient generates two forces that act upon nearby particles.
These forces are the gradient force and the scattering force (sometimes referred to as
radiation pressure). The gradient force arises from the induced dipole caused by the

electric field gradient, and it is expressed by

1
Fpraq = iaVE2 (1.6)
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where F,qq is the gradient force, a is the particle’s polarizability, and E is the electric
field. The gradient of the electric field what drives this force, which is why a tightly
focused electric field is required. If the electric field does not strongly vary over the
size of the particle, there will be little force driving the particle into the trap, and the
trapping felt due to the gradient force becomes stronger as the particle gets closer to
the focal plan of the trapping laser.

The other major force experienced due to the optical tweezers is the scattering
force. This force is caused by the scattering of the photons from the trapping laser off
of the surface of the particle. When photons reflect off of the surface of the particle,
momentum is imparted during this process. When considered using the Rayleigh
approximation, this force can be expressed as

ko2

= 2,2
6mengeg

Fscat(T) ](T)2 (17)

This force pushes the particle along the direction of beam propagation, which in
contrast to the gradient force, which draws particles to the center. This balance
of forces causes particles to be most stable slightly out of the focal plane of the
laser trap. This can shift in stable position can be minimized by the use of a high
numerical aperture focusing lens or objective, which causes the beam to be focused at
sharp angles that minimize the scattering force. This is important for imaging inside
the trap, where most useful information is, as well as for stable trapping. Since the
gradient of the electric field is strongest at the focal plane, minimizing the scattering

force is essential to creating strong traps for stable isolation of particles.
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Chapter 2
SYNTHESIS OF RARE EARTH FLUORIDES

2.1 Synthesis of Hexagonal Sodium Yttrium Fluoride

While most rare earth fluorides are grown from melt, this method is not viable for
the beta phase of sodium yttrium fluoride (5-NaYF'). The hexagonal crystal structure
leads to anisotropic thermal expansion coefficients. This causes immense strain on
the crystal as it cools from the melt, leading to fracture and polycrystalline products.
To explore solutions to this issue, we explore the possibility of using hydrothermal

synthesis to grow S-NaYF while avoiding extreme temperatures.

2.1.1 Introduction to -NaYF Hydrothermal Synthesis

Alkali-fluoride crystals doped with trivalent lanthanide cations are currently un-
der active investigation based on their large infrared-to-visible optical upconver-
sion efficiency and corresponding applications. These materials can be used di-
rectly as luminescent phosphors,[20, 21] laser gain crystals,[22] and radiation bal-
anced lasers,[23] or they can be used in broader applications for quantum information
science,[24] solar energy harvesting,[25] localized temperature control,[26] counterfeit
protection,[27, 28, 29] in vivo refrigeration,[5] labeling of biological tissues,[30] and
vision therapy.[31] These rare-earth-doped alkali-fluoride materials have also proven
to be leading candidates for solid-state laser refrigeration based on antistokes photo-
luminescence with near-unity quantum efficiency.|[32]

While optical refrigeration of metal atoms in the gas phase was proposed in 1929
by Pringsheim,[1] solid-state refrigeration was not experimentally observed until 1995

by Epstein.|[2] Rare-earth-doped fluoride crystals have been laser-refrigerated to cryo-
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genic temperatures without the need for electrical contacts or mechanical vibrations
from moving parts that are detrimental to sensitive optical measurements.[33, 34, 35|
Recent progress has demonstrated laser cooling in physiological medial5] and to a
record low temperature of 91 K in vacuum.[36]

Among alkali-fluoride crystals, significant attention has been given to the beta
phase of NaYF, which is a crystal with a variable, nonstoichiometric composition
Nas, Y2 ,Fg.[20] 5-NaYF has been calculated to have significantly lower crystal field
splitting compared to most rare earth fluoride crystals, suggesting that it has the
potential to reach cryogenic temperatures.[37] However, 5-NaYF has not been thor-
oughly explored for optical refrigeration due to difficulties in growing bulk single
crystals.[38] The large anisotropy within the hexagonal structure’s thermal expansion
coefficient causes thermal stresses and fracturing of crystals grown using Czochralski
processing. While bulk crystals are limited by this effect, microcrystals of g-NaYF
have been grown using a Bridgman process,[39] and nanocrystalline NaL.nF4 has been
precipitated out of glass matrices.[40]

An alternative to growing crystals from a melt is hydrothermal synthesis. Single-
crystalline S-NaYF can easily be grown via hydrothermal and solvothermal methods
with a wide array of morphologies.[41, 42, 43, 44, 45, 46] Synthesizing via hydrother-
mal processes allows for several advantages, including the ability to consistently grow
single-crystalline S-NaYF, lowered cost of synthesis, and controlled morphology of
the product.[47] In addition to these benefits, 5-NaYF is safer to grow relative to
other rare earth fluoride crystals in that sodium fluoride (NaF) can be used as a
fluoride precursor due to the high solubility of NaF in water (43 g/L at 25 °C).
In contrast, growing LiYF, requires the use of ammonium bifluoride (NH4HF5), a
hazardous reagent that produces HF during hydrothermal synthesis.

Recently, nanowires of 5-NaYF have been synthesized and used for solid-state laser
refrigeration in physiological media.[48] However, these materials were only shown to

undergo solid-state laser refrigeration in one nanowire morphology with little con-
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trol over the final aspect ratio and size of the product. Growing larger microcrystals
would increase the length of the beam path, allowing for greater absorption of the
cooling laser and greater cooling power than their nanocrystal counterparts. There
is also the possibility for large hexagonal discs to exhibit cavity (Mie) resonances,[49]
including whispering gallery modes, [50] if they can be grown with appropriate dimen-
sions. However, to date cavity resonances have not been investigated in the context of
solid-state laser refrigeration in large part because synthetic methods are not readily
available for growing S-NaYF microcavities with control over final cavity dimensions.
Other synthetic methods either cannot grow crystals sufficiently large or have poorly

formed facets that are not suited for optical cavity resonances.

2.1.2  Method for Synthesizing 5-NaYF with Aspect Ratio Control and Construction

of Composite Devices

B-NaYF crystals were grown using a hydrothermal process in a stainless-steel au-
toclave (Parr Instrument Company). YCls, YbCls, ErCl;, TmClsz, and ethylenedi-
aminetetraacetic acid (EDTA) were used to create a chelated rare earth precursor
solution with NaOH used to assist in dissolving the EDTA. NaF was dissolved to
form the fluoride precursor solution. Nine equivalents of YCl3 and one equivalent of
YbCl3 were dissolved in water to make a stock solution of 0.2 molarity (M) YCl;3:10%
YbCl3 (90% by moles YCl3, 10% by moles YbCl3). ErCls and TmCl3 can be added
to this solution as dopants for upconversion/anti-Stokes luminescence experiments.
EDTA was dissolved in water with 3 equiv of NaOH to make a 0.2 M tri-sodium
EDTA solution. NaF was dissolved in deionized water (p = 18.2 MQ-cm) to make a
1 M stock solution.

A typical synthesis went as follows: 5 mL of 0.2 M YCl3 (10% YbCl3) was placed
in an autoclave liner and chelated with stirring by 5 mL of 0.2 M tri-sodium EDTA for
10 min. Four milliliters of 1 M NaF was then added drop by drop to the mixture and

stirred vigorously for 30 min. The mixture was then transferred to a stainless-steel
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autoclave and heated in an oven at 230 °C for 24 h. The autoclave was allowed to cool
down to room temperature naturally. The sample was collected from the autoclave
liner and isolated by centrifugation and then washed twice with water and twice with

ethanol. The sample was then dried at 80 °C for 12 h, followed by calcination at

300 °C for 4 h in air to remove surface ligands and adsorbents. A schematic of the

reaction is shown in Figure 2.1.

I3
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Assemble in
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NaF Added Wash

—
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Heat at 230°C
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RE: Rare earth metals,
such asY, Yb, etc

Figure 2.1: Synthesis of -NaYF microcrystals. A schematic diagram for the hy-
drothermal synthesis of §-NaYF microcrystals. A YCl;s solution (doped with rare
earth chlorides) is chelated with EDTA. NaF is added drop by drop, and the mixture
is stirred for 30 min. This is then heated at 230 °C for at least 24 h and then washed
and centrifuged to isolate the product. Scale bar represents 2 pum.

To maximize the potential cooling of the crystals, we need to isolate the contact
with other materials to prevent unwanted heat conduction. To minimize contact
heating, devices were constructed with optomechanical CdS nanoribbon cantilevers
synthesized according to Pant et al.[51] This thermally isolates the crystals from the
silicon substrate and also provides a method of thermometry. Samples were prepared
for optical measurements by use of a nanomanipulator with a tungsten dissecting
probe. A CdS nanoribbon was placed hanging off the edge of a silicon substrate with
the nanomanipulator, allowing the CdS nanoribbon to function as an optomechanical
cantilever for S-NaYF crystals. A single crystal was deposited on the end of the
cantilever with the nanomanipulator. The silicon substrate with the sample was

then transferred to an optical cryostat. All optical measurements were done with a
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1020 nm diode laser. The sample devices were placed over the main axial window
of the cryostat to allow for both forward-scattered laser radiation and back-scattered
photoluminescence to be collected. The forward-scattered laser radiation was focused
onto an avalanche photodiode. The voltage was collected in real time for 1 s and
then was Fourier transformed from the time domain to the frequency domain to
read out the vibrational eigenfrequencies of the sample cantilever. Back-scattered
photoluminescence from Yb?* ions was collected by a spectrometer fitted with a
silicon EM-CCD detector after filtering to remove the cooling laser with a 1000 nm
shortpass filter. All temperatures reported were calibrated in the cryostat using a
temperature controller while using sufficiently low laser irradiance to not affect the

sample temperature within our measurement sensitivity (10 kW /cm?).

2.1.8 Characterization of f-NaYF Product and Analysis of Synthesis Results

The synthesis yielded a white powder of hexagonal 5-NaYF crystals. These crystals
varied in size from microplatelets to microrods depending on synthesis parameters,
discussed in more detail below. The microplates had diameters up to 5 pum and
thicknesses of 250 nm, and the microrods had diameters of 700 nm and heights of 1.25
pm. The resultant powder was confirmed to be S-NaYF using both X-ray diffraction
(XRD) analysis and select area electron diffraction.

The phase of the product is highly dependent on the temperature of the reaction.
At temperatures below 160 °C, only the nonstoichiometric cubic alpha phase (rep-
resented by Nags_»Yos+oF242.) Was observed with x ~ 0.07.[52] The alpha NaYF
(a-NaYF) grains exhibited a quasispherical nanocrystalline morphology with diame-
ters of approximately 100 nm. At 180 °C, the reaction leads to some residual a-NaYF
remaining in the product, indicating the parallel synthesis of both phases. To avoid
the incomplete formation of S-NaYF, the reaction was run at 230 °C to ensure that
the reaction ran to completion.

The S-NaYF morphology was highly dependent on the presence of EDTA. EDTA is
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not strictly required to synthesize the S-NaYF phase; however, the resulting product
is limited to rods with faceted ends. This faceting is undesirable for the goal of
using these crystals as optical microcavities for enhanced absorption and cooling.
The addition of EDTA removes this faceting and produces flat hexagonal faces. The
exact mechanism for this process is unknown, but it appears to be due to preferential
binding of the EDTA along the (0001) Miller plane of 5-NaYF crystals.

Other synthesis parameters were investigated including the pH of the EDTA so-
lution and the length of time for the reaction. The pH of the EDTA solution was
increased with NaOH. This causes deprotonation of the carboxylic acid groups on
EDTA and affects the chelation of trivalent cations (Y** and Yb3") with EDTA. Pre-
vious work on the synthesis of 5-NaYF has shown morphological dependence on pH
in similar systems using sodium citrate.[43] In our system, a severe reduction in the
solubility of EDTA began to occur at pH values below 7.0, though successful syntheses
were run at pH values as low as 6.0. Below pH values of 6.0, incomplete conversion
of a-NaYF to f-NaYF was observed. Under basic conditions (pH > 8.0), the net size
of the S-NaYF crystals decreased significantly. Because pH provided poor control of
the system, all future syntheses were run at a pH of 7.0.

Using time to control particle morphology was also not successful. Short time
scales (6-12 h) allowed for the formation of a-NaYF as well as irregular faceting of
[-NaYF. Reactions held for 24 h showed complete conversion to S-NaYF as well as
high crystallinity. Beyond 24 h, there was no observable difference in the product of
the reaction, indicating that modifying the reaction time alone cannot be used as an
effective parameter for controlling the morphology and the aspect ratio of S-NaYF.

The ratio of fluoride to trivalent cations has been reported to control the morphol-
ogy and the aspect ratio of f-NaYF materials.[53] The increase in fluoride ions causes
longer crystals due to increased growth along the high-energy (0001) hexagonal Miller
plane. Varying the fluoride to trivalent cation ratio allows for extensive aspect ratio

control, as shown in Figure 2.2. A stoichiometric ratio of 4 parts NaF to 1 part triva-
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lent cation (4:1) yields a microplatelet that is disclike in appearance (Figure 2.2a).
Increasing the fluoride content to a 6:1 ratio yields hexagonal microprisms (Figure
2b). Increasing the fluoride concentration further to a ratio of 8:1 yields microrods
(Figure 2.2¢). Ratios higher than 8:1 lead to large defects in the crystal formation,
while ratios below 4:1 lower the overall product yield with no observed change in
morphology. The fluoride to trivalent cation ratio gave control over the aspect ratio

from 0.5 to 10.5 as measured by corner-to-corner diameter divided by thickness.

Figure 2.2: Aspect Ratio Control of 5-NaYF Product. SEM images of -NaYF
microcrystals synthesized with NaF to rare earth molar ratios of 4:1 (a), 6:1 (b), and
8:1 (c). Scale bars represent 2 pm.

After the synthesis, the -NaYF crystals remain coated with EDTA, which can
inhibit any optical refrigeration from occurring. The EDTA capping creates a slight
bulging effect with crystals appearing thicker in the center than at the edges. The
immediate S-NaYF product was calcined in air to remove organic material from the
surface that could increase the background absorption of the cooling laser. If the
B-NaYF is only partially calcined, the crystal appears flat with the sections of EDTA
significantly elevated from the surface, demonstrating the thickness of the EDTA coat-
ing. After fully calcining the crystals, the root-mean-square roughness was observed
to be less than 1 nm. All materials tested for cooling were first calcined at 300 °C for

4 h to remove EDTA from the surface of the crystal.
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2.1.4 Laser Refrigeration of 3-NaYF Microcrystals

The 8-NaYF crystals showed strong Yb3" upconversion when excited with a 1020 nm
laser. This emission (shown in Figure 2.3a) comes from the 2Fj /2 = 2F7/2 transition
and is characterized by a strong peak centered at 977 nm with a broad set of over-
lapping peaks from 980 to 1030 nm. A considerable portion of the broadness arises
from the nonstoichiometric variation in the crystal structure due to fractional Yb3*
occupation at trivalent cation sites in the crystal.[38] The differences in an atomic
composition will cause energetic differences at the local level of an individual unit
cell. Over the scale of an entire microcrystal, this variation results in the broad emis-
sion bands observed. In addition to the fractional occupancy, the stoichiometry of
the p-NaYF is also variable and can be described as Nag,Ys_,Fg in contrast to the
commonly used stoichiometry of NaYF,.[20, 54] The emission can potentially vary be-
tween the synthetic batches of 5-NaYF due to the variable stoichiometry and mol %
of NaF versus YF3 in S-NaYF.[55] While these fluctuations are typically small, their
impact may complicate optical thermometry. The locations of photoluminescence
peaks can be elucidated somewhat further by probing the upconverted luminescence
when the sample is cooled to 77 K (Figure 2.3b). At cryogenic temperatures, peaks
begin to emerge at 985, 992, and 997 nm, though the peak width limits the resolution
of other peaks.

The laser refrigeration of these materials was first investigated through noncon-
tact optical thermometry based on fitting different photoluminescence regions to a
Boltzmann distribution based on previous work in similar materials.[56, 57] Two sep-
arate peaks were chosen from the same luminescence band and were integrated. The
relative area of each peak was related to the Boltzmann distribution of the popula-
tion of the energy levels from thermal upconversion and can be calibrated for thermal
sensing.[58] The experimental setup is shown in Figure 2.4a, and an SEM micrograph

of a device can be seen in Figure 2.4b. The photoluminescence of the 5-NaYF was
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Figure 2.3: PL of 10% Yb?*"-doped 3-NaYF crystals excited with a 1020 nm laser at
(a) 295 K and (b) 77 K. The PL shown is from the Yb** ?F5/5 — 2F7/5 transition.
The intensity was normalized to the 977 nm peak. The blue- and red-shaded regions
show the integration regions used for optical thermometry. The sharp peak at 1020
nm is an unfiltered excitation laser line, while the other sharp peak at 1013 nm is a
weak secondary line from the 1020 nm laser.

integrated over two different areas, from 973 to 981 nm over the first strong peak and
from 988 to 996 nm over the second strongest peak. The ratio of the intensities of
these areas should be proportional to the temperature of the crystal lattice, but the
broadness of the emission makes it difficult to determine if the shift in emission is
purely because of a Boltzmann distribution shift in the two peaks being integrated
or if overlap from nearby peaks is contributing significantly to the shift in relative
intensities. While this complicates the thermometry, the temperature of the crystal
can be calculated at various irradiances by calibrating the ratio in a cryostat at known
temperatures. After calibrating, the ratiometric analysis shows the 5-NaYF crystals
from this synthesis to be capable of cooling by at least 12.5 °C (Figure 2.4c). Based
on previous work on the heat transfer of rare earth fluoride microcrystals on CdS

nanoribbons, we anticipate heat transfer lifetimes in microsecond time scale.[59]

One difference this sample shows from previous work on YLF is the saturation ir-



20

(a)

Cryostat Objective

© (d) (e)
28f 2 ; 2
26t { ¢ lo _
2 o2t —— S 10f
g ) {2 <
Fiadi 2 2¢ * . >
960 980 1000 1020 1040 = AN @
3 161 } Wavelength (nm) 10255 g ® 20t :f_, é
g i i lozso € §18' 1° s °f
e 2 { { T Tl -
8¢ 1024 14} 10
01004200 200,400 0080 5070 0 100 200 300 400 500 600 700 05 1o 15 20 2%
Irradiance (KW/cn) Irradiance (kWicnr’) Radius (um)

Figure 2.4: Laser Refrigeration of S-NaYF microcrystals. (a) Schematic of the optical
setup used to collect PL from S-NaYF crystals. (b) SEM micrograph of the (-
NaYF CdS cantilever device. (c¢) PL cooling data of the 5-NaYF crystal. Error bars
represent one standard deviation from six different measurements. Inset: Integration
regions for the f-NaYF luminescence. (d) Eigenfrequency data of the CdS cantilever.
Error bars represent one standard deviation from six different measurements. (e)
Electric field intensity from a 1020 nm laser inside a hexagonal S-NaYF crystal as a
function of crystal radius from FDTD calculations.

radiance of Yb?* ions. Bulk YLF has shown saturation on the order of approximately
100 kW /cm?, yet the sample we have shown does not appear to fully saturate before
at least 700 kW /cm?. This is in part due to the unique size and morphology of our
sample. We are not irradiating at Brewster’s angle, so we anticipate that reflections
will reduce the absorption of the light to some degree. Additionally, the size of the
B-NaYF crystal is close to the size of the focal point of the light, in stark contrast to
bulk YLF. This will likely lead to a high degree of scattering, reducing the absorption

of the crystal. Overall, we anticipate that significantly higher irradiances of 1020 nm
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laser light are needed to achieve saturation due to these effects.

The crystals were separated from the silicon substrate using CdS cantilevers. This
prevented heat from the silicon wafer entering the crystal, and the CdS cantilever
used to suspend the S-NaYF crystal can also be used as a method of thermometry.
The Young’s modulus of the CdS nanoribbon is sensitive to temperature, causing
a shift in the frequency of the fundamental vibrational mode.[51] These vibrations
arise spontaneously from the thermomechanical noise of nanoscale cantilevers. We
can measure this noise spectrum and take the Fourier transform of it to extract the
temperature.[60] As the temperature of the CdS cantilever decreases, it stiffens sig-
nificantly and causes the frequency to blue-shift to higher values. We calibrated the
system by monitoring the frequency of the cantilever at low laser powers to minimize
the impact from heating or cooling. When the S-NaYF crystal was actively being
cooled by the 1020 nm laser, a blue shift in the eigenfrequency was observed, which
corresponds to an 8 °C drop in temperature of the CdS cantilever (Figure 2.4d), with
the error bars originating from the standard deviation across six separate measure-
ments. The reduced cooling is expected since we are not directly cooling the CdS
nanoribbon, and the CdS is in direct contact with the large thermal mass of the

silicon substrate.

While these S-NaYF crystals demonstrate optical refrigeration, the minimum
achievable temperature of the S-NaYF may still be limited by the size of the crystals.
The crystals could demonstrate increased cooling by matching the resonant modes
of the laser inside the crystal to maximize absorption. By tuning the size of the
crystal, it should be possible to maximize absorption by generating perturbed whis-
pering gallery modes inside the crystal.[50] We have performed calculations with MIT
electromagnetic equation propagation (MEEP) to calculate the enhancement of the
electric field from a 1020 nm laser in S-NaYF crystals of varying radii. As the crystal
radius increases, sharper increases in the electric field are seen, with enhancements of

a factor of 4 near radii of 2.5 um. Using the synthesis demonstrated here, it should
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be possible to excite the perturbed whispering gallery mode and observe increased

absorption and a corresponding increase in cooling capacity.

We have also calculated what laser wavelengths would be resonant with a whis-
pering gallery mode in a hexagonal crystal with a radius of 2.5 pym to demonstrate the
sensitivity of S-NaYF crystals as a cavity to varying wavelengths. The resonant wave-
length for a crystal of this size was 1018 nm with a peak-to-peak distance between
resonant wavelengths is approximately 35 nm. It is easy to envision an experiment
where a similar crystal with a resonant frequency close to 1020 nm is chosen, and

therefore, a greater cooling is achieved due to enhanced absorption of the laser.

2.2 Nucleation of Sodium Yttrium Fluoride

Classical nucleation theory (CNT), first described by Gibbs over 140 years ago, has
been a robust model for describing the formation of crystals from homogeneous
solution.[61] However, despite its simplicity and general validity for many crystalliza-
tion processes, some proceed via so-called “nonclassical” mechanisms.[62, 63] These
mechanisms include, but are not limited to, the formation of amorphous or poorly-
crystalline species and the oriented aggregation and attachment of individual building
blocks.[62] Broadly speaking, nonclassical crystallization is a realization of Ostwald’s
step rule, which suggests that systems will not necessarily take the most direct route
to their most stable phase, but rather that they tend to go through a series of inter-

mediates that are closer in free energy to the initial state.[64, 65]

The nucleation of rare earth fluorides is not well-characterized in the current sci-
entific literature. It is known that S-NaYF can grow through mesocrystal formation
of the alpha phase,[47] so an understanding of nonclassical methods is necessary to

fully understand the formation of NaYF from aqueous solution precursors.
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2.2.1 Nonclassical Nucleation of Solid State Materials Through Spinodal Decompo-

sition

One such nonclassical crystallization mechanism is two-step nucleation via a dense lig-
uid phase (DLP), typically formed through spinodal decomposition (SD).[66] In this
mechanism, the highly supersaturated initial phase spontaneously separates free of a
thermodynamic energy barrier[67] into ion-rich and ion-poor liquid phases, and crys-
tals then nucleate from the ion-rich phase, often via an amorphous intermediate.[68]
This mechanism has been observed directly via liquid cell transmission electron mi-
croscopy (TEM) of gold nucleation from solution[68] as well as in electrochemical
reactions in nanoparticles,[69] in molecular dynamics (MD)[70] and kinetic studies of
calcium carbonate,[71] in bulk chemical studies of MgSO, at high temperature,[30]
by optical microscopy in crystallizable polymer solutions,[72] in MD simulations of
highly supersaturated NaCl solutions,[73] and in optical microscopy and light scat-
tering studies of protein solutions.[66] Some systems have also shown a distinct
intermediate step in which the DLP condenses into an amorphous phase prior to
crystallization.[74] These studies, among others,; suggest that the two-step mecha-
nism via a DLP can readily be accessed in a wide range of solution-based systems,
because, when taken to sufficiently high supersaturation, nearly all solutions will reach

their limit of stability.[75]

One aspect of these two-step pathways via a DLP that remains largely unexplored
is that the stoichiometry of the intermediate phase is variable and ill-defined and it
must evolve over the course of the reaction in order to generate the final stable phase.
This is because the compositions of the ion-rich and ion-poor liquids are defined by a
phase line that spans a range of compositions rather than by a set of line compounds.
Therefore, for crystallization to proceed, ions must be rejected from or drawn into
the solidifying regions of the ion-rich liquid. This adds a level of complexity to other

previously investigated nonclassical systems, in which the intermediate phases are all
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line compounds, which can either be identical for each phase, for example, as in the
case of CaCOj (ignoring waters of hydration), or they can be distinct and require
chemical transformation, as documented for the calcium phosphate system.[76] For
the latter, charged calcium triphosphate species undergo aggregation accompanied by
Ca?* binding and deprotonation to create the amorphous phase, and then undergo a
second step of Ca?" binding and deprotonation to create the first crystalline phase.
In a DLP-mediated pathway, on the other hand, ions may exchange more dynami-
cally rather than via specific transformations to these discrete line compounds. The
added complexity in these two-step pathways is further emphasized when the final
compound has a ternary or more complex stoichiometry, which increases the difficulty
of the required ionic reorganization. Given the common occurrence of the formation
of DLPs in highly supersaturated solutions and the preponderance of ternary and
more complex compounds in natural and synthetic systems, the further study of the

chemical evolution of intermediate phases in these systems is therefore necessary.

2.2.2  Ezxperimental Design Probing NaYF Nucleation

Figure 2.5: Synthesis of NaYF gel from aqueous precursors. A) Solutions of 0.8 M
NaF and 0.2 M YCl3 combine to form the gel. B) The gel product from combining
precursors. C) TEM bright field image of the structure of the gel product. Scale bar
= 50 nm
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Here we investigate this multi-step crystal growth pathway using a model system
based on ternary NaYF materials. This is an ideal system for exploring the role of
chemical evolution during crystallization because the stoichiometry of NaYF materi-
als has been shown[55] to change based on a combination of NaF and YF3 that varies
continuously with a final stoichiometry in the cubic phase of Nag 5.« Yo5:xForox, Or
(0.5-x)NaF e (0.5+x)YF3, with 0<x<0.5. As x approaches zero, the stoichiometry
approaches NaYF,, which is used frequently as shorthand for this material. Due to
the importance of the variable stoichiometry of this system, the shorthand NaYF is
used instead, reserving the NaYF, notation for the hypotherical ideal stoichiomet-
ric structure. The majority of aqueous syntheses of NaYF use either microemulsion
solvent systems[47] or organic capping ligands|77, 78| for the purpose of controlling
both the size and shape of discrete nanocrystals[79]. In contrast to these syntheses,
we synthesized ligand-free NaYF materials to provide a clear understanding of the
role of solvated aqueous ion dynamics by eliminating the effects of ion chelation and
surface passivation by organic species. Our results demonstrate the formation of a
previously uncharacterized DLP in the NaYF system through a two-step mechanism,
followed by a third step of solid-state diffusion that determines the final stoichiome-
try of the material. This change in stoichiometry has not previously been studied in
systems that proceed by spinodal decomposition. Further investigation of this mech-
anism may facilitate new design of many functional materials using multi-step nucle-
ation and growth with nonstoichiometry in the design of materials for a diverse range
of applications including solid-state laser refrigeration[48], optical thermometry[80],

nanoscale lasing[81], night vision[82], and electrochemical energy storage.[83]

In order to probe the nucleation and growth of NaYF materials in the absence of
organic species, we first prepared aqueous electrolyte solutions of both NaF and YCls,
and then combined them at standard conditions with relative concentrations stoichio-
metric to NaYF, (Figure 2.5A). Immediately upon mixing the starting solutions, we

observed the apparent formation of a gel-like material (Figure 2.5B), which can be



26

filtered to a translucent solid. This gel remains relatively stable, but slowly condenses
into a nanocrystalline white powder over the course of hours. TEM imaging of the gel
shows an interconnected, porous structure (Figure 2.5C). Scanning TEM (STEM) to-
mography reveals not only the interconnected three-dimensional morphology but also
the open-cell structure that can’t be seen in conventional TEM. Brunauer-Emmett-
Teller (BET) surface area measurements show a surface area of the gel phase on the
order of 100 m?/g, and powder XRD data show very broad peaks consistent with a-
NaYF or a similar cubic material. Assuming the initial nucleation occurs via spinodal
decomposition, we can estimate the time of separation using the Cahn-Morral equa-
tion, which is a multicomponent analogue to the Cahn-Hilliard equation describing
spinodal phase separation.[67, 84] By modifying a previously-reported model to solve
the Cahn-Morral equation for a simplified version of the NaYF system,[85] we were
able to estimate that the initial separation should be largely complete within 250 ps.
The potentials of mean force for interactions between two YF3 molecules or a YF;
molecule and a YF, ion in vacuum indicate that the dense liquid phase is likely able

to form due to attractive interactions.

While the XRD data were consistent with nanocrystalline a-NaYF, the peaks were
not sufficiently resolved to be able to definitively conclude that the gel is purely a-
NaYF, and TEM data suggest that there are some amorphous, poorly crystalline, or
otherwise disordered regions. Furthermore, significant beam-induced crystallization
in the TEM indicates that the crystalline regions observed in high resolution TEM
(HRTEM) may in fact have been amorphous in the as-synthesized material, therefore
underestimating the distribution of amorphous and poorly crystalline regions. Using
STEM-EDS, We observe a that the composition varies smoothly between Na-rich and
Na-poor regions, showing a correlation of the net counts of Na and F relative to Y
and Yb, suggesting variable composition along the YF3-NaYF, spectrum. EDS spec-
tra extracted along the path of the line scan confirm the presence of a measurable

sodium peak above the noise. It should be noted that the thermodynamically stable
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orthorhombic structure of YF3 was not observed in the gel. Considering the crystal
structures of the two cubic phases (NaYF and YF3), it is notable that they share
a nearly identical lattice of fluoride ions (though each unit cell of YF3 contains an
extra fluoride ion at the center). This similarity in crystal structure allows for lo-
cal variations in stoichiometry without significantly affecting stability within reason,
consistent with much of the literature regarding cubic NaF - YFj3 structures grown
from melt, which suggest that the bulk material can be thought of as a solid solution
of NaF and YF3.[55, 86] However, to our knowledge, this has not been thoroughly
characterized on the nanoscale. Based on these findings, we hypothesize that the gel
initially forms via a dense liquid phase that condenses to an amorphous solid with
a composition resembling YF3, while the excess NaF in solution slowly incorporates
into the matrix to seed and stabilize cubic crystals of NaYF with initially variable

composition.

2.2.3 Probing Lability of Gel Phase

N N N v N U
NaF YCls Incubate Collapse
aq. 4= aqg. » # #

KF
0.8 M 02M Gel forms Filter Resuspend 1™ overnight
aq #

Figure 2.6: Experimental schematic for the cation replacement in the NaYF Gel.
The gel was formed using a standard synthesis of NaF and YCls, then the reaction
was arrested after a specific amount of time by vacuum filtration. The intermediate
product was resuspended in a solution of KF and allowed to react to completion.

To investigate the gradual transition from YF3 to NaYF, we attempted a cation

substitution experiment on the gel using potassium cations. By removing the gel from
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its native solution as shown previously, it is possible to temporarily suspend the pro-
cess of monovalent sodium ion incorporation. After submerging the recovered NaYF
gel in a concentrated (1M) KF solution, we observed that the remaining sodium-poor
regions incorporated KF to form KY3F;y (KYF) (Figure 2.6), which was distinguish-
able in XRD after the gel is allowed to fully collapse into single crystals. While KYF
can form in multiple stoichiometries, the KY3F;y stoichiometry forms in this case
because it is stable in the cubic crystal phase and has the lowest potassium / yttrium
ion ratio.[87] We studied this process by incubating the gel in its native solution for a
set period of time (t;,,.) before filtering and transferring it to the KF solution for long
enough for it to fully crystallize (typically overnight). We could then observe how
much sodium had incorporated into the gel and how much sodium-poor amorphous
material remained at t;,., with the amorphous sodium-poor fraction subsequently in-
corporating the free K™ from the solution, and which we would later measure as a
KYF peak in the XRD. As t;,. increases from 15 minutes to two hours, we observe
that the proportion of the sodium phase increases linearly and is accompanied by
a corresponding linear decrease in the relative amount of material that incorporates
potassium. This shows that the incorporation of sodium into the gel occurs as the re-
sult of solid-state diffusion and is thus unambiguously a separate step from the initial

formation of the yttrium-rich gel phase.

To characterize the local chemical environment of the ions without inducing crys-
tallinity as we did with the TEM studies, we used solid-state '°F nuclear magnetic
resonance spectroscopy (SSNMR) to characterize the gel product compared to its
eventual fully crystallized a-NaYF product as well as orthorhombic YF3. We used
orthorhombic YF3 rather than the previously discussed cubic phase because the cu-
bic phase is an unstable product that seems to only form in reactions similar to that
reported here and, with one possible exception,[88] there are no literature reports
of it being isolated without considerable incorporation of the countercation from the

fluoride precursor.[89, 90|
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YF spin-echo magic angle spinning (MAS) NMRn shows the gel exhibits a broad
resonance centered at -61 ppm with a peak width of 30 ppm. As reported by Bessada,
et al.,[91] the 'F chemical shift is highly sensitive to its coordination environment
in molten fluoride mixtures, displaying a nonlinear and monotonic increase from -225
ppm to -28 ppm by increasing the concentration of YF3 from 0 to 100% in the NaF-
YF3 mixture. Compared to orthorhombic YF3, characterized by a relatively sharper
peak at -58 ppm with a width of 12 ppm, and a-NaYF, which has a similarly broad
resonance at -77 ppm with a width of 28 ppm, these data are again consistent with
a gel that consists of some regions that are more similar to YF3 and others that are
closer to NaYF,. Because the broadness of the NaYF F spectrum can be attributed
to a large distribution of isotropic chemical shifts due to the random arrangement of
Nat and YT around F-,[92, 93] we show that the F rotor-synchronized Hahn-echo
spectra reduce the signals from faster-relaxing components and thereby allow for finer
resolution of the remaining signal. The respective deconvolution of the resonances
reveals that the gel does have some components similar to those in a-NaYF and YFj3
(-81 ppm and -69 ppm, respectively). However, the main peaks in the region that is
expected to indicate YF3 are not consistent with the major peak of orthorhombic YFj3
at 58 ppm, due to the variation in the coordination geometries of bridging fluoride
ions between the cubic and orthorhombic polymorphs of YF3 as well as amorphous

regions.

This result emphasizes that the YF3 product in the gel is not the orthorhombic
phase but rather amorphous YF3 and sodium-poor cubic NaYF. The F spin-lattice
relaxation time constant T; drops significantly from 19 s for a-NaYF and 9.2 s for or-
thorhombic YF3 to 3.2 s for the gel, which indicates that the major fluoride species are
more mobile and less ordered in the gel phase. This is consistent with our observation
that there are significant amorphous, poorly crystalline, and disordered regions in the
gel and also emphasizes the propensity for this gel (but not the final NaYF crystals) to

undergo solid-state diffusion, as we have observed. Single-pulse ?*Na, NMR spectra of
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the gel and the a-NaYF samples both contain major resonances centered at -18 ppm
and -9.5 ppm, which were assigned respectively to Na* sites in the bulk nanoparticles,
and to Na™ sites at the surface or near defects, as originally reported by de Queiroz,
et al.[93] The fraction of the -9.5 ppm peak changes from 35% in a-NaYF to 75% in
the gel sample, suggesting that the gel has over twice as many surface or defective
Nat sites as compared to the final crystalline product, which is consistent with the

high surface area present in the gel product.

2.2.4  On the Instability of the Cubic Phase of YF3

Thus far, we have shown that this reaction proceeds via a two-step crystallization
mechanism and furthermore in our ion replacement experiment that sodium incor-
porates into the matrix relatively slowly after the gel has formed. However, these
results do not address when or how that sodium incorporation occurs, except that
it is after the formation of the solid. Specifically, the sodium ions could incorporate
into the dense liquid or amorphous solid phase before it crystallizes, or the gel could
form a cubic YF3 intermediate that then accepts sodium and fluoride ions (or sodium
fluoride molecules) into gaps in the crystal structure. To answer this question, we
turned to atomistic modeling methods. The first question to consider is whether it
is even reasonable to expect a cubic YF3 phase to form in the first place. While
there are some reports of cubic YF3 in the literature,[94, 95, 96, 88] some of those
have since been disproven[89] and others may have other complicating factors such
as the incorporation of additional ions. We used molecular dynamics simulations to
model both cubic YF3 and cubic NaYF,. After allowing the lattice to relax for 10,000
cycles of 0.5 fs each, the cubic YF; lattice became highly distorted whereas the cubic
NaYF, lattice remained highly ordered, indicating that cubic YF3 is not a stable in-
termediate and we would not expect it to form initially. To quantify this disorder, we
calculated the average root-mean-square displacement (RMSD) of each ion in each

lattice. The cubic YF; structure showed an average RMSD of 0.435309 A for Y3*
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and 0.591427 A for F-. This is over double the RMSD calculated for cubic NaYF, of
0.192565 A and 0.257263 A, respectively, and 0.216795 A for Na™, again indicating
that the NaYF, structure is far more stable than the cubic YF3. In fact, this anal-
ysis likely underestimates the actual stability of NaYF due to approximations made
about the stoichiometry and the structure in the model that was used. To verify our
methods, we performed the exact same MD analysis on the known stable structure
of orthorhombic YF;, and found RMSD values of 0.182276 A for Y3+ and 0.217381
A for F-, comparable to the values calculated for NaYF,. This again demonstrates
that the cubic YF3 would degrade within picoseconds and is thus not a stable product
or intermediate. We would hypothesize that previously reported syntheses of cubic
YF3 were likely stabilized by the incorporation of what were assumed to be spectator
cations. Even so, due to the existence of these literature reports and our TEM ob-
servations of sodium-poor crystalline regions, we also investigated whether the cubic
YF3 structure would be able to incorporate Na* ions if it could form. To do this, we
performed minimum energy path (MEP) calculations using density functional theory
(DFT) of ions entering the voids in a stable cubic YF3 crystal lattice. These cal-
culations showed large energy barriers of approximately 27 kcal/mol for sodium, 14
kcal/mol for fluoride, and 76 kcal/mol for NaF. This indicates that even if the cubic
YF3 phase was able to form as a transient intermediate, this would not a feasible
mechanism for ion incorporation. Thus, we can conclude that the ions incorporate
into the solid before it crystallizes, and any crystallization of YF3 observed in TEM

was indeed induced by the beam.

The multi-step crystal growth mechanism reported here is not only interesting
in its own right, but it also opens the door for further applications of NaYF and
similar materials that take advantage of its high surface area. For example, NaYF-gel
materials could be useful for future energy storage applications,[83] and in fact we have
demonstrated the successful use of this material as a reversible anode for sodium and

lithium ion batteries. This may be possible due to the capability of active ion exchange
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prior to crystallization. We also view this as a promising candidate for fluoride-ion
batteries and will investigate further in future work.[97] This material may also have
promise as an anti-reflective coating.[98] Anti-reflective coatings are a particularly
interesting application because of the possibility of employing the optical refrigeration
properties of NaYF to actively cool the surface.[48] In preliminary experiments, we
observe optical refrigeration of the NaYF gel when doped with 10% ytterbium. We
find that it can be laser cooled by approximately 0.55 °C and it does not heat under
1020 nm laser irradiation, indicating that it may be a good candidate for, for example,
actively-cooled anti-reflective coatings, especially due to its lack of organic ligands on
the surface, as the effective cooling efficiency of a nanocrystal is reduced by the heating

of organic species on the surface.[99]
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Chapter 3

LASER REFRIGERATION OF PAYLOADS & OTHER
MATERIALS

3.1 Cooling of Nanodiamond Sensors on Rare Earth Fluoride Devices

Quantum sensors for nanoscale metrology is becoming evermore important for cutting
edge scientific applications. Nanoscale emitters, when measured as single emitters,
often have weak signals that require high levels of energy to isolate and measure,
frequently through high levels of laser irradiance. This can damage the sensors or
affect their sensing due to photothermal heating of the sensor, leading to a need for
offsetting the heat in sensitive measurements with large excitation irradiance. Laser
refrigeration is a good fit for this challenge, especially since the microcrystals grown
are an appropriate size for attaching quantum sensors, such as nanodiamonds. In this
chapter, we explore the properties of diamond as they relate to laser refrigeration and

where laser refrigeration can be used for cooling payloads, such as quantum sensors.

3.1.1 Introduction to Nanodiamond Thermometry

The long (millisecond) spin coherence lifetime[100] and all-optical spin readout of
the negatively-charged nitrogen vacancy (NV~) point defect in diamond have en-
abled a wide range of applications including, quantum computation[101], quantum
communication[102], and nanoscale quantum sensing of temperature[103], pressure[104,
105, 106, 107], and electromagnetic fields[108] based on optically detected magnetic
resonance (ODMR). Optical levitation of nanodiamonds offers the additional advan-
tage of extreme isolation, which is conducive to achieving mechanical oscillations with

ultra-high quality factors and longer spin coherence times for potential applications
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such as detectors in advanced cosmological observatories that study areas such as

dark matter,[109] quantum gravity,[110] and gravitational waves.[111]

However, many applications of the NV~ center are limited by thermal drift of
the NV~ center’s zero phonon line (ZPL) due to photothermal heating. In particu-
lar, nanodiamonds frequently contain point defects including substitutional nitrogen
(P1) centers and nitrogen vacancy centers (both neutral and negatively charged) that
increase the background absorption of excitation lasers causing photothermal heat-
ing. To date, many applications involving NV~ centers have been limited by the
photothermally-induced spectral wandering of the NV~ center’s optical transitions.
Photothermal heating can also lead to unintended ejection, graphitization, or burning
of nanodiamonds within an optical trap.[112] The absence of conductive and convec-
tive pathways for removing excess heat from the optically-trapped particle in vacuo

magnifies the effect of photothermal heating.

Laser refrigeration presents a unique solution to the photothermal heating of dia-
monds by enabling rapid (ms) optical temperature control of nanodiamond quantum
sensors in both atmospheric and vacuum conditions. Solid state laser cooling is based
on using a laser with low optical entropy to excite crystal field levels within Yb3*
ions within a fluoride host crystal.[57] The laser excitation is followed by the efficient
emission of blue-shifted (anti-Stokes) photons with high optical entropy.[48] Recent
advances have been made with solid-state laser cooling materials, such as cooling to
sub-cryogenic temperatures[36], the development of laser cooled optical fibers[113],
and the development of laser cooled spherical ceramic nanocrystals that have been
levitated in vacuum in an optical trap.[114] However, there are no reports demon-
strating the indirect laser cooling of quantum sensors, includng the NV~ center in

nanodiamonds.
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Figure 3.1: Experimental setup for nanodiamond sensor thermometry. A) SEM of a
representative Yb:LiYFy crystal (blue) with NDs (red) dropcast on it (false colored
for illustrative purposes). B) An illustration of the cadmium sulfide nanoribbon (CdS
NR) cantilever device suspended in vacuum using a silicon substrate. C) A schematic
of the photoluminescence measurement setup.

Experimental Design for Cooling of Nanodiamonds

To verify if nanodiamonds could be cooled by indirect laser refrigeration, nanodia-
monds (NDs) containing NV~ centers are attached to ceramic microcrystals including
10% ytterbium doped YLF and -NaYF by van der Waals bonding (Fig. 3.1A). NDs
were coated onto the Yb:LiYF, crystal with a number density of ~3.741 um™. The
cooling microcrystals with NDs were placed at the end of a single-crystalline CdS
nanoribbon cantilever that was suspended off of the edge of a silicon substrate (Fig.
3.1B). The small contact and cross-sectional area of the cantilever minimizes the
losses through heat conduction from the microcrystal. The CdS nanoribbon is ~110
nm thick in the direction of light propagation, and is optically transparent at 1020 nm

(and partially transparent at 532 nm) which minimizes any additional heating due to
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1, Q539,m=1362 cm’l).

its low absorption coefficient (a1920pm = 6.7 X 10713 cm™

The NaYF used was made through the synthesis described in chapter 2 according
to [78]. The YLF nanocrystals was performed following modifications to Roder et
al.[5] discussed here: 0.585 g (2 mmol) of EDTA and 0.168 g (4 mmol) LiOH-H,O
were dissolved in 10 mL Millipore DI water and heated to approximately 80 °C while
stirring. After the EDTA was dissolved, 1.8 mL of 1.0 M YCl3 and 0.2 mL of 1.0
M YbCl; were added and continually stirred for 1 hour. This mixture is denoted as
solution A. Subsequently, 0.105 g (4 mmol) of LiF and 0.34 g (8 mmol) of NH,HF,
were separately dissolved in 5 mL Millipore DI water and heated to approximately 70
°C while stirring for 1 h. This solution is denoted as solution B. After stirring, solution
B was then added dropwise into solution A while stirring to form a homogeneous
white suspension. After 30 minutes, the combined mixture was then transferred to
a 23 mL Teflon-lined autoclave and heated to 180 °C for 72 h in an oven. After the
autoclave cooled naturally to room temperature, the YLF particles were sonicated
and centrifuged at 4000 rpm with ethanol and Millipore DI water three times. The
final white powder was then dried at 60 °C for 12 hours followed by calcination at
300 °C for 2 hours inside a quartz tube.

In the NV~ generation process, nitrogen initially enters the diamond lattice as a
substitutional impurity during ion implantation (usually < 200 ppm). Subsequent
radiation damage induced by a variety of sources such as a beam of high-energy
neutrons, electrons, or ions is used to create vacancies.[115] Annealing of the irradiated
diamond at T > 850 °C causes thermal diffusion of the vacancies. This results in the
appearance of the NV~ centers.[115] However, not all the nitrogen atoms are converted
to the NV~ centers, inducing a variety of undesirable defects.

In addition to the photothermal heat generated from the broad phonon overtones
of NV~ centers, other surface or lattice defects within NDs may contribute to pho-
tothermal heating. To evaluate their presence, both electron paramagnetic resonance

(EPR) and infrared photothermal heterodyne imaging (IR-PHI)[116, 117] were used
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Figure 3.2: Nanodiamond compositional data. IR-PHI spectrum of a single nan-
odiamond sample. The peak assignments at wavenumbers (cm™!) are 1100-1150:
B-centers, 1280-1300: A-centers, 1380: B2 aggregates or C-H bond, 1415: carboxylic
acid C-O-H stretch, 1590-1600: hydroxyl (O-H) on the surface, 1640: inclusions of
water or water residue, 1730: carboxylic acid C=0O stretch. Inset shows a TEM
bright-field image of an individual ND used in the shown IR-PHI measurements.

to make measurements on ensemble and single ND particles, respectively. The EPR
spectrum of an ensemble of ND showed a strong central line consisting of the sum
of two derivative Lorentzian line shapes is due to surface and other paramagnetic
defects.[118] There were very weak outer lines (green arrows) due to the P1 centers in
the ND particles.[119] The weakness of these lines is due to the low concentration of
P1 and the possible saturation of the signal. The NDs have <40 ppm of substitutional
nitrogen (based on the manufacturer’s specifications) which may also contribute to

background photothermal heating.

Defects in nanodiamond also are observable using IR-PHI spectroscopy. IR-PHI

enables infrared spectra with visible-region diffraction limits to be collected from
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single ND particles.[120] A representative IR-PHI spectrum is shown in Fig. 3.2 with
the inset showing a TEM image of an isolated ND particle used in these measurements.
The IR-PHI spectrum shows evidence of sizable concentrations of defects and also
absorption features from organic functional groups which passivate the ND surfaces.
In particular, the regions highlighted in red (1100-1150 cm™') and orange (1280-
1300 cm™') in Fig. 3.2, show evidence for the presence of a significant amount of
complex substitutional nitrogen point defects in the form of B-centers and A-centers,
respectively. In addition, the presence of non-zero IR-PHI signal in the range of
1380 cm™! (yellow) may be due to the presence of B2-aggregates. These are complex
objects in (100) planes that can range from a few nanometers to micrometers in size
and are formed by carbon and nitrogen interstitials.[121] The presence of linear fringes
across the center of the ND in the TEM image shown in the inset of Fig. 3.2 (white
arrow) may also be the evidence of these defect centers. It remains unclear which

defect species contribute most to photothermal heating.

3.1.2  Cooling of YLF Microcrystals with Nanodiamonds Attached to the Surface

The fluoride crystals were cooled through the efficient emission of upconverted in-
frared photons[122] excited by a focused 1020 nm laser beam (Fig. 3.1C). An all-
optical Debye-Waller factor (DWF) thermometry[123] approach was used to measure
the temperature of irradiated ND quantum sensors during laser cooling experiments.
DWF thermometry is based on calibrating the ratio of the nanodiamond’s ZPL emis-
sion relative to the adjacent phonon side bands (Izpr/Iovertone). In Fig. 3.3A, the
black line shows the composite spectrum from the sample when both the 532 and
1020 nm beams were incident. Given that the NV~ emission spectrum was crucial
in obtaining the temperature of the NDs using the DWF technique, it was necessary
to subtract the background *Fg/, emission from the Er** impurities (dotted purple
line) that overlaps with the emission of the NV~ center. This emission from Er®*

was subtracted from the composite spectrum (black line) at the respective intensity
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Figure 3.3: A) The composite PL spectrum, when both 1020 and 532 nm lasers are on,
is shown in black. The contribution from the upconverted *Fg /2 emission from Er3t
impurity ions is shown using a dotted purple line. The subtracted spectrum and the
fitting function are shown using a green and dashed red line. B) The natural log of the
DWEF is plotted versus the temperature squared. A linear fit (dashed green line) to
the data is used to extract Tp and S. C) The corresponding calibrated temperatures
obtained from the measured value of In(Izpr,/Ioertone) from the processed spectra
are plotted for various laser intensities of 1020 nm while the 532 nm laser is kept
consistently at an intensity of 0.073 MW cm 2.

of the 1020 nm laser used to obtain the emission profile from the NV~ centers (green
line). This prevents convolution of the Er¥* and NV~ emission, allowing for accurate

calibrations and measurements of the temperature.

The ZPL was fit using a function consisting of a linear background and a Lorentzian
around the ZPL (dashed red line) and the integrated intensity of the ZPL peak (Izpr),
centered at 637 nm, was obtained from the amplitude of the Lorentzian component.
The emission intensity from the phonon side bands (I,yertone) Was obtained by sub-
tracting the ZPL area from the integrated area of the spectrum. As the temperature
of the cryostat was changed from 200-300 K, the DWF was calculated and plotted
against temperature squared (Fig. 3.3B). The data points were fit to the calibra-
tion function (dashed green line) discussed in [123] to obtain the Debye temperature

(Tp=1132.6 K) and the electron-phonon coupling parameter (S=4.38). These values
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were used as a calibration for subsequent measurements. Fig. 3.3C shows the cali-
brated temperature of the NDs at various 1020 nm laser intensity, where a continuous
wave (CW) 532 nm laser at an intensity of 0.073 MW cm™2 was used as a probe beam
to excite the NV~ centers. As the 1020 nm laser intensity was increased, an immedi-
ate drop in temperature and subsequent saturation trend was observed. A maximum
temperature change of 27.7(£3.8) K measured at 2.12 MW cm™2 of 1020 nm laser
intensity using DWF thermometry agrees well with the temperature change of the
YLF microcrystal. Therefore, the cooling power generated by YLF microcrystal in
vacuum allowed net cooling of the attached NDs by 27.7(£3.8) K.

Indirect Cooling of Nanodiamonds Via Laser Refrigeration

The photothermal heating of NDs from the 532 nm probe laser was measured to be
25.6 mK- W1 at zero 1020 nm intensity. Heating from the probe laser can be reduced
by using low probe laser intensities on the order of 10 KW cm~2 along with sensitive
detectors. As the intensity is increased, the cooling induced blue-shift of the ZPL
peak is observed from their respective fits. Tuning the 1020 nm intensity allows for
the stabilization of thermally-induced spectral wandering of the NV~ center’s ZPL.
A feedback loop can therefore be established so that the red-shifts in ZPL due to
heating can be sensed optically and counteracted by increasing the intensity of the
cooling laser. The ND temperature may be adjusted orders of magnitude faster than
a large cryostat’s temperature considering the micro-to-millisecond timescales taken
by the microcrystal to reach steady state temperatures.

Alternatively, the cooling of NDs can also be measured using ODMR/[103] which
does not require the subtraction of unwanted background emission from Er?* ions. A
hexagonal, oblate microcrystal of Yb:NaYF grown via hydrothermal synthesis|[78] was
used to make a device analogous to the device discussed above for DWF thermometry.
A frequency-doubled Nd:YAG laser (532 nm, 370 pW) was used for exciting the

NV~ centers. The sample was also illuminated from the bottom by a collimated
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Figure 3.4: A) Full frequency range of ODMR measurements with two resonance
dips; at 1020 nm intensities of 0, 0.3, 0.75, 3.25, and 14 MW cm™2, increasing in
the direction of the black arrow. B) Variation of the zero-field splitting parameter
D as a function of the cooling laser intensity. The ODMR signals, zoomed around
2.87 GHz, show a blue-shift in D revealing the cooling of crystal with increased 1020
nm laser intensity. C) Blue-shift in the splitting parameter D (right y-axis) and the
corresponding reductions in the crystal’s temperature (left y-axis) versus the intensity
of cooling laser.

while light beam and the back-scattered light was collected to locate and monitor
the position of the sample. Microwaves (30 dBm) were applied on the sample using
a loop antenna which delivered a sequence of 100 ms alternative on/off microwave
(MW) pulses (500 repetitions per location) to control the electron spin of NV~ centers,
and the frequency of the MWs was scanned over 2.85-2.89 GHz to perform ODMR
measurements. Ambient pressure ODMR spectra of the electron spins in NV~ centers
in nanodiamonds were used to measure the temperature of the NDs. The readout
of NV~ spin systems is readily accessible by visible lasers and MW radiation. Fig.
3.4A shows the ODMR spectra for low to high intensities (in the direction of the
arrow) of the 1020 nm cooling laser. Fig. 3.4B shows the ODMR spectra zoomed
around the center frequency and the respective fits are shown using blue lines. As
the laser intensity is increased, a blue-shift in the zero-field splitting parameter (D)

is observed in these spectra, indicating a reduction in the internal temperature of the
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crystal.[103] The net shifts of calibrated temperature measured (using the net shift in
the splitting parameter) at these intensities are shown in Fig. 3.4C. The corresponding
increase in the splitting parameter is also shown in the right y-axis of Fig. 3.4C. The
splitting parameter increases as the laser intensity increases from 0 to 3.25 MWem ™2,
corresponding to ~10 K cooling in the crystal based on previous reports[103] of the
temperature dependence of the zero-field splitting parameter (dD/dT = -74.2 kHz
K™1). The smaller temperature change compared to the measurements with YLF in
vacuum is attributed to the different cooling crystal used (NaYF) and the presence
of conductive heat transfer at ambient conditions. However, the cooling saturates by
further increasing the laser intensity, where the heating due to background absorption
counteracts anti-Stokes cooling. The ODMR-based temperature measurements are
also consistent with recent reports[124] that fit the NV~ centers’ PL spectra around
the ZPL. Fitting the ZPL spectra of the NV~ centers with and without 3.25 MWcm 2
cooling laser irradiation on the crystal also indicates cooling. The calculated change

in temperature agrees with the 10 K cooling found in the ODMR, measurements.
3.2 Reduction of Photothermal Heating Directly in Diamond

The cooling of nanodiamond via contact with rare earth fluorides is a significant
advance in offsetting heat in nanoscale sensors. However, it would be ideal if it
were possible to directly cool the nanodiamond through laser refrigeration. Rare
earth fluorides are a well-studied class of materials for laser refrigeration, but there is
nothing fundamentally specific to them that allows for laser refrigeration as opposed
to other materials. Any material that undergoes anti-Stokes luminescence with a
sufficiently high external quantum efficiency can use laser refrigeration to cool. Some
diamond defects are known to have very high quantum efficiency, but controlling the
defects in diamond is challenging. If it were possible to control the defects in diamond
and use careful anti-Stokes excitation, it may be possible to reduce photothermal

heating or even induce cooling directly in diamond.
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3.2.1 Photothermal Heating in Diamond Defects

Photothermal heating in nanodiamond materials[125] has created challenges for quan-
tum sensing measurements based on optically detected magnetic resonance,[126, 127]
including scenarios when nanodiamonds are optically trapped in high vacuum con-
ditions where offsetting heat is difficult.[128] Recently, progress has been made in
reducing photothermal heating in diamond materials grown via high-purity chemi-
cal vapor deposition (CVD);[129] however, CVD methods are difficult to apply to
diamonds grown at high-pressure, high-temperature (HPHT) conditions. Currently,
there is significant interest in developing solid-state laser refrigeration[130] materials
that can mitigate detrimental photothermal heating for future applications in cav-
ity optomechanics,[26, 131] biophysics,[5, 132] and quantum information science and
technology.[133, 26] In addition to band-to-band transitions and Auger emission from
semiconductors,[134] dipole transitions from point defects in semiconductors, includ-
ing both the NV~ center[132] and the nitrogen—vacancy-nitrogen (H3) center[133]
in diamond, have been proposed recently as potential candidates for solid-state laser
cooling. However, to date, the experimental demonstration of solid-state laser cooling

of semiconductors remains a longstanding experimental challenge.[134, 135, 136]

The H3 center in diamond exhibits several promising characteristics[137, 138] for
laser cooling applications including a neutral charge state, a high radiative quan-
tum yield ~95%,[139] a long excited-state lifetime (~17 ns), and efficient anti-Stokes
photoluminescence[140] that make it a potential candidate for demonstrating solid-
state laser cooling of diamond. The H3 center consists of a nitrogen-vacancy nitrogen
(NVN) complex with Cy, rotational symmetry along (111) zone axes within diamond’s
face centered cubic Bravais lattice [Fig. 1(e)]. Its characteristic emission features con-
sist of a prominent ZPL at 503 nm with the corresponding wide phonon sidebands
(PSBs) red-shifted from the ZPL. Its photostability and high quantum efficiency have

also been used to report tunable laser action in the visible spectral region between 500
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and 600 nm.[139] Here, we demonstrate both efficient anti-Stokes emission from the
H3 center and also reduced photothermal heating in macroscopic HPHT diamonds
that have been enriched with H3 centers relative to control samples containing NV
centers. If the NV and P1 centers within diamond crystals could be reduced, the low-
ered background absorption will lead to reduced photothermal heating in the diamond

crystal.

3.2.2  Bulk Diamond Thermometry

C Er tIf’t‘l t(?entsleh NV° center H3 or NVN center
(substitutional N) @® Carbon @ Nitrogen © Vacancy

Figure 3.5: A schematic showing the mobilization of NV and integration of substi-
tutional nitrogen (C-centers or P1 centers) with NV centers at high pressures and
temperatures to form NVN or H3 centers.

The experimental optical setup designed to collect the emission from macroscopic
diamond crystals excited locally to investigate the photothermal properties of the H3
center was based on the optical setup described earlier in this chapter. Two diamond
samples were studied, one enriched with H3 centers using the technique reported by
Rand et al.[139] and the other grown with a high concentration of NV centers. The
mechanism with which the H3 centers are formed in a diamond is shown in Fig. 3.5.
The H3 diamond was treated at high-pressure and high-temperature conditions[139]
under which the neutral nitrogen vacancy (NV?) centers become mobile and form the

H3 center through recombination with P1 defects.[141]
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The H3 diamond sample was hexagonal-shaped and predominantly contained
point defects in the form of H3-centers (NVN-centers). It was yellow-green colored
around the center of the crystal, while the areas away from the center had a red /purple
hue. The area with the red/purple hue was observed to have a higher proportion of
NV? and NV~ centers. For these experiments, the central area, which has a high pro-
portion of H3 center to other defects, was used. The second sample (the NV sample)
was triangular-shaped and had a bright red/purple hue overall due to a high con-
centration of NV centers. The samples were fixed to a Janis ST 500 cryostat’s stage
using a double-side copper tape. The focal spot of the lasers was maintained ~10
pm below the top surface of the diamonds, and the focal volume heated and probed
using the lasers was approximated to be less than 100 um?® Given the large absorption
coefficient and thickness of the diamond compared to the laser spot size, the divergent
beam reaching the lower part of the diamond substrate had a low irradiance, which

resulted in negligible photothermal heating of the copper tape due to the laser.

3.2.8  Analysis of Diamond Luminescence

The Stokes part of the emission spectra was collected from the H3 and NV diamonds
under laser excitation of 532 nm excitation as shown in black and red in Fig. 3.6a,
respectively. The emission wavelength of NV and NV~ ZPLs are marked using
yellow and red dashed lines centered at 575 and 638 nm, respectively. The counts
are normalized using the laser power used and the acquisition time. The integrated
emission intensity from NV~ centers from the NV diamond sample was measured to
be 11 times higher relative to NV~ emission from the H3 diamond. This more intense
NV emission indicates a higher concentration of NV centers present within the NV
diamond in comparison with the H3 sample.

The anti-Stokes part of emission spectra collected from the H3 and NV diamonds
using a 532 nm excitation is shown in black and red in Fig. 3.6b, respectively. Strong

anti-Stokes emission from H3 centers is observed in the H3 diamond, while it is absent
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Figure 3.6: Stokes and anti-Stokes photoluminecence of Diamond Samples with 532
nm laser. a) Normalized room temperature spectra of NV? and NV~ emission from
both H3 (black) and NV (red) samples using a 1 mW 532 nm laser excitation spot.
b) The anti-Stokes wavelength band spectra for both the H3 (black) and NV (red)

samples using 532 nm excitation.

in the NV diamond. Green dashed line shows the H3 ZPL center wavelength at 503 nm
with the red-shifted wide Gaussian phonon sidebands. The presence of anti-Stokes
fluorescence is important for realizing solid-state laser refrigeration and motivates
conducting experiments in the future to evaluate the efficiency of this process at
different excitation wavelengths. The spectra were cut off at 527 nm due to the notch

filter used to remove the scattered 532 nm laser.

The Stokes part of emission spectra from the H3 and NV diamond spots measured
using a focused 445 nm laser excitation is shown in Fig. 3.7a for both H3 (black) and
NV (red) samples, respectively. Emission from the H3 diamond predominantly con-
sists of emission from the H3 ZPL at 503 nm and a broad phonon overtone emission
with a center around 530 nm, representing a relatively high concentration of H3 cen-

ters in the sample. The instrument-induced intensity variation with wavelength was
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Figure 3.7: Stokes Emission and Lifetime Induced by 445 nm Laser. a) Normalized
room temperature full-range spectra using a 445 nm laser excitation spot. The inset
shows a zoom-in view of the H3 center signal in the NV diamond sample. b) Measured

and exponential fitted lifetime data for H3 sample (black) and NV sample (red) with
a 450 nm excitation.

corrected using a calibrated halogen lamp to obtain the mean wavelength. A Jacobian
transformation was applied following Mooney et al.[142] to convert the intensity vs
wavelength data into intensity vs energy. The frequency centroid was calculated to
obtain the mean emission energy (E = hir) of 2.28 eV. This mean emission frequency
corresponds to the mean wavelength (A = ¢/7) of 543.71 nm. A 475 nm long-pass
filter was used to block the laser signal from entering the spectrometer, which resulted
in a cut-off in the emission signal from the H3 diamond sample. Statistical fitting was
performed to extrapolate the signal on the blue side of 475 nm. This is important for
laser refrigeration applications as only wavelengths red-shifted to this wavelength can

be used to observe the net cooling of diamonds through H3 centers doped in them.

While Fig. 3.7a shows no NV emission from the H3 diamond when the pump laser

was focused tightly within an area with a low NV concentration, emissions from NV
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centers are observed when the entire crystal is optically excited. Photoluminescence
excitation (PLE) spectra of the H3 diamond were collected at 530 and 680 nm, which
are the emission wavelengths with the highest intensity of the phonon sidebands of
the H3 and NV centers, respectively. The PLE spectra confirm the presence of NV
centers in the H3 diamond, as well as other point defects that likely contribute to
background absorption. Two-photon absorption can also contribute to the emission
from H3 diamond. However, it has been predicted to be quite weak as shown by Lin
et al.[137] and will have a different power dependency compared to the anti-Stokes
emission.

As can be seen in Fig. 3.7a, for an excitation wavelength of 445 nm, the emission
from the NV diamond predominantly consists of the NV® ZPL at 575 nm and a broad
phonon overtone centered around 680 nm. The weak NV~ ZPL emission at 638 nm
is due to the strong photo-ionization of NV~ centers to NV° using the 445 nm laser.
The emission from the NV sample primarily occurred due to the NV centers where a
large fraction of the emission intensity (~36.3%) was contributed by NV, indicating
an efficient ionization of NV~ due to the high energy of the incident laser (445 nm).
A very small amount of emission intensity in the NV diamond was from the H3 center
due to the very low concentration of the H3 centers in this sample. This is indicated

using a gray box and the close-up is shown as an inset in Fig. 3.7a.

Lifetime measurements using a pulsed 450 nm excitation laser were conducted
on the H3 diamond with detection window centers both at 530 nm (maximum of H3
center phonon overtone emission) and 680 nm (maximum of NV~ center phonon over-
tones) as shown in Fig. 3.7b. Double exponential fitting to the 530 nm band decay
spectrum shows 10.37 and 2.41 ns decay components. The time scales are smaller than
the intrinsic H3 lifetimes of ~16.7 ns.[143] The short decay time component (2.41 ns)
can be attributed to the heavy quenching of H3 luminescence by other luminescent
defects. Since an H3 center is created from an A-aggregate plus a vacancy, or NV

centers and P1 centers, spatial correlations are likely between the H3 centers and the
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A-aggregates, or NV centers.[144] The A-aggregates act as quenching centers, decreas-
ing the lifetime of H3 ensembles in closer proximity to them.[144] No NV~ or NV
luminescence could be observed at the center of the H3 diamond, where the lifetime
measurements were performed. However, NV~ luminescence could be observed when
the 450 nm laser was focused near the edge of the H3 diamond. The NV~ emission
from this region shows a rise and a decay component with time scales of 5.8 and 16.9
ns, corresponding to the excitation of the NV centers from the trapped H3 emission
(similar to re-absorption and photon recycling effects in perovskite materials)[145]
and the intrinsic NV~ center lifetime, respectively. The lifetime of emission from the
680 4+ 10 nm phonon overtone from the NV diamond sample was fit to a double ex-
ponential with decay times of 19.36 and 7.4 ns. The 19.36 ns lifetime is much longer
than the intrinsic lifetime of the NV~ center (12-13.5 ns)[146, 147] but close to the 21
ns intrinsic lifetime of the NV center. The high emission percentage from the NV in
the NV diamond sample’s spectrum due to blue light excitation as seen in Fig. 3.7a

may contribute to these long time scales.

The room temperature emission spectra of the NV diamond sample were measured
at six different laser irradiances and shown in Fig. 3.8. The measured counts normal-
ized using the laser power and acquisition times are shown on the y axis with units of
counts/(uW ms). The vertical green dotted line signifies an arbitrary separation of
the emission spectra such that the left and right sides indicated using red and black
lines represent the wavelength ranges in which the predominant amount of emission
originates from the NV° center and NV, respectively. However, since the phonon
overtones from the NV are convoluted with the NV, a more sophisticated technique
is required to measure the percentage of emission from the NV° as compared to the
total emission. To calculate this, the NV? and NV~ ZPLs and the overtones were fit
to Lorentzian peaks. The sum of amplitudes of the Ly and G - Gy fit the normalized
spectra gave the emission from the NV? centers. The sum of amplitudes from fits of

all the other peaks contributes to the emission from the NV~ centers. The percentage
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Figure 3.8: Shifts in NV~ concentration as a function of 532 nm laser power. Room
temperature normalized emission spectra from the NV diamond sample at six different
532 nm irradiances.

of the respective charge state emission from NV~ and NV was calculated. At higher
irradiances, NV~ is dynamically ionized to NV° (and back) at a faster rate,[148] caus-
ing the relative percentage of emission from NV to rise from 12 to 18% as the laser
power increases from 81 to 2050 pW. The decrease in dynamic population of the NV~
suggests that the absorption by NV~ would progressively become smaller at higher
irradiances as shown by Subedi et al.[149]

3.2.4 Reduced Photothermal Heating in H3-Rich Diamonds

To calculate the DWF, the area under the ZPL (I;) was obtained by fitting the spec-
trum in a narrow wavelength range of around the 638 nm using a composite function
consisting of a linear background and a Lorentzian. The amplitude of the Lorentzian
is I;. The area under the PSBs (1) can be obtained by integrating over the spectrum
and subtracting the previously determined ZPL area from it. The DWF is calculated
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by taking the ratio Iy to Io. The change in DWF with temperature has been reported
by Plakhotnik et al.[150] Accurate temperature measurements using ODMR required
precise detection of frequency shifts of at least 1.3 MHz for the NV diamond sample
and 200 kHz for the H3 diamond sample.[151] Due to high sample strain and other
paramagnetic defects, linewidths of the dips obtained in the ODMR signal from both
the samples were not sharp enough to precisely measure the temperature changes.
Therefore, DWF was chosen over ODMR as the thermometry technique. Moreover,
using the DWF thermometry, one can avoid the need for microwave equipment in

future laser cooling experiments.
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Figure 3.9: Irradiance dependent calibrated temperatures for the H3 (black circles)
and NV (red circles) diamond samples.

The temperature-dependent measurement of the DWF for the H3 diamond was
done using a laser irradiance of 12 kW /cm? at a wavelength of 532 nm. A fit to the
DWF equation gives the Debye temperature Tp = 1133.7 K and the electron—phonon
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coupling parameter S = 3.41. The same measurement was repeated on the NV di-
amond. The fit to the DWF equation gives Tp = 1164.3 K and S = 3.46. These
values were used to calibrate the laser irradiance-dependent measurements to obtain
the change in temperature as shown in Fig. 3.9. The calibrations were validated
by comparing the calibrations curves of various laser power levels. The slopes of
each curve were compared for any nonlinearity or deviation based on the power level.
No such deviation was observed, suggesting that the calibrations done are valid for
all laser powers used in this experiment. The overall temperature change near the
laser spot in the H3 diamond is close to 5 K at the highest irradiance. However, at
the same laser irradiance, the NV diamond heats to temperatures 50 K higher than
room temperature. Note that the NV diamond sample does not heat linearly with
the increase in laser irradiance, as one would expect for materials with a constant
absorption coefficient at a particular wavelength. As the excitation laser irradiance
is increased, it is likely that the absorption coefficient decreases due to a decrease in

the population of the NV~ shown previously.

Similarly, the 10-fold decrease in photothermal heating of the H3 diamond can
be attributed to the significantly smaller amount of NV centers in the sample as dis-
cussed above. This is encouraging for further exploration of methods to convert NV
centers to H3 centers in a diamond sample. The ability to maintain a relatively high
stable population of H3 centers in a sample may result in minimized heating which
is advantageous considering its possible applications as a lasing medium. Addition-
ally, the presence of anti-Stokes emission from the H3 center motivates its further

exploration as a laser refrigeration color center for radiation-balanced lasers.

As noted above, H3 centers can be formed by heating samples with NV centers
at temperatures high enough to enable their diffusion. The NV dissociation energy is
higher than the migration energy, so NVs diffuse as a complex, limited by the nearly
equal barriers (4.8-4.85 eV) calculated for nitrogen/vacancy exchange and realign-

ment via the vacancy moving away to 3rd nearest neighbor distance and returning
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along a different path.[141] In order to optimize this process for laser cooling, it is
critical that nearly all NV centers are transformed to H3 centers via binding with
P1 centers. This can be achieved by using long-time, high-temperature anneals in

systems with high substitutional N concentrations.

Both theory[141, 152] and experiment[153, 154] indicate that temperatures above
about 1500 °C are required to activate NV diffusion. Extrapolating the hopping
rate calculated by Chakravarthi et al.[154] (which closely aligns with the theoretical
value) combined with a diffusion-limited reaction rate and moderate range capture
distance (~4 nearest neighbor) leads to an estimate for the time constant of NV
transformation to H3 via capture by P1 of about 2 h at 1600 °C for a P1 concentration
of 1000 ppm (with proportionally longer required for lower P1 concentrations). Once
formed, the stability of H3 centers is limited by the dissociation into A-centers and
vacancies (two nitrogen + vacancy). Theoretical calculations indicate a barrier of 6.5
eV for this process.[152] Assuming an effective attempt frequency of about 10 THz,
this gives a dissolution rate of about 8 h at 1600 °C. Thus, there appears to be a
possible window for the formation of large densities of H3 defects via annealing of
N-rich, NV~ rich samples. Higher densities of H3 centers can be achieved at lower
temperatures, with the trade-off being longer annealing times. For example, at 1500
°C, the time constants for H3 formation (at 1000 ppm N) and decomposition would be
about 11 and 80 h, respectively. To avoid graphitization at such high temperatures,
especially for nanodiamond samples, it is desirable for annealing to take place at
high pressures in the absence of oxygen, as can be achieved in diamond anvil cells
or HPHT reactors. Point defect diffusion has also been reported to depend on the
defect’s charge state.[155] Consequently, Coulombic interactions may accelerate the
formation of H3 centers from P1 centers and negatively charged NV centers.

An alternative route to the formation of H3 centers is irradiation and annealing
of Type IaB diamond that already contains large numbers of A-centers.[137] How-

ever, while the H3 signature can be observed in these materials, there are also large
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concentrations of other competing complexes, including NV, N3V (N3 centers), N4V
(B-centers), and N4V2 (H4) complexes.[153] It has also been found that the H3 emis-
sion is quenched by the large density of N aggregates in such materials.[156]
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Chapter 4

PROPERTIES AND APPLICATIONS OF RARE EARTH
FLUORIDES IN OPTICAL TWEEZERS

4.1 Laser Refrigeration of Alpha NaYF in Optical Tweezers

One of the major challenges with laser refrigeration is thermal isolation from sub-
strates that can conduct heat into the cooled sample. Laser refrigeration is an in-
herently low power method of cooling due to saturation limits on absorption and the
low amount of energy leaving the system per photon. This makes thermal isolation
critical to successfully cooling, especially on the micro and nanoscale. While previous
experiments used CdS nanoribbons to isolate crystals from a larger bulk substrate,
a good solution for microscale systems is using optical tweezers, which will allow for
non-contact levitation of the cooled sample. If sufficiently high vacuum is used, it
is theoretically possible to isolate the cooling crystals from contact with any exter-
nal molecules, including gasses. This makes optical tweezers extremely interesting
as methods of studying the properties of rare earth fluorides for laser refrigeration

applications.

4.1.1 Optical Tweezers for Nanocrystal Laser Refrigeration Experimentation

Optical trapping was first demonstrated by Ashkin in the 1970s[18, 157, 19], and since
then, optical trapping of atoms, ions, and biological material (optical tweezers) has
been intensely studied. Over the last decade, there has been new interest in trap-
ping nano-scale particles in air and vacuum. Optically levitated nanoparticles have

emerged as versatile high quality factor oscillators[158] whose motion can be pre-

cisely controlled with center-of-mass (COM) cooling[159, 160, 161]. Recently, COM
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cooling reached the motional ground state[161, 162]. Levitated nanoparticles have
been used as phonon lasers[7] and as precision force sensors for detecting Coulomb
forces[163, 164, 165], Casimir forces[166, 167], and torques[168, 169, 170, 171, 172].
They have force sensitivities on the zepto-Newton scale[164] due to their isolation
from the environment when trapped in high vacuum, which has applications in the
search for non-Newtonian gravity.[173]

Trapped nanoparticles are good systems in which to study defect centers, due
to their isolation from their environment. Color centers in general, and NV cen-
ters in diamond in particular, have received much attention for their atomic-like
energy levels, ability to produce single photons[174, 175], and isolated spins with
long coherence times at room temperature[176, 177]. NV centers have been used
for thermometry[178] and extensively studied for quantum computing[179, 180, 181].
Levitating nanodiamonds with NV centers creates hybrid systems with motional and
spin degrees of freedom in an isolated environment[177, 182, 183, 184, 185]. However,
nanodiamonds are difficult to trap in high vacuum because optical absorption of the
trapping laser causes the nanodiamond to heat and graphitize[186, 187, 188] when
there is not enough thermal contact with gas molecules surrounding the nanocrystal
to dissipate the absorbed energy, though recent work has shown that purer nanodia-
monds are less prone to heating[189]. To take advantage of the spin degree of freedom
in NV centers and pursue quantum behavior in trapped particles, the heating of lev-
itated nanocrystals must be mitigated.

One way to overcome photothermal heating is laser refrigeration. Laser refrig-
eration was first suggested by Pringsheim in 1929[1] and realized experimentally in
1995[2]. Since then, rare-earth ions have emerged as excellent vehicles of laser refrig-
eration that have been doped into numerous crystals[190, 191]. Laser refrigeration
can be used on optically levitated nanocrystals to combat optical heating since it is
an optical technique and can address levitated nanocrystals without disrupting their

isolation from the environment. Laser refrigeration of optically trapped crystals has
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been demonstrated in Yb:YLF[5, 192] and shows promise to be a useful technique, but
its effectiveness, limitations, and dependence on pressure need to be explored in more
detail. Laser refrigeration of nanodiamonds themselves has also been proposed[193]

but has not been demonstrated.

4.1.2  Trapping Design for Alpha NaYF

We observed anti-Stokes cooling of optically levitated Yb:NaYF nanocrystals. Yb3*+
ions have a smaller splitting in the ground state manifold when doped in NaYF than
other crystals, allowing for greater cooling efficiency[37]. Our Yb:NaYF particles
were isotropic and nearly spherical, allowing us to avoid the rotation effects seen in
previous work[192]. Yb:NaYF is safer to synthesize than Yb:YLF and predicted to
be able to cool to ~ 5 K colder[5, 37]. We explore the dependence of the cooling on
the intensity of the cooling laser and the pressure of the surrounding gas. Cooling
increases linearly with the intensity of the cooling laser. Further, we find that below
pressures of ~ 5 mbar the cooling is reduced due to the lack of thermal conduction
to the gas molecules, which facilitates greater heating from the optical absorption of
the trapping laser due to the presence of surface ligands on the nanocrystals.

We trap a-NaYTF crystals with a nominal size of 100 nm doped with 10% Yb?T [see
Fig. 4.1a]. a-NaYF is a non-stoichiometric cubic phase represented by the chemical
formula Nag 5, Yo5::F212.. The exact stoichiometry can be measured with XRD[52].
The a-NaYF used in these experiments was observed to have x ~ 0.07, leading to a
stoichiometry of Nag43Yo57F2.14. The a-NaYF crystals were grown using modified a
hydrothermal process described in chapter 2. A 10% Yb:YCI3 solution is placed in an
autoclave liner and chelated by stirring with an equal amount of tri-sodium EDTA.
NaF is then added drop by drop to the mixture and stirred vigorously for 30 min.
The mixture is then transferred to a stainless-steel autoclave and heated in an oven
at 100 °C for 24 h. After cooling, the sample is collected from the autoclave liner,

isolated by centrifugation, and then washed twice with water and twice with ethanol.
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Figure 4.1: a) SEM image of NaYF nanocrystals used for laser refrigeration in the
optical trap. b) A 1064 nm laser is used to create an optical dipole trap. Once trapped,
the Yb3+ ions are excited using a 1020 nm laser, producing photoluminescence in the
930-1020 nm range, which is sent to the spectrometer.

Finally, the nanocrystals are dried at 80 °C for 12 h. These nanocrystals are dispersed
in ethanol and nebulized into a vacuum chamber where a tightly focused 1064 nm
laser creates an optical dipole trap. The electric field of the 1064 nm trapping laser
induces a dipole in the nanocrystal, and the induced dipole moves in the intensity

gradient of the laser to the point of highest intensity, the focus of the laser

4.1.3  Thermometry of NaYF Inside of Optical Tweezers

Once a crystal is trapped, a 1020 nm laser is introduced colinearly with the 1064
nm laser to excite the Yb3* ions. Anti-Stokes PL emitted by the trapped crystal
is collected through the same lens used to focus the trapping and cooling lasers. A
1000 nm dichroic beam splitter and a 1000 nm short-pass filter separate the PL from
the laser light. The filter cuts off PL at wavelengths higher than 1000 nm, which
is impossible to separate from the trapping and excitation lasers. Figure 4.1b is
a schematic of the experimental setup showing the 1064 nm horizontally polarized
trapping laser, 1020 nm vertically polarized excitation laser, vacuum chamber, and

spectrometer. The collected PL is sent to a spectrometer, and the spectra are used
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to determine the temperature of the crystal.
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Figure 4.2: a) Normalized spectra taken with (blue) and without (red) the 1020 nm
laser. With the 1020 nm laser, there is more PL from lower energy spectral peaks
(blue region) and less PL from higher energy peaks (red region), which indicates
cooling of the crystal lattice. b) Calculated mean wavelength for various intensities
of the 1064 and 1020 nm lasers at 200 mbar. Intensities up to 8.1 MW /cm2 (red)
are achieved with the 1064 nm laser, and intensities above 8.1 MW /cm2 (blue) are
the 1020 nm laser added to the 1064 nm laser. The change in temperature is shown
on the right axis. ¢) Lowest temperature reached by seven nanocrystals. The mean
cooling is 42 to 252 K, with crystal 2 cooling the most, 53 to 241 K. Error bars are a
one sigma confidence interval on the room temperature mean wavelength.

The PL emitted by Yb3* ions can be used to calculate the crystal’s temperature
because the electrons in the excited state are in thermal equilibrium with the crystal
lattice. Since the time scale of electron transfer between the excited state sublevels is
much shorter than the lifetime of the state, the proportion of the election population
in each sublevel follows the Boltzmann distribution. As the temperature of the crystal
decreases, there are fewer electrons in the higher energy sublevel and therefore, higher
energy (shorter wavelength) transitions become less likely. Figure 4.2a shows typical
area normalized spectra with (blue) and without (red) the 1020 nm laser. To deter-
mine the temperature, the mean wavelength of each spectrum is calculated by taking
a weighed average. Cooling the crystal results in a redshift in the mean wavelength

with PL increasing at lower energy peaks [blue region of Fig. 4.2a] and decreasing at
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higher energy peaks (red region).

The mean wavelengths for a range of both the trapping (1064 nm) and cooling
(1020 nm) laser intensities are presented in Fig. 4.2b. The range of 1064 nm intensities
is shown in red, and the range in blue shows the 1020 nm laser added to the 1064
nm laser. The mean wavelength does not significantly change over the range of 1064
nm intensities. For crystals at atmospheric pressure or low vacuum (>100 mbar),
thermal contact with gas molecules keeps the crystal at room temperature when only
the 1064 nm trapping laser is on. Variation in the mean wavelength is predominantly
due to noise; the noise is significantly higher when only the 1064 nm laser is on
because the PL counts are considerably lower, leading to more variation in mean
wavelength. To compensate for the noise, the mean wavelengths for the 1064 nm
intensities are averaged. The average is used to establish the room temperature
(294 K) mean wavelength for each crystal and contributes the largest factor to the
uncertainty in the total cooling. As the 1020 nm intensity is increased, the mean
wavelength redshifts linearly, indicative of cooling. While higher 1020 nm intensities
may cool the nanocrystal further, smaller increases in the total PL from the crystal
at high intensities suggest we are close to saturating the cooling power of the Yb3*+

ons

4.1.4  Calibration of Optical Tweezers Luminescence and Fxperimental Results

It is necessary to calibrate the redshift of the mean wavelength to determine the
crystal’s final temperature. To relate the change in the mean wavelength to the
change in temperature, crystals were deposited onto a glass slide in a cryostat. Spectra
were taken as the temperature of the cryostat was varied, and the change in the mean
wavelength was noted. The shift in the mean wavelength is linear over a wide range of
temperatures from 300 K down to 125 K. Below 125 K, the crystal phonons are frozen
out and can no longer transfer electron population between sublevels. Therefore, the

Yb3* ions emit little to no PL in the 930-1000 nm range, and the mean wavelength of
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the spectrum can no longer be used to calculate the temperature. The shift in mean
wavelength with temperature was measured for multiple locations on the glass slide,
and the slopes were averaged, giving the calibration of A\,cq,/AT = 0.046 + 0.001
nm/K, where the uncertainty is the standard deviation of the fitted slopes.
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Figure 4.3: Mean wavelength as a function of 1020 nm laser intensity for a range of
pressures. The amount of cooling achieved by the crystal is highly dependent on the
surrounding pressure. At lower pressures, there is less thermal conduction from gas
molecules, and the anti-Stokes cooling is balanced by heating due to optical absorption
of the lasers.

Using the temperature calibration of the mean wavelength shift, the maximum
achieved cooling can be calculated for each trapped crystal. Figure 4.2c¢ shows the
lowest temperature for seven trapped crystals. On average, crystals were cooled by
42 to 252 K, with the most efficient crystal cooling 53 to 241 K. Aside from the
intensity of the 1020 nm cooling laser, there are two main factors determining the
crystal’s temperature: the pressure of the vacuum chamber and the intensity of the
trapping laser. Collisions with air molecules provide the crystal’s primary thermal

contact and tend to keep the crystal at room temperature. Blackbody radiation is
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negligible due to the small surface area of the trapped nanocrystals. As the pressure
is decreased, the crystal becomes more thermally isolated, and the heating due to
optical absorption and the laser refrigeration act in opposition. At pressures ~ 5
mbar, the laser refrigeration begins to lose and the crystal cools less, showing an
initial temperature 30 °C above room temperature and only 10 °C of cooling as
the 1020 nm laser intensity is increased for a final temperature that remains above
room temperature. The cooling achieved by the nanocrystals is controlled by surface
effects of ligands left by the synthesis process. The surface contributes significantly
to heating and is most affected by the thermal dissipation by gas molecules in the
chamber. The dependence of the cooling on the pressure of the surrounding gas can
be seen in Fig. 4.3. At high pressures (1000 and 100 mbar), the difference in the
amount of cooling is 7°C with the crystal cooling the most at atmospheric pressure.
When the pressure is in the single millibar range, the crystal’s initial temperature
is above room temperature and the amount of cooling decreases, leading to a final

temperature that remains above 294 K.
4.2 Applications of Beta NaYF as Levitated Sensor

NaYF has applications in optical tweezers beyond potential refrigeration for nan-
odiamonds. While cooling some payload is the most simple application for laser
refrigeration, it can also allow the NaYF (or other rare earth fluoride) to be used in
sensing applications under more extreme conditions than other materials. The disc
like morphology of the S-NaYF phase has a high aspect ratio that allows it to func-
tion as a levitated sensor. The unique feature of NaYF is that it could be cooled as
a levitated sensor if the levitation beam is an appropriate wavelength. Every other
type of material will experience some photothermal heating, even if it is supposed
to be optically transparent and sufficiently pure. But having active cooling means
that large laser irradiances can be used without vaporizing the sensor or affecting its

mechanical and electronic properties.
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4.2.1 Levitated Sensors in the Search for Gravity Waves

The field of levitated optomechanics is both rapidly developing and of high scientific
interest, with a number of impressive recent results including achieving cooling to the
quantum ground state[194, 195], high resolution surface force mapping[196, 197, 198|,
material limited gigahertz rotations[199], microscopic material studies[200], and high
precision force[201] and acceleration[202] sensitivity. Near term goals include contri-
butions to dark matter and energy searches[203] and astrophysics, including searches
for high frequency gravitational waves (GWSs) in the Levitated Sensor Detector (LSD),
currently under construction[204].

With the first detection of gravitational waves[205], there have been a number
of proposed and constructed experimental efforts to extend the observable GW fre-
quency spectrum, such as the upcoming LISA mission[206, 207] and various other
proposals[208, 209, 210, 211, 212, 213, 214, 215, 216, 217, 218]. Levitated sensors
have been identified as a promising route to search for gravitational waves in the
range of 10 kHz to a few hundred kilohertz[204, 219], where sources can include GW
emission from annihilation of axions in clouds around spinning black holes or from in-
spirals and mergers of nearby sub-solar-mass primordial black holes within the Milky
Way. In addition, a cosmological network of cosmic strings produces a stochastic
background spanning frequencies from the nanohertz up to a cutoff well beyond the
LSD band[220]. The sensitivity of such a levitated sensor detector benefits from low
photon-recoil-heating and greater mass of the levitated particle. Both can be enabled

by trapping disclike objects instead of spheres[204].

4.2.2  Demonstration of Beta NaYF as a Levitated Sensor

Here, we demonstrate optical trapping and study the motional dynamics of high
aspect ratio, high mass, high mechanical frequency hexagonal prisms in vacuum.

We compare the measured motional spectra with simulations, and we illustrate the
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potential advances for high frequency gravitational wave detection made possible by
trapping particles of this geometry. The main advance here is in achieving optical
trapping and characterizing the dynamics of a dielectric object with a low-photon-
recoil geometry while maintaining a large mass and high trapping frequency, which is
essential for realizing the design sensitivity for the LSD gravitational wave search at
frequencies above 10 kHz[204].

While small spherical particles can be trapped at high frequency (~300 kHz)[194,
195], the near-isotropic nature of their light scattering yields significant photon recoil
heating, and their low mass is undesirable for the application of GW detection. Larger
diameter (~10 pm) spherical particles have significant mass, but have only been real-
ized in subkilohertz-frequency trapping configurations[202, 221]. The disclike geome-
try of high-aspect-ratio hexagonal prisms allows the ideal combination of high mass,
high frequency, and low photon-recoil heating, and exhibits a clear improvement over
levitated spheres, both in the regime when the sensor is dominated by thermal noise
and when the sensor is limited by photon recoil. While these objects are of a lower
mass than in our ideal design of LSD[204], this work represents a significant step
along the technical roadmap and prepares us for trapping more customized similar
objects in the final detector.

Since the first experimental demonstration of cold Brownian motion[5], solid-state
laser refrigeration[87] has proven to be an effective way of preventing detrimental
photothermal heating of optically levitated materials. In addition, NaYF and other
rare-earth-doped crystals have been studied before in the context of optical vacuum
levitation[222, 131] and have been shown to exhibit laser refrigeration when trapped
with light of an appropriate wavelength. Previous experiments with both cubic (a)
and hexagonal () phases of NaYF have either been with low mass subwavelength
particles[131] or not optically levitated in vacuum[48]. By choosing such a material
for the sensor, in the future laser refrigeration methods may enable higher trapping

intensity and higher trap frequencies for gravitational wave searches approaching the
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several hundred kilohertz frequency range. To produce multimicrometerscale high-
aspect ratio particles relevant for GW detectors, we recently developed a novel hy-
drothermal synthesis[78] to drive growth of the hexagonal beta NaYF into thin, wide
plates that was not previously possible[87].

Finally, as a general tool for precision sensing experiments, high aspect ratio
trapped objects enable levitation of a multimicron scale object with mechanical fre-
quencies in the tens of kilohertz, much higher than what is possible for similar mass
spherical objects at similar optical powers[202, 221], due to the subwavelength size
of the object in the optical axis. Additionally, 5-NaYF has a density roughly double
that of SiO,, further increasing the mass of the trapped particle. Because of com-
mon noise sources at lower frequencies, for example from ground vibration or acoustic
noise, this is a useful experimental platform for measurements, e.g., accelerometry,

that would benefit from a sensor with larger mass and higher bandwidth.

4.2.8  Design of Dual-Beam Optical Trap for Levitated Sensor

A top-view schematic of the experimental setup is shown in Fig. 4.4a. Two focused
counter propagating linearly polarized Gaussian beams, which are obtained from a
1550 nm laser via polarization-maintaining fiber-optic couplers and circulators, create
a standing-wave optical dipole trap. Yb-doped S-NaYF hexagonal prisms are released
from a glass substrate when driven by a piezoelectric transducer under 2—-12 mbar of
Ny gas[223] and trapped in one of the antinodes of the standing wave (total power at
the trap P &= 475 mW, and beam waist w & 12 um). We study two batches B1 and B2,
with aspect ratios of approximately 8:1 (2.5 pm in diameter and 300 nm thick) and
15-25:1 (3-5 pm in diameter and 200 nm thick), respectively. The S-NaYF crystals
are hydrothermally grown in an autoclave, resulting in a distribution of particle radii
and thicknesses.

To characterize the motional dynamics of the prisms in the trap, we employed mul-

tiple independent detection mechanisms, as illustrated in Fig. 4.4a. Light scattered
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Figure 4.4: a) SEM micrograph of a cluster of NaYF hexagonal prisms from the
B2 sample. b) Optical experiment design. The hexagonal prism is trapped at the
foci of two 1550 nm counterpropagating beams. Fiber-based detection is achieved
through homodynelike measurement through the fiber and the reference light out of
the coupler through a fiber photodetector. Scattered light is also detected through
photodiodes (PDs) and quadrant photodetectors (QPDs). ¢) Optical micrograph of
NaYF prism, adapted from Ref. [78]. d) Spectral density of the motional signal
at 2.2 mbar recorded by one of the QPD detectors. Motion corresponding to five
principal degrees of freedom (x;y;z;0,:;6,) of the hexagon is visible. Vertical lines
indicate calculated frequencies from a finite-element simulation for similar prisms,
showing qualitative agreement.

from the prism is partially coupled back into the polarization maintaining fiber and
interferes with the reference light out of the 95/5 optical coupler to achieve homodyne-
like interferometric detection through a fiber photodetector. The image of the prism
is projected onto two quadrant photodetectors from the side and bottom of the vac-
uum chamber, respectively. Additionally, scattered light is directly detected by three
free-space biased photodiodes which view the prism from the side, bottom, and top
diagonal windows of the chamber. Along the optical axis the positional information of
the prism is encoded mainly in the phase of the light given the prism’s subwavelength
thickness in this direction. Off-axis positional information is encoded mainly in the

intensity due to the much larger (a few micrometers) transverse dimensions of the
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prism.

4.2.4  Modeling and Observations of Dynamics of Trapped Hexagonal Prism

Optical trapping of spheres in the Rayleigh, Mie-Lorentz and geometric optics regime
is a fairly well studied problem experimentally and theoretically. Furthermore, several
novel geometries have been explored in the subwavelength (Rayleigh) regime. The
expected form for nonspherical objects optically trapped in the Mie-Lorentz regime
is a topic of recent theoretical investigation[224]. While a sphere trapped in the Mie-
Lorentz regime will exhibit 3 degrees of freedom, in contrast for a high-aspect ratio
radially symmetrically object (i.e., a disc or disc like object) we would expect to see
5 degrees of freedom, since the 6th degree of freedom (that of the hexagonal prism
spinning around its most symmetrical axis) is poorly optically coupled. Our 5-NaYF
hexagons are neither perfectly symmetric nor optically isotropic so we would expect to
see a coupling to the output light in the case that the rotations around that axis were
driven. This could be explored in future experiments for example by using circularly
polarized trapping light, since S-NaYF is birefringent.

The analytic approach predicts the mode ordering in frequency space that we
observe, however, due to the noninfinitesimal thickness of the hexagonal prisms used
in the experiment we use a finite element model implemented in PYGDM?2[224] to
compute the expected optical forces and frequencies of the trapped prisms. Computed
frequencies for our geometries are overlaid over experimental data in Fig. 4.4d.

Power spectral density data for the motion of two sizes of hexagonal prisms, lower
aspect ratio B1 and higher aspect ratio B2, trapped using 475 mW of laser power at
a pressure of 2.2 mbar are shown in Fig. 4.5 for each of the detection mechanisms
described previously. We pinpoint the mechanical resonances of the prisms by identi-
fying peaks at same frequencies in multiple detectors. Peaks corresponding to primary
translational and rotational mechanical resonances x, y, 6,, 0,, and z are denoted by

vertical dashed lines. All other peaks are identified as known harmonics, sidebands,
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Figure 4.5: Experimentally obtained power spectral densities for two sizes of hexago-
nal prisms, Bl and B2 from detectors oriented to the side (i), bottom (ii), top diagonal
(iii), and along the trap axis (iv). Detector types include quadrant photodetectors
(blue, orange, and red), biased photodiodes (green), and a fiber-coupled homodyne-
like interferometric detector (purple). Observed peak maxima corresponding to X,
Yy, 0z, 0y, and z motion are denoted by vertical dashed lines. In some cases, higher
harmonics of the labeled peaks are visible in the spectra, indicating the presence of
nonlinearities.

or electronic noise in the system. The conversion to nm/v/Hz is done for a harmonic
trapping potential by assuming thermal equilibrium and fitting a strongly coupled
peak to a Lorentzian function. The thermally driven p torsional root-mean-squared
amplitudes of the modes 6, and 6, can be estimated by the equipartition theorem:
Ouy) = (1/27fo,,)\/ (kT /), where fy = is the observed torsional frequency, kp is
the Boltzmann constant, 7" is the temperature, and I is the moment of inertia. The
calculated root-mean-square amplitudes of 6, and 6, are 1.7x 1072 rad and 1.5 x
1072 rad, respectively, for B1 and 9.1 x 1073 rad and 4.7 x 1073 rad for B2. We do
not observe free rotations or bending modes, tested up to 10 MHz, as expected since
the 0, and 0, modes of the prism are small amplitude, stable linear oscillatory modes
about the plane of the standing wave’s interference fringes and bending modes are
not predicted to be observable within our resolution for this geometry. Since no free
rotations are observed, we also do not observe the presence of a significant precession

term as in Ref. [225].
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The analytic model for a thin disc from [226] predicts a small amount of mode
splitting along x/y and 6, /6, axes, with the effect increasing the further the levitated
object is from the Rayleigh regime— specifically in the radial axis. Therefore, a
wider hexagonal prism will have a less degenerate set of x/y and 6,/6, modes. This
effect can be seen in both the outputs of the numerical model and the experimental
data. Specifically in Fig. 4.52, the x/y modes for the radially smaller B1 hexagon
are nearly degenerate and the 6,/6, modes are much closer together than for the
radially larger B2 hexagon. Mode splitting is also often seen in levitated particles
in the Rayleigh limit, caused by the asymmetric potential generated by polarization
dependent focusing of the beam[227]. Since our prisms are well into the Mie-Lorentz
regime, separation between the modes results both from the polarization dependent
focusing bias of the lens and geometry-dependent scattering resonances within the

levitated particle.|[78]

Figure 4.4d shows the power spectral density (PSD) of an optically trapped hexag-
onal prism with values from the finite element model (FEM) overlaid. The location of
the peaks in the PSD is broadly in line with that computed by the FEM. It is of note
that the frequency of the z degree of freedom is mainly dependent on the thickness
of the hexagonal prism, while the mode splitting is mainly dependent on its radius.
We assume the prism has uniform thickness, and surface roughness is not modelled.
Differences in the observed frequency of the x/y motional modes to those predicted by
the FEM may be driven by edge effects due to the prism’s tapered shape. Because of
memory and CPU time driven resolution constraints the FEM assumes a flat face on
the hexagons prism’s thin edge. Differences may also result due to geometry depen-
dent Fabry-Perot and whispering gallery-mode-like resonances within the levitated

prism|78].
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4.2.5 Sensitivity to Gravitational Waves

For the application of gravitational wave detection, a disc-shaped particle or hexag-
onal prism can be suspended in a standing wave in an optical cavity. For such a
configuration, as discussed in Ref. [204], the minimum detectable strain hy;,;; for a

particle with center-of-mass temperature Ty, is approximately

[+ 2 ) H (wp) (4.1)

4 kBTCM"}/gb
M Nivg

Ptimir = L
for a particle of mass M trapped in a cavity with response function H (w) ~ \/m
for a cavity of linewidth x. Here N; = kT /hwo, v, = (32P/m0pt) is the gas damp-
ing rate at pressure P with mean gas speed v for a plate or disc of thickness ¢ and
density p, and b is the bandwidth.

The photon recoil heating rate for a plate- or disc-shaped structure is [204, 219,
228] vse = (Vedwo/4L)[1/ [dV (e — 1)] x (1/Fyise) is inversely proportional to the disc-
limited finesse Fy;s., i.e., 2w divided by the fraction of photons scattered by the disc
outside the cavity mode. The integral is performed over the extent of the suspended
particle. Here V, is the cavity mode volume[219]. For a subwavelength spherical
particle of volume V' in the Rayleigh regime, v, = 2(7%woV/A%)[(e — 1)/(e + 2)].

At higher pressure, the sensitivity is limited by gas collisions, while at ultrahigh
vacuum, v, = ;7 > 1 and eventually the sensitivity is limited by photon recoil
heating. The thermal-noise limited sensitivity generally scales as v/P in the gas-
dominated, ballistic regime. At a given pressure, we can define a figure of merit
Mihermar Which describes the dependence on particle mass, geometry, and trapping
frequency as Ninermar = wi/Mpl where wy is the trapping frequency along the cavity
axis, [ = r or | = t for spheres of radius r or plates of thickness t, respectively.
Correspondingly, we define figure of merit 7qccon = wg’/ 2\/m for sensitivity to
GWs in the photon recoil dominated limit.

In Fig. 4.6b, we show Mermar for several recent experimentally realized configu-
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Figure 4.6: a) Calculated far-field scattered electric field profile for a hexagonal prism
of thickness 200 nm and diameter 4 ym. b) (left) Figure of merit nierma = wiv/Mpl
(in units of Hz?kg/m) in the thermal-noise dominated limit. At equal masses, high as-
pect ratio levitated plates significantly outperform levitated spheres for gravitational
wave experiments. Projected sensitivity for the same size plate held at higher trap-
ping frequency is shown. (right) Figure of merit 9,ecoi = wg’/ 2\/M /7se (in units of Hz
kg!'/?) in the photon-recoil-heating dominated limit. Projections shown for a prism of
the size trapped here, for currently realized beam parameters with an estimated F ;.
of 1.1 x 103 (solid hexagon) and for two trapping frequencies with a suitably apodized
edge and beam waist profile, with an estimated Fg;s. of 10° (open hexagons).

rations. When comparing objects of similar mass, the higher frequencies obtained for
our hexagonal prisms show a significant improvement.Although the values of Mnerma
realized in the present work are only marginally better than those obtained for some of
the smallest nanospheres trapped at very high frequencies (driven by the w? scaling),
by raising the trapping intensity we estimate for our geometry it should be possible
to greatly exceed the highest values obtained in these experiments.

In ultrahigh vacuum, disc or hexagonal prism shaped objects show a distinct

advantage, due to the more-directional nature of their scattering [as shown in Fig.
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4.6ain contrast to the nearly isotropic scattering from small spherical particles in
the Rayleigh regime. In Fig. 4.6b we plot 7),ccoi, focusing on the higher frequency
domain with a comparison between nanoparticles in the Rayleigh limit and hexagonal
prisms of thickness 200 nm and diameter 5 ym. The hexagonal prisms outperform
the nanoparticles by 2 or more orders of magnitude for a disc-limited finesse of Fy;s. =
105, reasonable for a suitably apodized disc or prism trapped in a beam with waist
equal to half the particle radius [204, 228]. For further GW sensitivity, a stacklike
geometry[204] may be possible by using a central NaYF spacer and two end caps with
high refractive index low-loss material such as Si or Al;O3, e.g., deposited by pulsed

laser deposition[229] or evaporation.
Behavior of Alpha NaYF in Aqueous-Based Optical Traps

Previous discussion focused on the properties and behavior of NaYF trapped in air
or vacuum, but it is also possible to trap while in solvents. Aqueous conditions
represent a huge set of interesting chemical environments, especially for scientific
fields like biology and geochemistry. NaYF could be used to study these chemical
environments, especially when it comes to colloidal materials. Understanding the
interactions of colloids is critical to modeling and predicting their chemistry, and
NaYF can be used to study the interactions of colloids using optical tweezers to
isolate individual crystals without causing significant heating that could affect local

chemistry.

4.2.6  Important Colloidal Forces on Aqueous Nanocrystals

Colloids represent a massive set of chemical environments, and the interactions be-
tween colloidal particles govern the behavior of many important scientific fields & pro-
cesses, including nanotechnology([230, 231], crystal growth[232, 233], and aggregation
& assembly[234, 235]. Understanding the forces experienced by colloidal materials

is integral to furthering colloidal science. Significant work has been done to under-
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stand colloidal systems regarding particle assembly through the energetics of colloidal
interactions, namely van der Waals interactions and surface potentials. While the en-
ergetics are critical to understanding assembly, it is important to not preclude or
otherwise insufficiently account for the impact of solvent dynamics on particle inter-
action and assembly. DLVO theory[236, 237] or a modified version of DLVO theory
is commonly used to model assembly and aggregation of colloids. While it is not
uncommon to modify DLVO theory to include some hydrodynamic lubrication force
corrections, a deeper look at the variables governing the hydrodynamics of a colloid
is needed to form a more thorough understanding of colloidal interactions leading to

assembly:.

The net forces in effect on a colloid are not limited to just the energetic and dy-
namic forces. External forces can also be applied to colloids to drive aggregation.
These include, but are not limited to, electric fields, magnetic fields, thermal con-
vection, and optical forces. Most of these can be easily applied to bulk solvent, but
it can be challenging to apply locals fields or forces at the micro-to-nano size scale.
However, optical forces are especially well-suited to applying forces on the micro to
nano size scale through the use of optical tweezers. The application of optical tweez-
ers allows the study of extremely sensitive forces and can be used for a broad array
of experiments, including recent experiments demonstrating cooling of trapped par-
ticles to quantum ground states[194]. By trapping particles with optical tweezers, it
is possible to study dynamics of colloidal particles in aqueous systems relative to a

fixed particle in the trap.

The colloidal dynamics and assembly of alpha-phase sodium yttrium fluoride (a-
NAYF) crystals trapped in water due to optical tweezers were studied. Rare earth
fluorides, such as a-NAYF, are in interesting class of materials to study with opti-
cal tweezers due to their applications in solar energy materials|25], bioimaging[30],
laser gain media[22], infrared upconversion phosphors|[238, 239], quantum memory

devices[24], vision therapy[31], gravity wave sensors[240], and anti-counterfeiting by
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functioning as barcodes through their luminescence[28, 27].

a-NAYF was initially chosen as the material due to its interesting applications in
laser cooling and small crystal size ideal for near infrared optical tweezers. Ytterbium
can be doped into the materials, and used to upconvert near infrared light with near
unity efficiency to draw energy out of the lattice vibrations to lower the temperature
of the crystal[133]. These materials have been demonstrated to be able to cool in
aqueous and physiological conditions using optical tweezers to isolate them thermally
from any bulk substrate beyond the solvent[5, 48]. These materials can also experience
heightened trapping forces if the trapping laser is resonant with lanthanide dopants,
making it possible to trap under lower laser irradiances compared to materials with
similar indices of refraction[241]. Sodium yttrium fluoride is particularly interesting
rare-earth fluoride for cooling applications due to its low crystal field splitting[242],
but the composition of the crystal is complicated. The alpha phase in particular has
a high degree of disorder and be better described as a crystalline solution of NaF
and YF3[86, 243]. This disorder leads to a nonstoichiometric ratio of ions in the
crystal structure that can vary depending on synthesis conditions[55]. This variable
composition can be measured using XRD[52], but the complexity of the structure of
this material is worth noting, as the variable stoichiometry and disorder could lead

to unusual behavior compared to pristine cubic systems.

The optically driven attachment and assembly of a-NAYF colloidal crystals into
linear chains is demonstrated here. These crystals are suspended in pure water and
are drawn into a trap from optical tweezers. When multiple crystals are drawn into
the trap, they spontaneously assemble into a linear chains that persists even when
the crystals are removed from the trap. The forces acting on these crystals are then
calculated and it is shown that the increased roughness of the particles allows for
the hydrodynamic repulsion to be overcome, allowing attachment to occur. This
demonstrates the critical importance of understanding the impact of dynamics on

colloids, which is used in conjunction with the energetics in determining the behavior
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of the colloidal crystals under these conditions.

4.2.7 Observed Assembly of Alpha NaYF in an Optical Trap

Figure 4.7: a-NaYF Sample Used in Optical Tweezer Assembly Experiment. A)
SEM micrograph of ligand-free a-NaYF used in assembly experiment. B) Bright-field
TEM micrograph of a-NaYF. Inset: SAED-diffraction of a-NaYF sample. C) Re-
constructed TEM micrograph from SAED diffraction at a single spot, demonstrating
single crystallinity of the a-NaYF samples

The experiments focused on the the observed assembly of a-NAYF into linear
chains structures in the presence of optical tweezers. A powder of ligand-free a-NAYF
was synthesized hydrothermally, which resulted in a rough morphology. This a-NAYF
was suspended in water and studied in optical tweezers, where the spontaneous assem-
bly process was observed. In the presence of a strongly focused laser, the optical forces
experienced by the a-NAYF due to the laser were enough to overcome hydrodynamic
resistivity, bringing the crystals close enough for van der Waals forces to become
extremely strong, resulting in contact between crystals. This spontaneous assembly
occurs through the use of focused light only. Many forms of assembly are possible,
but they are typically done through chemical and photochemical reactions|[234] or
attachment to a substrate through some form of deposition[235, 244]. Recent work
has also shown possible wire assembly through a nanosoldering process[245, 246]. The

observed assembly in these experiments occurs without any major chemical reaction
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or nanosoldering process occurring, and the assembly is truly 3D, as the assembly
occurs while directly suspended in water with no substrate required for the assembly

process.

Figure 4.8: Schematic of a-NaYF assembly in water. A) Artistic representation of a-
NaYF in free suspension near the optical trap. B) Artistic representation of a-NaYF
that has been assembled into a chain, with one a-NaYF attached to the side. C)
Optical micrograph of experimentally observed a-NaYF chain represented in (B).

The result of the synthesis was an usual morphology of a-NAYF that was very
rough, seen in figure 4.7A. The rough surface at first appears to be an agglomeration
of smaller a-NAYF crystals, but TEM data in figure 4.7B and C shows that the rough
a-NAYF are single crystals despite their odd morphology. Smooth a-NAYF crystals
were also grown for comparison. Both the rough and smooth a-NAYF crystals were
confirmed to be the same composition using XRD. When a single a-NAYF crystal
was trapped, no unexpected behavior was observed. However, when multiple rough
a-NAYF crystals were introduced into the trap, the crystals unexpectedly assem-

bled into a linear chain aligned with the trapping beam, shown in figure 4.8. The
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linear structure persisted after the trapping beam was removed and no disassembly
was observed over several hours of observation. Spontaneous assembly without the
trapping beam was never observed, though occasional ’couplets’ of two a-NAYF crys-
tals could be found immediately after suspension, which may only be the result of
twinned crystals in the synthesis process. Chain lengths of up to 10 a-NAYF crystals
(approximately 8 pum long) have been made, with the main limitation being working
distance of the objective lens. The limit for the chain length seemed to arise from
the focal length of the laser used in the optical tweezers. After the chain exceeded
10 crystals, the far end of the chain rested well outside the focal plane and the linear
structure began to be unstable. If the crystals were anchored to a surface or if the
optical power used to form the trap were greater, it may be possible to make longer
chains and structures. The shape and linear orientation of the assembled crystals
may provide good samples to provide empirical data in comparison to optical force

calculations of nonspherical nanostructures in existing literature[247].

4.2.8 Modeling of Colloidal Forces on Alpha NaYF Microcrystals

To understand the assembly process, the colloidal a-NAYF crystals were modelled by
their position and velocity in a 3D space. Two a-NAYF crystals were placed in a 3D
coordinate space, then their velocities were calculated by multiplying the sum of all

forces by the mobility

V=M-SF (4.2)

where V is the velocity of the particle, M is the mobility, and XF is the sum of all
forces acting on the particle. For our model, these forces include van der Waals forces,
electrostatic forces, hydrodynamic repulsion, Brownian forces, and any external forces.

When these forces are substituted in, the velocity for a given particle looks like

V:M'(dew+Felec+thd+FB+Fext) (43)
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where Fq, is the van der Waals forces, Fe. is the electrostatic force, Fj,q is the
hydrodynamic repulsive force, Fg is the Brownian force, and F.,; is any set of ex-
ternal forces acting on the system. The velocity calculated at each time step in the
simulation, and the position of the particle is updated and the velocity recalculated.
This calculation loop was repeated until the positions of the particles indicated con-
tact, and the calculated time required for contact was recorded. The van der Waals
forces and the electrostatic force are conservative forces that can be derived from the
potential energy, hence them being part of the energetics that are commonly consid-
ered with colloids. The dynamics come from the non-conservative random force (i.e.
Brownian force) and dissipative force, which we call here the hydrodynamic force.
While the Brownian force is random, the hydrodynamic force is purely repulsive and
inhibits assembly. As particles get closer to each other in proximity, the hydrody-
namic force grows more repulsive. Having an accurate model of the hydrodynamic
force is essential to determining the probability of assembly occurring as this force is

a primary deterrent from particles getting close enough to assemble.

The energetics are straightforward to calculate, as they consist of the van der
Waals forces and the electrostatic force. The van der Waals forces are derived from
the material properties of the colloidal crystals. The electrostatic force was calculated
based on the zeta potential of the crystals suspended in solution as an approximation
for the surface potential. The zeta potential for the rough 1 ym diameter a-NAYF
crystals varied slightly from synthesis to synthesis, but was always a positive value.
We measured the maximum zeta potential to be +29.1 4+ 4.0 mV, which we will use as
the upper bound for our simulations. We then measured the smooth 125 nm diameter
a-NAYF crystals to have a zeta potential +34.3 £ 2.4 mV. More details about the
calculations of this force and the other forces can be found in the supplementary
materials. The electrostatic force was used to solve the net force upon the crystals
in the experiment and included in all calculations, but the magnitude of the zeta

potential is very low and the effect of the electrostatic force was found to be negligible
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in this system.

For colloidal particles in the presence of optical tweezers, many forces simultane-
ously influence the relative position and velocity of each particle. Some forces, such
as the Brownian force, are well characterized, and an additional description of these
forces are not required here. Instead, we will focus on describing the optical forces,
the electrostatic force, and the van der Waals force that are affecting the particles in
the trap.

The presence of optical tweezers introduces three forms of optical force on parti-
cles in the tweezers: the gradient force, the scattering force (also known as radiation
pressure), and the spin-curl force[248]. The spin-curl force is only present with non-
homogeneous polarization, which does not apply to our experimental conditions. The
scattering force is always present with optical tweezers, but the direction of the scat-
tering is in the direction of the beam propagation of the trapping laser. As such,
it does not apply a significant relative attractive or repulsive force between particles
when considering approach at close separation distances and especially if considering
approach from a radial direction.

The main force of interest for the experiments shown here is the gradient force,
which draws particles into the focus of the trapping laser. For simplicity of modeling
the gradient force, we apply the dipole approximation which treats the trapped par-
ticles as dipoles with homogeneous internal fields. If this approximation is used, then

the time-averaged gradient force can be expressed as

Fypaalr) = 30,V E(r) (4.4)
where 7 is the radial distance from the trap, a;, is the real part of the polarizability
of the particle in the trap, and F; is the electric field incident on the particle from
the laser. This can be simplified further using relation between the electric field and
the intensity of the electric field for a Gaussian beam, which yields

Fopalr) = 229 1,0) (4.5)

2cn,,
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where c is the speed of light, n,, is the refractive index of the surrounding medium,
and [; is the intensity of the electric field incident on the particle. This equation for
Fyqq is used in our calculations to determine the strength of the attractive external
force (F..:) on the particles.

The electrostatic force (or Coulombic force) determines the attraction or repulsion
of colloidal particles due to surface potentials. This is well defined for point charges,
and analytical solutions have been developed for spherical particles in a colloidal
dispersion. Broadly, the electrostatic force between two identical colloidal particles
can be descibed as

Flee = 2me,eqth?kpae " (4.6)

where €, and €y are, respectively, the permittivity of the relative electrolyte solution
and the permittivity of vacuum, v is the surface potential of the spheres, kp is the
Debye screening vector which is the inverse of the Debye Length, a is the reduced
radius of the particles which can be represented by just a for identical particles like
described in this experiment, and h is the separation distance between the surfaces
of the particles. This particular formulation works for point charges and does not
account for the complexities of real objects like found in a colloidal suspension. Using
existing solutions for spherical particles, and if we approximate our crystals as spheres,
then we can solve for the electrostatic force of two spheres as a function of surface

potential, which yields
Flee = 2me,c0atpkpe "0 (1 — e7F0M) (4.7)

and is valid for the conditions kpa > 1 and h < a, which is in agreement with
Ohshimal[249] and Sader et al[250]. For the larger particles in this experiment, radii
are on the scale 500 nm. The condition kpa > 1 is valid for these particles at net
ionic concentrations above 10~%, while the other condition is valid at short separation
distances where the attachment events are occurring. When using this equation in

combination with attachment events, all conditions should be valid with a sufficiently
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high ionic concentration.

Lastly, the van der Waals forces are a major attractive force for colloidal particles
at sufficiently small separation distances. As particle sizes increase beyond sizes on the
order of 10 nm, the center of mass is sufficiently far away to have a diminished impact
on the van der Waals forces. A more complex solution for the forces is necessary,
which has already been solved for spheres by Pailthorpe and Russel[251]. Using their

solution that has been solved for force values, we arrive at

A 2a%(h + 2a 2a%(h + 2a h+2a h+2a
dew:_i[ ( 2 )22+ ( 22)_ 2 7 T 2] (4.8)
3 [(h+2a)?—4a?? [(h+2a)?? (h+2a)?>—4a®> (h+2a)

where Ay is the Hamaker constant for the material of interest. While this equation is
correct, it can be simplified at low separation distances. At conditions where h < a,

the question can be greatly simplified to
dew == —AH(Z/h2 (49)

which is highly useful since attachment events between spheres must take place at
low separation distances by definition.

A major component of modeling the repulsive forces experienced by trapped parti-
cles is the hydrodynamic force. This force is commonly thought to increase inversely
with the distance between particles, but this applies to perfectly smooth objects.
Imperfect, rough surfaces reduce the overall hydrodynamic repulsion experienced be-
tween two particles by allowing the external fluid to slip at the surfaces of the par-
ticles. This reduced hydrodynamic force is modeled by Jenkins & Koenders and is
shown to produce a finite repulsive force at a zero separation distance[252]. We used
their approach to model a rough sphere using a spherical mesh where elements of
the sphere are allowed to randomly reduce the distance from the center of the sphere
anywhere from 0% to 30%, using a boundary element computational approach based
on previous works by Aragon[253] and Aragon & Hahn[254]. This allows for a highly

roughened surfaced with negligible effect to the effective radius by using a sufficiently
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high mesh count. Wire frame models of the shapes used can be seen in figure 4.9.
The hydrodynamic force was modeled for the rough spheres and compared to the an-
alytical solution for a smooth sphere from Jeffrey & Onishi[255]. The hydrodynamic
repulsive force experienced by a smooth sphere exponentially increases as a function of
decreasing separation distance according to the lubrication limit of a smooth sphere.
In contrast, the rough sphere approaches an asymptotic limit to a finite resistivity
caused by hydrodynamic repulsion. This would suggest that it is reasonable for suffi-
ciently roughened particles to have minimal resistance to physical contact with each
other and that optical tweezers may be able to generate sufficient force to drive rough
particles into physical contact for assisted assembly, emphasizing the importance of
thoroughly modelling and understanding the hydrodynamics of colloids. If dynamics
are ignored or insufficiently understood, the predicted behavior may be extremely

different.

The external force caused by the optical tweezers provides a net attractive force,
drawing the crystals into the center of the focal plane of the optical trap. These forces
consist of two main forces: gradient forces and radiation pressure. Gradient forces
attract the particles to the center of the focal plane of the laser. Radiation pressure
arises from light scattering off the surface of the particles. The momentum from the
light is transferred into the particles, pushing them in the direction of the beam prop-
agation and slightly out of the center of the trapping beam focal plane. These forces
were simulated using the Optical Tweezers Toolbox, which is capable of modeling the
forces on nanoparticles in an optical trap[256]. The smooth a-NAYF crystals were
simulated using a sphere, while the rough a-NAYF crystals were simulated using a
3D model of close packed spheres to replicate the shape. These different shapes were
simulated to extract out the optical forces on them at every position in space. These
forces were then exported and used for simulating particle collision for two crystals

entering an optical trap.
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Figure 4.9: Hydrodynamic resistivity of a-NaYF approaching each other in an aque-
ous colloid for both rough a-NaYF and smooth a-NaYF, where h is the distance
between the a-NaYF crystals and a is the radius of the a-NaYF crystals. Rough
a-NaYF demonstrates an asymptotic limit to the resistivity as the a-NaYF grains
approach each other, which is not seen in the smooth case.

4.2.9 Understanding the Interplay of the Energetics and the Optical Forces

Further physical insights on the attachment can be obtained by considering a coor-
dinated interplay between the two major attractive forces in this system. The first
attractive force is the optical gradient force (Fy,.q) due to the existence of an external
optical field from the laser and the second one is the van der Waals force (F,4,). The
coordinated interplay represents that the gradient force brings particles together to a
close separation where the van der Waals force can take over for collision. Based on
the dipole approximation and a low separation distance (h/wy < 1) where h is the

radial distance in the transverse plane and wy is the beam waist, a radial component
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of Fy,qq can be approximated by

20/ Ioh
Fipaa = ——2"% (4.10)

CN W

where o, is a real part of particle polarizability, [y is the maximum intensity, c is the
speed of light, and n,, is the refractive index of the surrounding medium[248]. On the

other hand, F,4, for identical spherical particles at the similar separation distances

(h/a < 1) is described by
AHCL
—

where a is the particle radius and Ap is the Hamaker constant that is dependent on

Fog = (4.11)

frequency-dependent dielectric functions of constituent of the system, representing
the strength of van der Waals interaction between the particles with the surrounding
medium[257, 258, 259].

To predict the assembly process of particles in a colloid, we must consider the
forces between two particles. From here, we will assume that there is a stable particle
at the center of the optical trap, and that the previous equations on the optical forces
still apply to a separate particle not yet in the trap while there is a particle already
trapped. This approximation does not take into account optical binding effects that
may complicate the optical forces as the two particles approach[260, 261], but the
effects will be complex due to the non-trivial morphology of the rough particles and
such effects are beyond the scope of this experiment and the report of the assembly
process. The forces presented above should be sufficient for an approximation of the
rough order of magnitude for the effects observed in these experiments. Further work
will focus on more complex modeling of all the forces in effect, especially including
the optical forces. Assuming that a reference particle is at the center, we can define
a cross-over separation distance, ﬁ, from a competition between the two attractive
forces Fy,qq4 and Fyq,. This competition leads to a cross-over separation distance of

b (A (4.12)

Ky
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where k, = QQ;IO /cngw?d. This cross-over distance is the separation distance where
the van der Waals contribution to the attractive forces becomes the dominant force.
Because the van der Waals forces become noticeable at h < « in general, h < «
would be a necessary condition for the optical field driven attachment to take place.
Therefore, the maximum distance we would expect van der Waals forces to overtake
the optical gradient force and begin driving assembly would be at the limit of h = a.

This leads to a minimum electric field intensity enabling the attachment,

2
Agengw;

(10) min =~ (4.13)

20,02
for a given fixed system (i.e. fixed o), n,,, and Ay). The simple scaling indicates that
one needs to tailor both wy and a to drive the attachment, having already determined
the constituents of the system.

While the above physical rationale provides the feasibility of the coordinated in-
terplay between two attractive forces leading to the attachment, it is insufficient to
understand kinetics of the attachment and does not directly correspond to an at-
tachment frequency. This can be understood by considering a generalized relation
between velocity and force, as seen in equation 4.2. This can be generally conceived
as V = MF where V, M, and F denote a relative velocity, hydrodynamic mobility,
and force between particles, respectively. This is all to say that the relative motion
between the particles (involving a time scale for the attachment) is heavily influenced
by the hydrodynamic mobility, in addition to the nature of the force. Considering a
radially approaching motion in close proximity as a key step for attachment event,
the most appropriate attractive force would be F,q,. As pointed out, F4, ~ O(¢72)
where ¢ = h/a, representing a normalized separation distance. With F,4, being the
dominant driving force at these separation distances, we can use it as an approxi-
mation for the net force in velocity calculation at very small separation distances.
The mobility scales as M,pug, ~ O(1) for the rough particle and Meotn ~ O(c)
for the smooth particle in the lubrication regime, ¢ < O(1) as noted in figure 4.9.
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This leads to different scaling in the relative particle velocity for rough and smooth
cases; Viougn ~ O(e72) and Vipoorn, ~ O(e71). The scaling implies that a time scale
associated with the approaching motion for the rough particle in close proximity (i.e.
e < O(1)) would be order of magnitude faster than that for the smooth particle,
leading to the noticeable difference in probability of attachment events.

The coordinated interplay between the optical force (i.e., optical gradient force,
Fyrqq) and short-ranged attractive force (i.e., van der Waals force, F,q,), along with
the delicate balance between hydrodynamic and van der Waals forces at close sepa-
rations brings a unique system to enable identifying the importance of hydrodynamic
forces in the assembly of nanoparticles. A similar case has been observed in aggre-
gation of aerosols under turbulence where a driving force is the turbulent shear and
non-continuum nature of gas brings a significant variation of hydrodynamic force,
resulting in drastic difference in the aggregation of aerosols, analogous to the surface
roughness in our study.[262]

Using the forces above, we simulated if two a-NAYF crystals in a set of optical
tweezers would reliably come into contact with each other. Each particle had the
velocity calculated and position adjusted according to that velocity when time was
stepped. At each time step, the crystals positions were checked to see if they had
come into contact. Contact events were binned and the results were plotted as a
probability density function histogram in figure 4.10. Due to synthesis limits, we
are unable to grow smooth and rough a-NAYF at identical sizes. Because of this
limit, we ran simulations for smooth and a-NAYF at sizes they cannot normally be
grown to control for size effects in driving contact, while keeping other parameters
constant in the simulation. Adjusting for crystal size, a sharp increase in contact
between crystals is observed for rough crystals in both size domains, as the predicted
by the order of magnitude difference in the scaling of velocity at a close proximity.
Of note, the rough spheres come into contact much faster on average compared to

their smooth counterparts, independent of size effects which is in agreement with
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Figure 4.10: Probability density function for a-NaYF contact between two a-NaYF
crystals in an optical trap. The roughness of the a-NaYF crystals dominate the
probability of contact more than other variables, including crystal size. Comparitive
sizes are plotted to demonstrate this point.

our expectations based off the scaling of velocity discussed above. The modeled
probability functions match the empirical events observed in our optical tweezers,
suggesting that the roughness of particles directly affects the probability of physical
contact between two particles. The increased surface roughness directly affects the
mobility of the colloidal crystals, allowing the rough particles to collide and assemble

much faster and more frequently.
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Chapter 5

ADDITIONAL WORKS: LASER REFRIGERATION AT
THE EXTREMES AND PREPARATION OF QUANTUM
DOT CAVITIES

Laser Refrigeration of Rare Earth Fluorides Under Extreme Conditions

Laser refrigeration not only has applications in optical tweezers, but it can also provide
cooling in other systems where rapid cooling is difficult. Diamond anvil cells (DACs)
are used to generate extreme pressures, but the diamond anvil cell itself blocks good
thermal access to the samples being studies. There are thermoelectric coolers and
heaters for DACs, but getting rapid responses is very challenging. Heating is fairly
easy through photothermal heating. The use of a high powered laser will heat the
sample extremely quickly, and it is fairly simple to create a feedback loop to heat to
specific temperatures after calibrations. However, cooling is not trivial. If rare earth
fluorides were added to the DAC, it may become possible to cool in situ, but it was

not clear if laser refrigeration would work at extreme conditions until our experiments.

5.0.1 Understanding YLF Crystals at Extreme Pressures

Laser heating within a DAC has led to a range of significant advances towards the
understanding of both the fundamental properties[263] and synthesis of materials
at extreme conditions[264]. Since Takahashi & Bassett’s original work in the late
1960s using laser heating to synthesize diamond from graphite [265], laser heating
at extreme conditions has enabled scientists to study matter at conditions relevant
to planetary interiors [266, 267] and synthesize a wide variety of new materials with

unique phases and compositions [268, 269, 270]. Controlling the temperature within
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DAC:S has also led to recent reports of metal-hydride materials with superconducting

phase transitions near room temperature [271, 272, 273, 274].

In contrast to laser heating, solid-state laser refrigeration at extreme conditions
has remained unexplored. The refrigeration of condensed phases was reported first in
1995 through the use of heavy metal fluoride glass[2]. During solid-state laser refrig-
eration, a material is refrigerated through anti-Stokes fluorescence [130]. A laser, with
low optical entropy, excites electronic levels within ytterbium ions which then couple
to optical phonons provided by the host lattice. This phonon-mediated excited-state
upcoversion is followed by the spontaneous emission of high-entropy photolumines-
cence that transports heat away from the material[l]. The transition from amor-
phous glasses to crystalline ceramics such as Yb:YLF has had a major impact on
the minimum achievable temperatures. Cooling from room temperature to cryogenic
temperatures (~90 K) in vacuum has been demonstrated [275]. More recently, solid-
state laser cooling in liquid water has led to the first experimental demonstration of
cold Brownian motion [5] since Einstein’s seminal 1905 paper on isothermal Brownian

motion [276].

To date it has not been clear whether solid-state laser refrigeration is possible
within a DAC due to the requirement for blue-shifted, anti-Stokes photons to escape
and transport heat from the host material. Laser refrigeration within a DAC poses
potential challenges for laser cooling considering the high optical index of refraction
of diamond (n = 2.5), the metallic components of the DAC restricting the direction of
emission, and the large conductive heat load, especially considering the contact with
bulk diamond with high thermal conductivity. Additionally, high pressure phase tran-
sitions are known to occur for YLF [277, 278], which can lead to significant changes
to the crystal-field (Stark) levels of lanthanide ions. In particular, increasing the
splitting of the ground state manifold at high pressures could decrease the efficiency

of phonon-mediated upconversion [130].
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5.0.2  Use of a Diamond Anvil Cell to Measure Laser Refrigeration at High Pressure

Here, we report the first experimental demonstration of solid-state laser refrigeration
of both individual Yb:YLF microcrystals and an ensemble of Yb:YLF microcrystals
at pressures > 11 GPa, opening up new experimental possibilities for the rapid pho-
tothermal control of the temperatures of matter at extreme conditions. We observe
that Yb:YLF in the scheelite phase cools > 20 K below room temperature at a pres-
sure of ~ 4 GPa for both the single crystal and bulk. At pressures above 7 GPa,
the tetratgonal scheelite phase undergoes a martensitic second order phase transition
to a monoclinic fergusonite phase with increased crystal field splitting. Despite the
phase transition, laser refrigeration > 5 K below room temperature is observed for
the fergusonite phase for both the single crystal and bulk, opening up a new range of

potential applications of laser cooling in high pressure science.

Inconel
Gasket

Figure 5.1: Experimental schematic of diamond anvil cell with YLF crystals A) An
illustration of the diamond anvil cell chamber. Inside the chamber includes ruby, for
pressure sensing, Yb:YLF, the sample, and finely ground LiF, the quasi-hydrostatic
pressure medium. The critical angle of the microscope objective is denoted as . b)
an optical micrograph of the DAC chamber. Components of the chamber are labeled
in white. Scale bar is 10 ym
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Two sets of experiments were performed inside a Merril-Basset and modified Bx90
type DACs to probe the Yb:YLF samples with increasing pressure (up to 12 GPa), as
seen in Fig. 5.1. For the first set of experiments, single micro-grains of Yb:YLF were
sealed within a LiF pressure tansmitting medium. The second set of experiments
(seen in Fig. 5.4B&D) explore the optical refrigeration of approximately half of the
DAC chamber filled with Yb:YLF micro-crystals, or a bulk sample set. To quantify
the observed laser cooling in each set of experiments, temperature calibration was
performed. As the pressure was increased, ruby was utilized to monitor the pressure
and hydrostaticity of the DAC chamber, following procedures found in Chai and
Brown.[279]. These procedures verified the DAC chamber was hydrostatic over all
measured pressures. Therefore, any changes in photoluminescence spectra collected

are due to compression only, not a nonhydrostatic environment.

The local environment of the scheelite Yb:YLF crystal contains a trivalent yt-
trium /ytterbium cation and a monovalent lithium cation coordinated by eight fluoride
and 4 fluoride anions, respectively, as seen in Fig. 5.2. Under ambient conditions, the
quasi-tetrahedral LiF,* sub-unit has been characterized to have ionic bonding, which
is more easily compressible than the Y/Yb-F bond [280, 281, 282, 283]. The point-
group symmetry of the trivalent cation site is S4. According to experimental [277, 278|
and theoretical literature [283, 284, 285], as a YLF crystal undergoes compression in a
hydrostatic environment, its phase changes from a scheelite phase (tetragonal, space-
group I4,/a) to a fergusonite phase (monoclinic, spacegroup 12/a), as seen in Fig.
5.2. The local symmetry of the trivalent cation site reduces to Cy after the transition
to the fergusonite phase. Raman and XRD pressure measurements [277, 278| place
this phase transition pressure in a wide range pressures. Optical luminescence mea-
surements of rare earth ions substitutionally doped into the yttirum site [277] have
observed subtle reductions of local point-group symmetry at pressures above 10 GPa.
Discontinuities in the phonon frequencies during Raman measurements, due to the

stiffening of the LiF4* bonds, indicated a structural phase transformation at 7 GPa
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[281]. As previous papers have shown that photoluminescence from Nd and Eu ions
can detect the transition from scheelite to fergusonite, we relied on these measure-
ments for Yb, and the well known phase transition pressure of >10 GPa, to track
the phase transition of our YLF crystals. Overall, the phase transformation from
scheelite to fergusonite is slow with the major structural changes occurring at < 10
GPa. All studies showed a reversible transformation from the fergusonite phase back
to the scheelite phase when going back to ambient pressures, which is corroborated
by our measurements. Theoretical calculations have predicted these phase transitions

can occur at a range of pressures between 5.5 GPa[286] and 9 GPa[287].

Scheelite Fergusonite

~10.5 GPa
—)

Figure 5.2: The phase transition of Yb:YLF from tetragonal Scheelite (14,/a, Z=4)
to monoclinic Fergusonite (/2/a, Z=4). The small inset illustrates the local symmetry
of the Y/YDb ion next to the 8 nearest F neighbors. The local symmetry is reduced
from S; to Cy when transitioning from scheelite to fergusonite, respectively

Figure 5.3 illustrates the fluorescence spectrum of a trivalent Yb3* dopant in the
YLF host crystal. Based on the crystal field interactions from the host lattice, the

’F7/2 (ground state) and *Fj/, (excited state) spin-orbit manifolds are further split
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into four and three Stark levels, respectively, giving a total of 12 possible transitions,
as seen in Fig. 5.3B. The fluorescence peaks and their corresponding vibronic side-
bands have been characterized by previous studies at low temperature and ambient
pressure[288, 289]. From these studies, the energy transitions were derived based on
the S; point group symmetry’s reduced matrix elements and utilized to make predic-
tions on the value of each energy level in the ground and excited state manifolds seen

in Fig. 5.3B[289, 290).

5.0.3  Effects of Pressure on YLF Emission and Cooling
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Figure 5.3: A) The full emission spectrum of Yb3" ion at elevated pressure. The
black line denotes the emission spectrum in the scheelite phase; the green represents
the emission spectrum of the fergusonite phase. Key energy transitions are marked
with a dashed line. The asterisk denotes a cosmic ray. B) The Stark manifold of the
Yb?* ion. The key energy transitions denoted in A) are matched to their respective
energy levels in the manifold. The energy transitions in blue and red represent the
levels used for Boltzmann ratiometric thermometry analysis.

Increasing the pressure with the DAC is observed to have a significant impact on

the crystal field levels for Yb ions in the YLF host matrix. The black line in the
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emission spectrum of Fig. 5.3A represents the emission when the scheelite phase is
at elevated pressure (2.38 GPa) and the green line represents when YLF has already
transitioned to the fergusonite phase (11.5 GPa). Overall, changes between the PL
spectra clearly illustrate that the crystal field is being modified by the increasing
strain. At a pressure of around 6 GPa, a prominent new luminescence peak at a
wavelength of ~970 nm (Fig. 5.3A), indicating the preliminary onset of the marten-
sitic phase transition. Previous studies [291] have linked the point group symmetry of
a rare earth doped fluoride scheelite with its ligand field Hamiltonian to calculate its
vibronic intensity parameters. Modification of the rare earth ion’s point group sym-
metry with pressure can alter its surrounding ligand field and thus alter the intensities
of is electronic and vibronic transitions, as can be seen in the Es-E; transition (A ~
970) in Fig. 5.3A.

Figure 5.3B depicts the change in energy of the key transitions. This change in
energy was measured at various pressures. The fluorescence peaks were based upon
the fluorescence peaks at ambient conditions from Delic et al. (2004) [288]. As the
spectra were fit at increasing pressures, the absolute energies of each level in the *F7 /5
and 2F5/2 manifolds were calculated based on the fitted energy transitions. These
calculated energies were then checked with the E;-E; energy transition, even as it

blue shifted with increasing pressure.

The trends in energitc shifts depict discontinuities at approximately 6 GPa, which
normally indicates a phase transition. As stated in the literature, the phase transition
to fergusonite is observed at 10.5 GPa, but fluorescence experiments utilizing other
RE ions show subtle structural changes as low as 5.5 GPa. The discontinuities at 6
GPa therefore illustrate similar trends. The most striking of the energy transition
trends measured are the E7-E;, the E¢-E1, and the E5-E; transitions, illustrating an
increasing energy as the pressure is increased with slopes of 5.3 & 0.3 cmGPa, 4.3
+ 0.2 emGPal, and 2.0 & 0.4 ecm'GPa!, respectively. Even though the individual

Es-E,4 transition demonstrates a clear red shift in energy, with a slope of -2.9 + 0.4
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cmGPal, overall the energy levels in the manifold are increasing. Subtle structural
changes to the YLF host crystal, due to the increasing pressure, reduce the local

symmetry of the Yb ion bonded to the LiF, tetrahedron to Cs.
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Figure 5.4: Optical Refrigeration of YLF at Extreme Pressures. Yb:YLF particle
in the A&B) scheelite and C&D) fergusonite phase at varying pressures. Error bars
represent the standard deviation of six separate measurements at each laser power.

Figure 5.4 demonstrates the first measurements of solid-state laser refrigeration
for the scheelite phase of YLF at various elevated pressure conditions for both the
single crystal and bulk experiments. Ratiometric luminescence thermometry was uti-
lized to measure the temperature trend of a Yb:YLF crystal inside a diamond anvil
cell chamber based on the Boltzmann distribution of thermally accessible states. Two

fluorescence peaks are chosen for integration, the Eg-E; and Es-E; 3 transitions, as
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seen in the blue and red shaded regions in Fig. 5.3A. When the laser power is varied,
it is observed that the integrated photoluminescence intensities of these two peaks
change based on the internal temperature of the host crystal. As the internal tem-
perature of the host crystal decreases, so does the probability of Yb-ions accessing
higher energy configurations, which is reflected in the photoluminescence intensity.
Under these circumstances, it is expected that the integrated ratio between the afore-
mentioned emission transitions will also decrease. This trend is illustrated for the
scheelite phase in Fig. 5.4A&B. After temperature calibration, the decreasing ratio
between the two peaks could be used to quantify the temperature. A temperature
decrease of approximately 20+5 K below room temperature was determined for the
single YLF particle in the scheelite phase at 3.8 GPa (Fig. 5.4A). This tempera-
ture change is consistent with numerical finite element simulations. Figure 5.4B also
demonstrates the potential to refrigerate the bulk scheelite phase, as the ensemble
was observed to cool approximately 17.0+1K below room temperature at a pressure
of 5.0 GPa, immediately preceding the onset of the martensitic phase transition. One
potential explanation for the smaller net cooling of the bulk sample is re-absorption

from adjacent grains of Yb:YLF.

As discussed above, many of Yb3" Stark manifold energy levels are modified with
pressure. In particular, the E5-E4 energy level red shifts as it enters into the fergu-
sonite phase. This has major implications on the net cooling of Yb:YLF as the inci-
dent excitation of 1020 nm is no longer exactly resonant to this transition. Because
the incident source is more energetic, anti-Stokes fluorescence still occurs, however, a
reduction in the magnitude of cooling is observed (Fig. 5.4C&D). For both the sin-
gle crystal and bulk sample of Yb:YLF, the calibrated magnitude of cooling is much
lower for the fergusonite phase than for the scheelite phase, with the former cooling
by approximately 4K and the latter cooling by approximately 1.96 K. As what was
seen with the scheelite phase, there is a lower net cooling between the single crystal

and the bulk sample.
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5.1 Preparation of Quantum Dot/Chalcogenide Cavities through Pulsed
Laser Deposition

In addition to work on rare earth fluorides, I also worked on the generation of quantum
dot/chalcogenide cavities using pulsed laser deposition (PLD). Quantum dots (QDs)
contain remarkable emissive properties, but it is challenging to isolate single QDs
into cavities for further study. Our work focused on producing a large amount of
such cavities through quick and cost-effective manufacturing techniques like PLD.
However, it was not clear if the QDs would survive the deposition process. We used

CdS films to coat the QDs and measured the optical properties after deposition.

5.1.1 Importance of High-Efficiency Single Photon Microcavity Systems

High-efficiency single photon sources are extremely promising candidates for ad-
vances in quantum information and quantum communications systems.[292; 293,
294] Single photon sources have been generated using quantum dots dispersed into
microcavities,[295, 296, 297, 298, 299] and work has been done to expand the sources
into tunable ranges[300] and other light frequency ranges, such as the UV region.[301]
These methods could be improved by the use of gentle processing techniques to al-
low for the generation of high-efficiency single photon sources without the expenses
and difficulties traditionally associated with epitaxial growth of semiconductor films.
Some gentle processing techniques do exist, but require the use of chemical precursors
that may not match the exact system requirements, especially in matching material
properties.[302, 303] These systems represent advances in the means to prepare single
photon microcavities, but they are not necessarily applicable to all systems. This
leads to a need for more processes to match the exact needs of the system.

One process that could be used for generating these cavities is pulsed laser depo-
sition. PLD generates a film by the use of a laser to induce vaporization of a target

medium into a vapor or plasma plume that strikes a substrate, where the vapor or
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plasma condenses into a film. The use of PLD to generate films with embedded QDs
as a single photon source has been demonstrated by Aubret et al.[304], making PLD a
highly valuable technique to produce such cavities for quantum information sciences.
This work is highly motivating in using PLD to generate single photon microcavities
for quantum information systems in a scalable and inexpensive process. However,
more work needs to be done to expand the set of media possible shown to be usable
in producing single photon microcavities and to characterize the effect PLD on the
quantum dots. While the emission can be preserved and single photon sources can be
found, more data is needed to substantiate that the process is entirely non-destructive.
Quantitative analysis of film composition and quantum dot emission and lifetime is
necessary to understand the effect of the PLD plasma on the QDs.

Here, It is shown that it is possible to produce semiconductor dichalcogenide cavi-
ties of CdS with sub-monolayer dispersions of CdSe/CdS quantum dots through PLD.
CdS was chosen as the cavity medium to match the refractive index of the shell of the
QDs for optimal coupling of the emission of the QDs to the cavity. The structure and
roughness of the films grown are characterized and the emission of the QDs are studied
prior to and after deposition inside the cavity to detect if the PLD process is gentle
enough to prevent damage to the QD luminescence. Composition analysis of the film
is studied with atom probe tomography (APT) to detect any contaminants from pos-
sible QD breakdown during the PLD process, as APT is particularly suited finding
spatial composition variance in heterogeneous samples.[305] Also presented are calcu-
lations of the effect of cavity CdS material on the radiative and non-radiative lifetimes

of the QDs inside the cavity to account for possible effects on the QD luminescence.

5.1.2  Manufacturing and Design of the Cavity

The CdS thin films used to encase the QDs were deposited via PLD. A 1 cm? silicon
wafer was attached to the center of a larger silicon substrate with copper tape for

mounting in the vacuum chamber of the PLD instrument. The vacuum chamber was
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pumped to 2 x 107° torr and held at that pressure for 30 minutes. No heating was
applied to the silicon substrate as the heating could lead to defect luminescence in the
CdS films that overlaps with the QDs. A 250 nm thin film of CdS was then deposited
onto the silicon wafer, and the wafer was transferred to a glove box for it to receive
a coating of QDs.

The QDs were dispersed in a sub-monolayer coating on the first CdS thin film
deposition. The QDs were drop-cast onto the thin film inside of a glove box to
prevent damage from oxygen and water in standard atmospheric conditions. The QD
solutions were diluted to a concentration of 24 nM in hexane as measured by UV-Vis
absorption measurements. 20 L of the diluted QD solution was then drop-cast onto
the CdS film and allowed to dry fully. The thin film was then transferred to the PLD
instrument for the deposition of the second CdS layer.

The layered sample was transferred to an FEI Quanta dual beam focused ion bean-
scanning electron microscope (FIB-SEM). We attempted to find evidence of quantum
dots via visible bumps on the surface. A Pt capping layer was deposited on the surface
over these bumps to protect the material from Ga ion damage during the milling
process, and a cantilever was lifted out and serially mounted onto silicon microposts
and sharpened into needles via standard methods found in the literature.[306]

APT was performed on a Cameca LEAP 4000X-HR instrument with a picosecond
355 nm UV laser. The specimen was cooled to 45.2 K at a vacuum pressure of 9.3 x
102 torr. The laser pulse energy was set at 40 pJ for the first approximately 750,000
counts and then reduced to 20 pJ. 888,422 ions were collected in total, after which
the tip fractured, ending the run. The data were analyzed using Cameca’s Integrated
Visualization and Analysis Software (IVAS), and the tip profile was constructed based
on an SEM image of the sample.

In order to understand the electronic structure of the CdSe/CdS core/shell quan-
tum dots, density functional theory (DFT) calculations were performed using the

Gaussian electronic structure software package [307] with the Perdew, Burke, and
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Ernzerhof hybrid functional (PBE0) [308, 309] and the LANL2DZ pseudopotential
and associated basis functions.[310, 311] A pseudo-hydrogen capping scheme is ap-
plied in order to terminate surface dangling bonds and compensate surface ions, which
results in the (CdSe)s3Hgp as the core (diameter ~ 1.04 nm). To examine the effects
of shelling on the photoluminescence properties, CdSe/CdS core/shell structures were
constructed by adding on one and two layer of CdS shells around the CdSe core struc-
ture following the same symmetry, respectively (diameter ~ 1.61 nm for 1-layer and
~ 2.02 nm for 2-layer structure). Geometries were considered optimized when both
the forces (maximum and RMS force, 0.00050 and 0.000300 Hartree/Bohr, respec-
tively) and displacement (maximum and RMS displacement, 0.0018 and 0.0012 Bohr,
respectively) for all atoms were below the threshold criteria. This level of theory has
been shown previsouly to match well with experiment for similar systems.[312, 313]
The absorption and emission spectra of the quantum dots were computed through
time-dependant DET (TDDFT) within the linear-response framework. [314, 315, 316]
Energies and oscillator strengths are computed for the lowest four excited states of
all three QD structures as well as the ground-to-excited-state non-adiabatic coupling,

to provide insights into the radiative and non-radiative decay of the QDs.
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Figure 5.5: a) Schematic of thin-film device made by depositing 250 nm of CdS onto a
silicon substrate, coating a sub-monodisperse layer of CdSe/CdS quantum dots onto
it, then layering again with 50 nm of CdS. b) TEM image of 6.9 £+ 0.6 nm CdSe/CdS
quantum dots. ¢) Absorbance and photoluminescence of CdSe/CdSe quantum dots.
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We formed a thin film cavity of CdS, within which CdSe/CdS QDs were dispersed.
A schematic of the cavity structure can be seen in figure 5.5a. The thin-film bilayer
cavity was formed via PLD of CdS onto a silicon substrate. After a deposition of
250 nm of CdS, the thin film was removed from the PLD vacuum chamber and a
sub-monolayer of CdSe/CdS QDs was coated onto the surface of the thin film. The
QDs had an average size of 6.9 nm (fig 5.5b). After vacuum drying to remove excess

organic solvent, the thin film was reintroduced into the PLD vacuum chamber and

an additional 50 nm of CdS was deposited on top of the CdSe/CdS QDs.

5.1.8  Analysis of Cavity Uniformity and Composition

The surface of the thin film cavity showed significant roughness via both SEM (fig
5.6a) and atomic force microscopy (fig 5.6b). We believe this to be due to poor crystal
lattice matching between the CdS and the Si substrate, leading to polycrystalline or
amorphous CdS being deposited on the Si substrate and uneven growth of the CdS
crystal grains. In addition to the uneven surface, some bubble-like protrusions could
be seen on the surface. We suspect that these arise from increased growth around
the QDs. As CdS is deposited on the outside of the dots, the CdS grows isotropically
around the dots leading to a semi-spherical growth around the dot. This structure
expands as the top layer is deposited, resulting in the final protrusions observed.
We inspected these cross-sections of these regions with TEM to observe the QDs
embedded inside of the cavity device (figure 5.6c&d). A significant separation of the
layers could be seen. EDS analysis suggests that this separation is caused by a layer
of carbon, which could be caused by insufficient removal of the organic solvent from
the QD coating. Under close inspection, we observed that the region we expected to
find a QD had a gap in the film that may have once held a QD prior FIB etching, but
we were unable observe it. The gap in the thin film layers contains a large amount
of carbon and is wide enough to have held a QD, though no direct evidence of a QD

was observed.
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Figure 5.6: a) SEM micrograph of the top CdS surface of the thin-film device. The
surface has a textured pattern approximately 50 nm in size. b) AFM image of the
top CdS surface showing variations in height of approximately 25 nm between height
extrema. c) and d) Cross-sectional TEM micrographs of the thin-film device. Contrast
between the bottom and top CdS depositions can be seen. d) shows a small pocket
between the layers where a quantum dot may have been located. Color overlay has
been added to (c¢) and (d) to mark the approximate boundaries between the CdS and
Pt.

We performed atom probe tomography (APT) on a sharpened tip made from the
bilayer (Figure 5.7A). APT was performed on a Cameca LEAP 4000X-HR instru-
ment with a picosecond 355 nm UV laser. The specimen was cooled to 45.2 K at
a vacuum pressure of 9.371% torr. The laser pulse energy was set at 40 pJ for the
first approximately 750,000 counts and then reduced to 20 pJ. A total of 888,422 ions
were collected, after which the tip fractured, ending the run. The data were analyzed
using Cameca’s Integrated Visualization and Analysis Software, and the tip profile

was constructed based on an SEM image of the sample. Due to difficulties in locating
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the small 6 nm QDs under the 100 nm layer of CdS deposited on top, we were not
able to isolate a tip that included a QD internally; however, we did observe a diffuse
distribution of selenium within the CdS matrix (Figure 5.7B). The selenium does not
appear to be localized within the tip and there is no reconstructed area that has more
selenium than sulfur, which indicates that we did not capture a CdSe particle within
the tip. However, the selenium concentration in the tip was measured to be roughly
1.4% of the total chalcogenide concentration and was clearly visible above the level
of noise, which may indicate the vaporization and resputtering of some of the QDs
during the PLD process.[317, 318, 319] The APT measurement was cut short due to a
tip fracture. Immediately preceding the tip fracture, we observe a a large increase in
the relative carbon concentration (Figures 5.7B). This carbon likely comes from the
toluene and hexane solvents used to cast the QDs, and the increase in concentration
near the fracture point suggests that the tip most likely fractured at the interface
between the two CdS layers. This is expected based on the visible interface in figure
5.6c&d and serves to illustrate the difficulty in epitaxial growth using PLD, especially

when potential contaminants such as organic solvents are present at the interface.

5.1.4 Modeling and Measurement of Quantum Dot Luminescence

To understand the electronic structure of the CdSe/CdS core/shell QDs, DFT calcu-
lations were performed using the Gaussian electronic structure software package [307]
with the Perdew, Burke, and Ernzerhof hybrid functional (PBEO) [308, 309] and
the LANL2DZ pseudopotential and associated basis functions.[310, 311] A pseudo-
hydrogen capping scheme is applied in order to terminate surface dangling bonds
and compensate surface ions, which results in the (CdSe)s3Hgo as the core (diameter
~ 1.04 nm). To examine the effects of shelling on the photoluminescence properties,
CdSe/CdS core/shell structures were constructed by adding on one and two layer of
CdS shells around the CdSe core structure following the same symmetry, respectively

(diameter ~ 1.61 nm for 1-layer and ~ 2.02 nm for 2-layer structure). Geometries were
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Figure 5.7: A) SEM image of the sharpened tip. This tip was used to generate the
data in (B), which show the three-dimensional reconstruction of the tip up to the point
of its fracture, highlighting the distributions of cadmium, chalcogenides, and carbon.
(C) shows the mass spectra of the various species reconstructed in (B). There is some
peak convolution present, as evidenced by the high apparent 23S content. This peak,
marked with an asterisk, indicates the presence of S2*, specifically 32S-3*S molecules.

considered optimized when both the forces (maximum and RMS force, 0.00050 and
0.000300 Hartree/Bohr, respectively) and displacement (maximum and RMS displace-
ment, 0.0018 and 0.0012 Bohr, respectively) for all atoms were below the threshold
criteria. This level of theory has been shown previously to match well with experi-
ment for similar systems.[312, 313] The absorption and emission spectra of the QDs
were computed through time-dependant DFT (TDDFT) within the linear-response
framework. [314, 315, 316] Energies and oscillator strengths are computed for the
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lowest four excited states of all three QD structures as well as the ground-to-excited-
state non-adiabatic coupling, to provide insights into the radiative and non-radiative
decay of the QDs.

The PL of the QDs were compared before and after the formation of the CdS
thin film cavity. The PL was excited by a 532 nm single longitudinal mode laser.
Nearly all PL. was observed from a peak at 618 nm. This peak was preserved after
the deposition of the CdS film on to the QDs (figure 5.8a). Careful control of the
deposition parameters is needed to avoid CdS defect luminescence at 570 nm. The
preservation of the QD PL after the deposition of the CdS suggests that the QDs
survive the plasma generated by the PLD process and can still be used for optical

measurements, but this does not inform us about in any damage at all has occurred.

a) —————— b) , ,pr—————————0) . 15 ©

[ | — Free Solution | ] N - Free Solution o 19F =

S 1o} —— Thin Film Device || Sosp - Thin Film Device | { %0.9- ] 4_“%

< o8} ] Zose}: = 08 1,2

® 07 =]

£ 08p € 04p Q o)

S o04b = 06 2 8

8 8 02}t 0 4

0.2f © 05 I

@® 11 C©

0.0 00F , L 1 1 M r 1 X 0. o

575 600 625 650 675 0 20 40 60 80 100 120 0 1 2 Z
Wavelength (nm) Time (ns) Number of CdS Layers

Figure 5.8: a) Photoluminescence from CdSe/CdS quantum dots in free solution and
after incorporation into the CdS thin film device. CdSe/CdS quantum dot lumines-
cence defect luminescence is preserved throughout the CdS deposition process, though
some slight broadening and red-shifting is observed. b) Time-resolved PL lifetime de-
cay curves of the CdSe/CdS quantum dots in free solution and in the thin-film device.
c¢) Calculated radiative lifetime (black) and non-radiative lifetime (red) as a function
of CdS shell thickness in CdSe/CdS quantum dots, using linear-response TDDFT
method with the PBEO/LANL2DZ basis.

While the PL of the dots is preserved after the deposition of CdS, the lifetime of the
PL is greatly shifted (figure 5.8b). While in free solution in toluene, the QDs have a
lifetime of 17 ns while the QDs in the CdS thin film have lifetimes on the order of 1 ns.
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Some of this lifetime shift can be explained by the proximity of the quantum dots to
a planar dielectric interface.[320, 321, 322] It is established that the radiative lifetime
of an electric dipole transition can significantly decrease as it approaches a planar
dielectric or metal interface if the interface has an index of refraction greater than
one while the separation distance is much less than the wavelength of light. This effect
is due to increased radiative contributions from evanescent waves at short separation
distances from an interface. The exact shift in lifetime is dependent on the index of
refraction of the dielectric interface. The close proximity of the CdSe/CdS QDs in
our experiments to the CdS cavity does account for some of the decrease in lifetime,
but the refractive index for CdS (approximately 2.5 for the emission wavelength of
the QDs) could not account for the shift of more than an order of magnitude observed
experimentally. The calculations performed by Lukosz and Kunz[320] would predict
no more than a shortening of the lifetime by a factor of approximately 3 for the index
of refraction of our material at very close distances. While this effect does account

for some of the shortening of the lifetime, it cannot account for all of it.

A large decrease in the non-radiative lifetimes could be explained by plasma-
induced damage to the quantum dots during the deposition process. Additionally,
the observed carbon in between the CdS layers may have come from the breakdown
of the surface ligands on the quantum dots. This would explain the increased amount
of carbon near the cavity layer interface where quantum dots are expected to be found.
If the ligands are indeed being damaged and deposited as carbon, then non-radiative
decay lifetime of the quantum dots will shorten considerably. This could explain the
net shift in tandem with the dielectric interface explained above.

Another explanation for the shift in lifetime is increased effective layer of the
CdSe/CdS QDs by additional CdS in the thin film surrounding it. TDDFT cal-
culations predict that increasing the number of CdS layers around a CdSe QD will
decrease the radiative lifetime while significantly increasing the non-radiative lifetime,

as seen in figure 5.8c.
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Upon the CdS shell addition, the bandgap for the QD has little change as shown
in the density of states analysis of the core structure and the shelled structure, which
agrees with the experimental photoluminescence spectrum in Figure 5.8a. However,
the presence of the CdS shell leads to a significant contribution by S in the valence
band, which shows that the wave function penestrates into the shell. It is supported
by the leaving and arriving natural transition orbitals for the first bright transition
for the core and shelled structures. Oscillator strength quantifies the rate of radiative
decay between the excited states and the ground states. TDDFT calculations predict
that increasing the number of CdS layers around a CdSe QD will decrease the radiative
lifetime, supported by the increase of the oscillator strength (~ 2 times). Noted that
for the CdSe core structure, the lowest excited state from the linear response TDDF'T
calculation is an optically “dark” state, which may result in an increased radiative
lifetime due to the rapid equilibrantion of the population. [323] The computed non-
adiabatic coupling term [324] decreases with the addition of the CdS shells.

Following the relationship between the nonadiabatic transition rate and the nona-
diabatic coupling strength based on Fermi’s golden rule in Ref. [325], the non-
adiabatic decay rate decreases with the number of CdS shells. The observed decay
time is related to the sum of radiative and non-radiative rates, Tops = (kraa+knonrad) -
Considering that the radiative decay is more dominant [323] (Here needs more refer-
ence or experiments as evidence), the orserved lifetime is mainly affected by the ra-
diative decay rate, which matches with the experimental observation. (Non-adiabatic
decay is more complicated in actual experiment, I am not sure if we want to have the
previous statements here.) In all, TDDFT calculations suggested that the quantum
yield (¢ = —2xai ) of the CdSe/CdS core/shell structures increases with shell

rad+knonrad

thickness.
It is unclear how the shortened radiative lifetime from increased evanescent wave
contribution to a dielectric interface would couple with the TDDF'T calculation pre-

dictions of shortened radiative lifetime with increased CdS layers. In the best case,



108

if they combine linearly, they would still likely not yet reach an order of magnitude
effect shortening of the radiative lifetime. Since the drop in lifetime was slightly more
than an order of magnitude, the non-radiative component of the lifetime must have
shortened as well. The increase in CdS layers was not predicting a decrease in non-
radiative lifetime from the TDDFT calculations. This leaves the most probable cause
being the damage of the QDs during the PLD process from the plasma. If this is the
case, then additional steps and precautions must be taken to preserve the luminescent

properties of the dots if the goal of single photon cavities is to be reached.
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Chapter 6

CONCLUSIONS

The large body of my work has been on the synthesis of NaYF for laser refrigeration
applications. In chapter 2, I discussed a new method of hydrothermally synthesizing
[-NaYF with precise control over the aspect ratio and demonstrated that S-NaYF
made by this synthesis can be cooled by 1020 nm laser illumination to 12.5 °C be-
low room temperature. By varying the ratio of fluoride ions to trivalent cations (Y3,
Yb3") from stoichiometric values to double the fluoride concentration, we can reliably
tune the 5-NaYF crystals from microplatelets to microprisms to microrods. These
crystals upconvert near-infrared light and emit blue-shifted light, which cools the crys-
tal. We have measured this cooling via noncontact optical thermometry based on both
ratiometric Boltzmann analysis of photoluminescence and eigenfrequency analysis of
a device consisting of a f-NaYF microplatelet suspended on a CdS nanoribbon acting
as a cantilever. Both methods of thermometry indicate a cooling of the S-NaYF de-
vice. f-NaYF materials made with this synthesis have particular applications in the
observation of mesoscopic-scale quantum effects as a cavity resonator. We also ob-
serve that the -NaYF from this synthesis is useful as a NIR-to-visible upconversion
phosphor as demonstrated through experiments involving codoping with Er** and
Tm?" ions. Future work with 3-NaYF using this synthesis will include the demon-
stration of cooling enhanced by morphologically dependent resonances, the manu-
facturing of optically cooled optomechanical mirrors and devices, and integration of
f-NaYF with two-dimensional (2D) materials such as graphene and transition-metal

dichalcogenides.

Chapter 2 also discusses the nucleation and formation of NaYF from its aqueous
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precursors. Crystal nucleation and growth are often described based on the simple
addition of monomer units from solution. The concept of nonclassical crystal growth
adds further nuance to this view, allowing for the possibility of growth via different
pathways and subsequent structural changes. We add to this view the observation
of profound compositional changes that occur as an essential part of a nonclassical
crystal growth process. We have shown that upon the mixture of NaF and YClj in
water, a gel separates from solution which then undergoes crystallization, similar to
many other two- or three-step crystallization systems, and then undergoes a process
of solid-state diffusion, where the product initially resembles amorphous YF3 but then
undergoes a gradual change of chemical stoichiometry inducing the crystallization of
cubic NaYF over the course of several hours. It is rational to expect that this multi-
step mechanism is not limited to NaYF in particular, and as such more research is
needed into other chemical systems, and particularly those which exhibit nonstoi-
chiometry, as to the inherent role of solid-state compositional changes in their crystal
nucleation and growth pathways. This also motivates further research into the atom-
istic detail of these reactions, for example considering surface reconstructions|326]
or studying the atomic-scale physics of the incorporation of sodium ions into the

amorphous intermediate.

Next, we explore cooling of external loads through laser refrigeration in chapter 3.
Specifically, we focus diamonds and nanodiamonds. The indirect laser refrigeration of
nanodiamond quantum sensors via van der Waals attachment to ceramic laser-cooling
microcrystals is possible both in vacuum and atmospheric pressure. We use comple-
mentary non-contact thermometry methods (both DWF and ODMR) to demonstrate
solid state laser refrigeration as a rapid (ms) approach for controlling the temperature
of nanoscale quantum materials near room temperature. A 27 K drop in the internal
temperature of the NDs was measured in vacuum. This allows for the stabilization
of thermal spectral wandering of the NV~ ZPL by tuning the 1020 nm intensity.

Laser refrigeration of NDs will enable rapid feedback temperature control of quan-
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tum materials for a wide range of quantum sensing and communication applications.
These results may also enable new experimental possibilities in quantum informa-
tion science including single-beam laser trapping[327, 328, 329], precision sensing of
temperature,[103] magnetic fields,[330] dark matter,[109] and quantum gravity.[111]

Following the cooling of nanodiamond attached to YLF, we tested the viability
of cooling bulk diamond through anti-Stokes luminescence from the H3 defect in
diamond. This defect can be formed through rapid thermal annealing, which combines
substitutional nitrogen centers and NV centers, both of which will induce heating. By
removing these defects and generating H3 defects, we reduce the photothermal heating
in bulk diamond, going from approximately 50 K of heating in an NV rich diamond
to only 5 K of heating in the H3 rich diamond. This is despite the fact that significant
NV defects still remain in the H3 enriched diamond, which will induce heating. Should
further refinement develop, it may even be possible to undergo true laser refrigeration
and cool diamond below room temperature in an all-optical process, both for bulk
diamond materials and for nanodiamonds acting as quantum sensors.

In Chapter 4, we explore the use of optical tweezers to spatially isolate and study
NaYF. We have demonstrated that a-Yb:NaYF nanocrystals can cool using anti-
Stokes emission to 241 K when the Yb?*" ions are excited using 1020 nm light. The
cooling achieved depends on the pressure of the surrounding gas; lower pressures
lead to less cooling as the crystal heats due to absorption from the trapping laser
by ligands on the surface of the crystals. The ability to cool the crystal lattice of
trapped nanocrystals allows for trapping nanodiamonds with NV centers at lower
pressures and adjusting the temperature of a nanocrystal in real time to stabilize
temperature variations of a trapped crystal. Future work will include trapping crystals
with no surface ligands to increase cooling capacity at lower pressures and using laser
refrigeration and rare earth-doped crystals to cool trapped nanodiamonds with NV

centers.

In addition to cooling of a-NaYF in NaYF, I also discuss the first optical trapping
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of high aspect ratio Yb-doped S-NaYF hexagonal prisms, and compare the observed
dynamics to a numerical model. For these prisms or other disc shaped sensors, the fig-
ure of merit 7 for sensitivity to gravitational waves significantly improves upon other
spherical levitated systems both in the gas damping limited regime and the photon
recoil heating limited regimes. NaYF has been shown in other experiments to exhibit
anti-Stokes fluorescence cooling, when illuminated with light of a suitable wavelength.
Quasispherical nanocrystals with irregular morphologies prepared through top-down
milling have also been cooled while being optically levitated[222]. Laser refrigera-
tion of optically levitated disclike objects could allow higher trapping intensities and
frequencies, yielding higher sensitivity to gravitational waves well above 100 kHz.
Transferring these prisms, or objects of a similar geometry, into a Michelson-type
1 meter cavity instrument represents a next step in the technical road map of the
Levitated Sensor Detector[204]. The successful trapping of these high aspect ratio
hexagonal prisms therefore represents a significant step forward in developing > 10

kHz gravitational wave astronomy.

Additionally in chapter 4, I discuss the optically-driven assembly of a-NaYF single
crystals in water into a linear chains that persist for an indeterminately long period
of time. This assembly is counter-intuitive, yet can be reliably induced through the
use of optical tweezers for rough a-NAYF crystals. The assembly appears to be
enabled by the surface roughness of the a-NAYF crystals, which directly reduces the
hydrodynamic repulsive force experienced when two colloidal crystals come into close
proximity. This is confirmed by simulations that demonstrate that the probability of
particles coming into physical contact in an aqueous system in directly affected by
the roughness of the particles.

The roughness of the surface causes an asymptotic limit to the hydrodynamic
repulsion forces on the particles, which appears to be a primary limiting factor in
direct contact between two objects in solution. This has major impacts on any system

that involves the contact of two bodies in an aqueous system, and could potentially
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have explanatory power in systems such as non-classical crystal growth dynamics or
surface protein morphology in viruses and microorganisms. When used in conjunction
with novel 3D tracking[331], the exact dynamics of complex systems could be mapped
out in real time. The attachment method itself has direct applications in additive
manufacturing at the micro and nano size scales and in the production of complex
anti-counterfeiting structures. By using optical tweezers to trap particles, we are able
isolate the varying forces acting upon colloidal particles. This allows us to probe the
unique hydrodynamic repulsive force directly and demonstrates its critical influence

over colloidal aggregation and assembly.

Finally, in chapter 5, I discuss solid state optical refrigeration for the first time at
extreme (GPa) pressure conditions. Both single Yb:YLF microcrystals and polycrys-
talline Yb:YLF samples were placed inside a diamond anvil cell with LiF as a pressure
medium. A martensitic second order phase transition of the Yb:YLF between scheel-
ite and fergusonite phases was observed via photoluminescence spectra from Yb3*
ions. A decrease in the temperature of 20+5K below room temperature was observed
for the scheelite phase for a single micro-crystal. Preliminary studies of temperature
calibrated single Yb:YLF particles in water demonstrate cooling of approximately
16+£5K below room temperature in the scheelite phase at elevated pressure. Raman
measurements of the pressure transmitting medium, water, confirm its phase trans-
formation to ice VII. This result illustrates the versatility of the particles cooling a
variety of local environments and can potentially lead to achieving localized and fast
(millisecond) cooling in situ in the DAC. Specifically, solid state laser cooling will
enable researchers to explore new territories of both nucleation/crystallization and
chemical fractionation kinetics at extreme conditions with various materials like high
pressure ices that are important for understanding planetary interiors[332, 333].

We also discuss QD chalcogenide cavities in chapter 5. QDs can be successfully
contained inside of a thin film cavity using PLD growth methods without destroying
the quantum dots. Identifying exact locations of QDs for APT analysis is difficult,
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but APT does reveal significant distributions of carbon and selenium that is likely
due to resputtering of QDs, indication some damage may be done. However, minimal
difference in the quantum dot photoluminescence is observed after the CdS deposition,
demonstrating that the quantum dots survive the process. Shifts in the lifetime
of the dots can be largely explained by evanescent wave contributions to radiative
power and additional layer of CdS on the QDs, but some contribution of lifetime
shortening is likely to the mild damage sustained by the dots. Further experiments
will be performed with capping the films with distributed Bragg reflectors to isolate
single photon sources from these cavities as well as modification of PLD parameters
and additional pre- and post-deposition treatments of the films and QDs to prevent

damage and resputtering of the dots.
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