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ABSTRACT

Emergent phenomena that occur at length scales smaller than approximately half
the wavelength of light cannot be resolved by conventional optical techniques
due to the Abbe diffraction limit. Scattering-type scanning near-field infrared
microscopy (S-SNIM) can circumvent this diffraction limit allowing infrared
spectroscopy at nano-scale dimensions independent of the wavelength.
Additionally, there is enhanced surface sensitivity resulting from this
nanoconfinement of infrared light. S-SNIM is uniquely suitable to study a diverse
range of material properties inaccessible by far-field optics in the infrared such as
the optical properties of ultrathin films as well as hybrid light matter surface
waves called polaritons. Initially, this work describes a broadband infrared
plasma light source that has been developed and implemented in our S-SNIM
setup to realize broadband S-SNIM in the far- and mid-infrared. This system is
then utilized to investigate propagating surface phonon polaritons (SPhPSs) in
bulk strontium titanate (STO). STO is a perovskite polar dielectric that has a
uniquely broad range of the far-infrared in which it can support SPhPs while
already having a diverse range of technologically advantageous properties. This
work opens the door to envisage STO as a platform for perovskite-based
broadband far-infrared and terahertz nano-photonics.

Finally, the insulator to metal transition (IMT) in ultrathin vanadium dioxide (VOz2)
films is investigated. An IMT is an emergent characteristic of quantum materials.
When the IMT occurs in materials with interacting electronic and lattice degrees
of freedom, it is often difficult to determine if the energy gap in the insulating
state is formed by Mott electron-electron correlations or by Peierls charge-
density wave (CDW) ordering. To solve this problem, we investigate a
representative material, VO2, which exhibits strong electron-electron interactions
as well as CDW (Peierls) ordering. Ultrathin VO3 films on rutile (001) TiO2
substrates have been fabricated. These VO: films undergo the IMT without the
CDW (Peierls) ordering. Infrared and optical measurements discover the Mott-
Hubbard semiconductor gap of 0.6 eV in the rutile phase below Tc = 306 K.
Above T¢, a Drude feature along with an increase in the optical conductivity due
to a Mott IMT is observed. These results establish the route to a purely electronic
IMT with profound implications for fundamental and applied studies of this
phenomenon. Near-field infrared nano-imaging on this VO: film exhibits a
percolative phase transition in the vicinity of Tc, a uniform fully metallic phase
above Tc, and a uniformly insulating phase below Tc. Near-field infrared
spectroscopy demonstrates an SPhP feature stemming primarily from the TiO2
substrate. This SPhP feature is sensitive to the IMT in the ultrathin VO2 film.
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Chapter 1:

Introduction

The purpose of the research conducted in this dissertation is to use infrared and
optical photons to examine electronic and vibrational properties of exotic materials,
especially in quasi-two-dimensional geometries. The main subjects of this
dissertation are infrared and optical spectroscopy of an ultrathin film of a strongly
correlated electron material vanadium dioxide (VO2) and electromagnetic surface
waves called surface phonon polaritons in strontium titanate (SrTiOs or STO). The
structure of this chapter is to briefly describe and motivate how optical and infrared
spectroscopy is an important method to study strongly correlated electron systems
as well as systems that support electromagnetic surface waves. Then, due to
limitations of far-field optics, provide motivation for scattering-type scanning near-
field infrared microscopy (s-SNIM) in the mid- and far-infrared for studying light-
matter interactions at nanometer lengths scales. Finally, the development of a

broadband plasma light source will be motivated as a solution for tabletop s-SNIM.



1.1 Motivation for Infrared and Optical Spectroscopy

The interaction of photons and matter has been the natural way humans have
navigated and observed our surroundings since long before the scientific method
was developed. Using our eyes to resolve images across the visible spectrum is a
form of spectroscopy allowing us to see leaves in the trees as green under white
clouds in a blue sky. We have since been able to extend the spectrum, using
scientific instrumentation, beyond the visible range of 1 = 380 nm — 740 nm to
effectively the entire electromagnetic spectrum. Experimental investigation of the
electromagnetic response of materials over a broad energy range allows access
to the necessary energy scales to study both collective modes and elementary
excitations. Photon spectroscopy on a material from the infrared though ultraviolet
energy range can give the infrared lattice vibrations, metallic Drude response,
insulating band gap, and optical interband transitions. This measurement alone
yields information of the lattice dynamics and band structure together. In this
dissertation, the far-field optical measurements are taken using a Fourier
Transform Infrared (FTIR) spectrometer and a Spectroscopic Ellipsometer. Figure
1.1 shows the energy range covered by both of these instruments as well as

indicating the relevant excitations each energy range contains.
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Fig. 1.1 Energy range of far-field spectroscopy discussed in this dissertation.

1.2 Strongly correlated electron systems

In the 1920’s, the quantum mechanical description of electrons in solids called
band theory, gave significant insight into distinctions between insulators and
metals. Within this theory, descriptions of the electronic behavior of solids was
made possible without the need to invoke the local electron interactions in the
system. In the late 1930’s, transition metal oxides such as NiO that were expected
to be metallic from band theory were experimentally known to be insulators [1].
Mott and Peierls proposed that this insulating state was due to the strong coulomb
interactions between electrons [2]. This proposal began the field of strongly
correlated electron systems which, to this day, is a major field of condensed matter

physics spanning many classes of emergent behavior including high-Tc
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superconductivity, colossal magneto-resistance, heavy electron fluids, and
insulator-metal transitions [3].

The strongly correlated electron system discussed in this dissertation is VOz2, a 3d
transition metal oxide that in bulk undergoes a insulator to metal transition at ~340
K while also undergoing a structural transition from insulating monoclinic to
metallic rutile [4,5]. Due to the large energy range that optical and infrared
spectroscopy can cover it is well suited to uncover the complex interplay of the
structural and electronic degrees of freedom in this correlated system.
Interestingly, around the transition temperature VO2 exhibits phase coexistence at
the nanoscale which can be seen in Fig. 1.2 [6]. Though far-field optical and
infrared spectroscopy are well suited to investigate VO2 in its fully uniform
insulating and metallic states, another newer experimental technique is emerging

as a method to probe optical constants at the nanoscale.

1.3 Infrared spectroscopy at nanometer length scales

Far-field optical and infrared spectroscopy are clearly a powerful method to extract
the optical constants of materials over a broad energy range. However, there are
limitations to this method which stem from the far-field nature of the experiment.
Due to the wave nature of light, a measurement is limited to a spot size that is on
the order of the wavelength of the photon which for infrared measurements is
microns large. Many transition metal oxides exhibit nanoscale phase coexistence
in the vicinity of their phase transition. Figure 1.2 shows VO2 microcrystals and thin

films in the vicinity of its insulator-to-metal transition (IMT). Each example shows



how nanoscale regions of the sample become metallic in the insulating bulk.
Conventional far-field diffraction limited optics in the infrared would yield an area
average over these domains not allowing a complete picture of the complex
nanoscale physics. To properly study the strongly correlated physics of VO:2 in the
vicinity of the transition it is necessary to probe these regions directly.

In the infrared, s-SNIM is a powerful scanning probe technique allowing
infrared images to be obtained from a sample surface at a wavelength independent
resolution on the order of tens of nanometers [7,8]. Another advantage of s-SNIM
is its high surface sensitivity for materials when compared to the penetration depth
for infrared wavelengths. With a suitable broadband source, S-SNIM can become
the nanoscale analog to infrared FTIR allowing the acquisition of the optical
constants of materials over a broad energy range to extract the lattice dynamics
along with Drude behavior in the bandgap energy range to allow a local picture of

the IMT.



Fig. 1.2 (a) Temperature dependent infrared s-SNIM measurements of VO, on sapphire
with blue indicating insulating regions and green/red indicating metallic regions. (b)
Temperature dependent infrared s-SNIM measurements of VO. microcrystals with
metallic (white) and insulating (blue) stripes forming perpendicular to the rutile c-axis. (c)
Directional stripe patterns of insulating (orange) and metallic (light yellow) regions
occurring in VO, grown on TiO, measured with s-SNIM in the infrared as well as the
associated AFM topography below showing slight distortion due to the crystal symmetry
change. The sample was heated with a near-IR pump laser. All images were obtained at

a wavelength A = 10 ym. Figure modified from Ref. [9].



1.4 Electromagnetic surface waves

Another interesting aspect of s-SNIM that will be discussed in more detail in
chapter 2 is that it allows a direct probe of the near-field light-matter interactions in
a sample. This means that s-SNIM can excite and probe a variety of evanescent
electromagnetic surface waves called polaritons which result from a strong
coupling of photons with excitations in materials such as phonons, excitons, and
plasmons [10]. These surface waves manifest when the real part of the dielectric
function is negative and close to zero and the imaginary part of the dielectric
function is small. As will be discussed in more detail in chapters 3 and 4, s-SNIM
has emerged as a method to directly image these polaritons in real space. Figure
1.3 shows a surface phonon polariton supported in the polar dielectric silicon
carbide being launched from a gold edge showing how s-SNIM can directly map

these surface waves [11].

Fig. 1.3 (a) Atomic force microscope image of Silicon Carbide with a thin Au layer
deposited on the left side. (b) Corresponding s-SNIM images at different wavelengths
showing propagating surface phonon polaritons being launched by the Au edge. White
corresponds to a high near-field signal while black corresponds to a low near-field signal.
Taken from Ref. [11].



1.5 Broadband sources for s-SNIM

For all the promise that s-SNIM offers to research efforts in strongly correlated
systems and polaritonic systems there is one major unresolved issue. As will be
explained in Chapters 2 and 3, S-SNIM requires a combination of very high
intensity light sources and very fast detectors. While conventional far-field optical
and infrared spectroscopy can use basic thermal light sources such as the
glowbar, s-SNIM requires much more intensity. Currently two main light sources
are used for broadband s-SNIM. One is difference frequency generation (DFG), a
tabletop setup that uses pulsed lasers in conjunction with a nonlinear crystal. DFG
currently has a low frequency cutoff around 650 cm™ due to absorptions in the
nonlinear crystal [12,13]. The second is a synchrotron light source which is a large
user facility that scientists must prepare proposals to apply for beam time [14].
Currently the low frequency cutoff of 330 cm™ is imposed by the available
detectors [15]. Most interesting strongly correlated materials, including VO2, have
phonons far below 650 cm™?. Many interesting polar dielectrics have surface
phonon polaritons below that cutoff as well which could lead to interesting
applications in terahertz metamaterials and coherent sources [16-18]. This
dissertation encompasses a major effort to introduce an alternative plasma based
light source that allows acquisition of near-field spectra down to 400 cm-%, a cutoff
only imposed by the detector currently available. Fig. 1.4 demonstrates how this
new plasma light source compares to the two main options for broadband s-SNIM.
This light source was invented to realize the potential of s-SNIM in the far- and

mid-infrared for research in strongly correlated electron systems and polaritons.
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Fig. 1.4 Comparison of the low frequency cutoff of the laser based plasma developed in
this dissertation with difference frequency generation and a synchrotron beam line.

1.6 Scope of the Dissertation

In chapter 2 the far-field optical and infrared spectroscopy methods are briefly
reviewed before s-SNIM is introduced and covered for the case of single line
imaging and broadband spectroscopy. The main contribution | have made during
my time as a PhD candidate is the design and development of a high intensity
broadband plasma light source for s-SNIM. This is the project | spent the majority
of my time building, optimizing, repairing and improving. Chapter 3 introduces and
describes this broadband plasma light source and how it is integrated into the s-
SNIM experimental setup. Eventually, | made a major upgrade to this system
where | utilized a high-power laser diode to sustain the plasma. This is discussed

in chapter 3 as well. In chapter 4, this laser sustained light source is used in



conjunction with S-SNIM for hyper-spectral imaging of propagating surface phonon
polaritons in a perovskite polar dielectric, STO. | also discuss and motivate the
potential implications of this material as a far-IR nanophotonics platform. In chapter
5, an ultrathin VO2 film is investigated in both the far- and near-field showing clear
evidence of a pure Mott transition without the Peierls distortion normally seen in
bulk VO2. The bandgap of 0.6 eV is observed in the rutile insulating VO2 film with
an electronic structure not significantly changing through the insulator metal
transition other than the bandgap collapsing to a weaker Drude feature than bulk
VOz2. In chapter 6, | conclude and discuss future outlook of the research and

experimental developments | have worked on during my PhD.
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Chapter 2:

Experimental Methods

2.1 Introduction

Broadband photon spectroscopy is used to measure light-matter interactions over
a broad portion of the electromagnetic spectrum to investigate the electronic and
vibrational properties of a material. In photon spectroscopy, the frequency of light
is expressed as inverse wavelength (v€= 1/A) in units of inverse centimeters (cm-
1) or as photon energy (hv£) in units of electron-volts (eV). Itis common for infrared
and optical spectra to be displayed in units of inverse centimeters and/or electron-
volts. Note that 1 eV is equal to 8066 cm™. Initially, this chapter will briefly review
the far-field methods of Fourier transform infrared (FTIR) spectroscopy and
spectroscopic ellipsometry. It will then introduce and describe scattering-type near-
field infrared microscopy, or s-SNIM, the main spectroscopic technique in this

dissertation.
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2.2 Far-field techniques

2.2.1 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR is a common technique in infrared spectroscopy which is designed around a
two-arm Michelson interferometer. At the heart of this device is what is called a
beamspitter, which is a material where light of a certain range of wavelengths is
transmitted 50% and reflected 50% when incident at a 45-degree angle of
incidence. Figure 2.1 shows a basic schematic of a symmetric Michelson
interferometer. Collimated broadband light is incident on this beamsplitter which
sends 50% of the beam to a fixed mirror and 50% of the beam to a moving
reference mirror. These mirrors reflect the beams which are recombined at the
beamsplitter and together are either reflected off a sample or transmitted through
a sample and incident on a detector which measures the intensity of the photons.
By scanning the reference mirror through a small distance, d, an optical path
difference is introduced to the light recombined at the beamsplitter. This optical
path difference causes interference fringes at the detector which can be measured
as intensity as a function of mirror position. By taking the Fourier transform of this

signal, the intensity can be resolved as a function of photon frequency.
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Figure 2.1 Schematic of a symmetric Michelson interferometer operating in transmission

mode.

In FTIR, a normalization spectrum is needed. This is because the measured
intensity at the detector is not just a function of the sample, but also a function of
the optical response of the various optics, windows, beamsplitter and the detector
spectral response. In transmission mode, the sample spectrum is normalized to a
spectrum without a sample present to obtain absolute transmission, T(v). In
reflection mode, a spectrally featureless metal such as gold or aluminum is
measured and this normalization spectrum is used to obtain the absolute

reflectance of the sample, R(v).
2.2.2 Spectroscopic Ellipsometry

Ellipsometry is a highly sensitive spectroscopic technique used to characterize thin

films and surfaces as well as bulk samples. Ellipsometry measures the change in
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the polarization state of light reflected off a sample. A basic schematic can be seen
in Fig. 2.2. Linearly polarized light, set by a polarizer at a known polarization angle,
is incident on the sample at a known angle of incidence. The unknown polarization
state of the light reflected off the sample is measured by a polarizer that rotates at
a known rate and is called the rotating analyzer [Fig. 2.3]. A detector after the
rotating analyzer detects a time varying signal from which, combined with the
known polarization angle of the incident light, two observables are measured,

called ¥ and A. These are related to the complex Fresnel reflection coefficients by

S

= tan(¥)e'®. Itis from the Fresnel reflection coefficients that the complex optical

constants can be solved for [19].

Linearly Polarized Light
E p-plane

s-plane
Elliptically Polarized Light

p-plane | E
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‘ 2> . " ¥,A
plane of incidence \/4;15’”' ?

Reflect off Sample

7

Figure 2.2 A basic schematic of Ellipsometry showing the sample, incident light and

reflected light and their polarization states [20].
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Figure 2.3 A image of how the incident light is polarized, reflected, and how the resulting
polarization state is measured by the rotating analyzer. This signal is measured by a

detector as a time varying voltage.

2.3 Near-field Techniques

2.3.1 The Abbe-diffraction Limit

Until now, the experiments reviewed have been far-field experimental techniques,
wherein the dimensions of the scatterer are much larger than the wavelength of
the incident radiation. These methods work well for uniform thin films and larger
crystals. However, in the case for nanostructured samples, materials exhibiting
sub-micron phase coexistence or materials that can only be grown as very small
crystals there is a need to focus the light to a small spot. Infrared Microscopy is a
technique in which the light from an FTIR is brought through a special microscope
and focused to a small spot but even this technique is limited by the wave nature

of light.
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Figure 2.4 (a) From Ref. [21]. An Airy disk diffraction pattern due to the diffraction of a
point source of light. (b-d) From Ref. [22]. The Rayleigh Criterion of (b) two resolved
points, (c) the central peaks beginning to overlap and (d) the central fringes almost

completely overlapping.

Due to the wave nature of light, radiation from even an infinitely small point
source cannot be focused infinitely. The image of a point source of light exhibits a
diffraction pattern known as the Airy disk pattern (see Fig. 2.4) in which a central
peak in intensity is surrounded by concentric ring fringes [23,24]. This leads to a

limit in the spatial resolution that far-field optics can achieve in which the minimum
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lateral resolution is defined as the distance between two point sources where the
central fringes begin to overlap. The Rayleigh diffraction criterion for an optical
microscope defines the minimum distance resolvable between two point sources,
Ad, defined in Eqg. (2.1).
d= 0.611 (2.1)
NA

In Eq. (2.1), 4 is the wavelength of light and NA is the numerical aperture, defined
as NA = nsin(26,,4,). Here, n is the refractive index of the medium the light is
traveling through and 26,,,, is the maximum collection angle of the focusing optic.
For example, a practical maximum NA for a microscope is around 0.95 and the

index of refection through air is 1. At this numerical aperture the diffraction limit
can be approximated to Ad = ’1/2. For visible light at violet wavelengths (1 = 400
nm) we get a Ad = 200 nm. However, for longer wavelength infrared light of say
A =20 ym we only get a resolution of 10 um. This is clearly not compatible with the

nanoscale systems that are becoming more and more prominent and one needs

to turn to nano-optics.

2.3.2 Scattering-Type Scanning Near-field Infrared Microscopy

Scattering-type scanning near-field infrared microscopy is a technique in which
light is focused to a metal coated atomic force microscope tip operated in tapping
mode. The apex of this tip has a radius of curvature on the order of tens of

nanometers which is sufficiently in the near-field regime when illuminated with
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infrared radiation. Due to the sharp apex of the tip and metal coating, the tip acts
as an antenna that concentrates the incoming electric field to the nanoscale tip
apex. Resulting from the ‘lighting rod’ effect from electrostatics, charge is
accumulated at the apex causing local high electric fields [25,26]. When the
illuminated tip is brought into close contact with a sample, the local evanescent
near-field interaction between the sample and tip influences the light scattered by
the tip. Figure 2.3 shows a simplistic depiction of the tip over the sample with the
near-field interaction more closely depicted in Fig. 2.3(b). A simple description of
the near-field interaction can be illustrated with the ‘simple-dipole’ model [7,8,27]
where the tip is approximated as a sphere with radius corresponding to the radius
of the apex of the tip. The incident field, Ej,., focused on the tip polarizes this
sphere, which induces an image dipole to be formed in the sample that has a
dielectric function, . This image dipole repolarizes the tip with a polarizability,
p,(€), that is encoded in the scattered field, E.,;. This way the information of the
nanoscale dielectric function of the sample area just under the tip apex is encoded
and scattered into the far-field. This backscattered light is collected and sent to a
detector to yield the nano-resolved near-field signal of the area under the tip. This
way, an AFM image can be taken to obtain topography while also simultaneously

obtaining the nano-resolved near-field image of the same area.
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scat

Figure 2.3 From Ref. [28]. (a) A Schematic of the AFM cantilever tip and sample showing
the incoming radiation focusing at the tip apex. (b) A closeup of the tip apex showing the

induced dipole at the tip with the image dipole induced in the sample.

This near-field interaction can be expressed by the complex scattering
coefficient o = se'?, where s is the amplitude and ¢ is the phase. The incident

field and elastically scattered field are related by this coefficient as

Escat = 0Einc (2.2)
Usually, this tip is illuminated by infrared light with a wavelength on the order of
microns, which due to the diffraction limit means that the full tip tetrahedron and
some of the cantelever is illuminated. This results in a dominant and unwanted
noise in the signal called the ‘background’. Only a portion of the total backscattered
field, Eq4¢, cOntains the near-field information which we will call, E, ¢, while the rest

of the scattered field is due to the background, Ej,. In most experimental setups,

the electric field strength cannot be detected directly. Photon detectors usually
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measure the currents or voltages proporitional to the number of photons absorbed
which we call Intensity, I, where I « |E|%. Since the detector only measures the
intensity, L., Of the scattered field we can express the signal measured by the

detector as

lger  Iscar % |Escatl® = |En + Eyg| (2.2)
= |Enel? + |Evg|* + EntEig + EvgEre
In S-SNIM the AFM is operating in tapping mode where the tip is tapping at a
frequency, 7, on the order of kHz with a vertical tapping amplitude usually around

70 nm. This tapping modulates both the near-field and background scattering

contributions allowing us to write Eg.,; as

Excar(t) = Ent() + Fog(t) = ) Fnne™ + ) Fygpe™ o
n=20 n=0

Where E,, and Eyg, are the n'" order Fourier coefficients of the scattered near-
field and background contributions to E,.,; respectively. These can be expressed
as Engn = OngnFinc and Eygn = 0OpgnEinc. SiNCe Ey¢ is due to the strong evanscent
near-field interaction of the tip sample system, the act of the tip tapping introduces
a large non-linear tip sample distance dependence on this scattered signal [8]. At
the same time, the background scattered signal, Eyq, largely dependent on
scattering from parts of the tip that do not exhibit stong evanscent fields, has a
more linear tip-sample distance dependence. While the background scattered
signal is still present to an extent at the tapping frequency, 7, the non-linear near-

field scattered signal dominates at the higher harmonics of the tapping frequency,
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n = 2,3,4..., allowing significant suppression of the background by demodulating
the measured signal at the higher harmonics via lock-in detection. Looking at Eq.
(2.2), we see that there are still multiplicative terms between the near-field and
background that will persist at the higher harmonics. We call this the ‘multiplicative
background’. So the act of demodulating the signal at the higher harmonics does

not completely yield a background free signal.

There are multiple interfereometric solutions to obtaining the completely
background-free near-field signal and they are dependent on the type of data one
needs to acquire. The two main ways an s-SNIM microscope is operated is in
nano-imaging mode and nano-spectroscopy mode. In hano-imaging mode, single-
line (monochromatic) illumination is incident on the tip while the tip raster scans
over an area of the sample to create a near-field image at a single wavelength
where each pixel of the image indicates the nanoscale near-field resolved signal.
This enables single line near-field mapping. In nano-spectroscopy mode, the tip is
brought into contact at a select area of the sample and a point spectrum is aquired
by sending in broadband illumination to yield the frequency dependent near-field

resonse, o(v) = s(v)e?™,

2.3.3 Pseudo-heterodyne s-SNIM

This section will briefly describe pseudo-heterodyne interferometric detection
which is a method to obtain background-free s-SNIM images with monochromatic

illumination that was first implemented by Ocelic et al. in 2006 [Ref. [29]]. By
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placing the tip sample system in one arm of an asymmetric Michelson
interferometer [see Fig. 2.4a] a reference arm field, E..f, is introduced to the
measured signal at the detector. This gives us a measured intensity at the detector

of

Iget % |Escat + Erefl® = (Eng + Eog + Erer) (En + Eog + Erer)  (24)
= |En¢l® + |Ebg|2 + |Evel® + EngEpg + En¢Eyes
+ EpgEp¢ + EpgErer + EvetEng + EverEpg
where the scattered field is modulated by the tip oscillation frequency, ¥, usually
~250 kHz. The position of the reference mirror is then modulated in the direction
of beam propagation at a frequency M, such that M « 7. Sum and difference
frequencies appear as sidebands around the tip oscillation harmonics as nv + mM

due to the interference of the reference field and scattered field. The detected

signal with the sidebands can be seen in Fig. 2.4b.
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Figure 2.4 (a) Schematic of the pseudo-heterodyne interferometric detection scheme used
in S-SNIM. (b) Maodified from Ref. [29]. Detector spectrum from the splitting of the signal
into sidebands due to modulation from the reference signal.

As can be seen in Eq. (2.4), the multiplicative background is now removed
because it does not depend on the modulated reference signal. The other terms
containing the background are removed by the higher harmonic demodulation and
we are only left with the terms containing contributions from the near-field and
reference signals. It is also notable to mention that there are methods to extract
the amplitude, s,¢,, and phase, ¢,¢,, by subsequent normalization between the
sidebands which is covered in more detail in Ref. [29]. Through modeling these
two observables can be used to solve for the complex optical constants at

nanoscale resolution [7].

23



2.3.4 Scattering-Type Scanning Near-Field Infrared Spectroscopy

For infrared nano-spectroscopy, broadband illumination is incident on the tip-
sample system in one arm of a Michelson interferometer. This makes this
interferometer an asymmetric FTIR which allows the acquisition of both amplitude
and phase resolved spectra [30]. This is advantageous since this gives two
observables to solve for the two unknowns that are the real and imaginary parts of
the optical constants (or dielectric function). Figure 2.5a shows a schematic of the
broadband interferometer. It is essentially the same as the pesudo-heterodyne

setup but with the reference mirror scanning over a much larger distance.

(a)

Lock-in
Detector > (b)
vy @
Parabolic &
BS E Mirror
Broadband scat P ——
< -400 -300 -200 -100 O 100 200
Infrared > > Reference Mirror Position (um)
Source 2 Einc " j I—D Fourier Transform
V] v
o |
Erer — | (@
v d E g:
2| gl
Reference N
Mirror oA

300 400 500 600 700 800 900 1000
Frequency (cm™)

Figure 2.5 (a) Schematic of the broadband nano-spectroscopy interferometric setup. (b)
An interferogram obtained with the tip over gold as well as the subsequent spectrum (c)
obtained after performing the Fourier transform.
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Keeping in mind that o,, = s,e¥», noting that the background is negligible
at values of n> 1, and taking n > 2 we can follow simplification outlined in

Ref.’s [31-33] to express Eqg. (2.4) as

I « Snf,n{sbg,o COS(<Pnf,n - (Pbg,O) t Sref COS((pnf,n - <Pref)} (2.5)
By scanning the reference mirror a distance d, through the position of equal optical
path lengths called the ‘white light position’ in small mirror position increments dd,
we can obtain an interferogram [Fig. 2.5(b)]. Since ¢,.s can be expressed as 2nvd
we can do a Fourier transform on this interferogram to get the spectrum S,,(v) [Fig.
2.5(c)].
< (2.6)

Sp(v) = j Snf,n{sbg,o COS(Qan,n - (Pbg,o)
0

+ Sper €0S(@nin — 2mvd)} e?™4dd
Looking at Eq. (2.6) we can see that only the second term has a d dependence
and thus the term with the background contribution is removed yielding a pure
near-field spectrum. With proper modeling, the broadband amplitude and phase
resolved spectrum S, (v) « sy¢, (v)e'?nin(") can be used to solve for the broadband
nanoscale optical constants the same way as the single-line, pseudoheterodyne

method [7].

Using the broadband s-SNIM experimental setup developed in this
dissertation with the laser sustained plasma light source (chapter 3), an
interferogram [Fig. 2.5(b)] taken with the tip over a gold surface yields a spectrum

[Fig. 2.5(c)]. This spectrum does not just contain features from the near-field
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spectrum on gold. This spectrum is a convolution of the optics, mirror protective
coatings, detector response curve and various other dispersive elements in the
beam path that effect the broadband spectrum as the light travels through the
interferometer. For this reason the near-field spectra from a sample need to be
normalized to a spectrally featureless reference material such as silicon or gold.
This way the instrumental dispersive features, which are present regardless of the
sample studied, are removed. It should also be noted that the interferogram in Fig.
2.5(b) represents the real part of the complex valued signal coming from the lock-
in amplifier doing the demodulation. When taking data, the complex valued

interferogram is processed to obtain both the amplitude and phase.
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Chapter 3:

Broadband near-field infrared
spectroscopy with high temperature
plasma light sources

3.1 Introduction

Circumventing the diffraction limit of light using scattering-type scanning near-field
infrared microscopy (s-SNIM) has proven to be a powerful technique for probing
the local nanoscale optical properties of solids. Its recent applications as a nano-
imaging tool have employed mid-infrared frequencies while circumventing the
diffraction limit by nearly three orders of magnitude [14,34]. By using broadband
illumination with asymmetric Fourier transform infrared (FTIR) spectroscopy, local
near-field spectra with nanometer scale spatial resolution have been
obtained [7,8,35]. S-SNIM is based on an atomic force microscope (AFM)
operated in tapping mode in which light is focused on to the metallic AFM tip in
close proximity to the sample. The tip- sample interaction is encoded in the
scattered optical signal which is then measured in the far-field with a
photodetector. The ratio of the backscattered power compared to the incident

power at the tip is ns = 0.02, and the useful near-field signal is an even smaller
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fraction fn of ng, estimated to be fn = 0.003 for a standard tip over gold [36]. Since
the ratio of the scattered near-field signal to incoming light at the tip is so small, it

IS necessary to use high intensity light sources.

Broadband nano-spectroscopy in the far- and mid-infrared spectral range is
challenging because of the limitations of existing high intensity light sources. The
use of tunable, monochromatic lasers allows for high signal but is limited by the
available wavelengths and obtaining a high-resolution broadband spectrum
requires significant time [37]. Quantum cascade lasers (QCLs) have been
implemented with S-SNIM and have the ability to quickly scan through
wavelengths but have a narrow spectral range [38,39]. Difference frequency
generation provides a stable high intensity beam in the mid-infrared but needs to
be tuned to different wavelength ranges to get the full spectrum and currently has
a low frequency cutoff of ~550 cm™ (18 um wavelength) [12,13]. Thermal
blackbody light sources like the globar provide a large spectral bandwidth but low
intensities. Hence, significant integration time is required to obtain data with a
globar and there is no usable intensity below ~750 cm for broadband S-
SNIM [40,41]. Previously, a globar was implemented as a broadband infrared
source in our own near-field experimental setup. We were able to resolve phonon
resonances in SiO2 and SiC in the mid-infrared but the signal-to-noise level was
very low and integration times of a few hours were required. Synchrotron light
sources provide spatially coherent intense broadband light that is currently the
highest intensity and widest bandwidth infrared source for nano-

spectroscopy [14,42,43]. However, experiments require beam time at the
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synchrotron that is highly competitive to obtain and is generally of limited duration.
Moreover, travel and accommodation costs are generally borne by the users.
These issues make it challenging to do in-depth, long-term studies on samples at
synchrotron beamlines, and also make it difficult to implement modifications and

improvements to equipment that are better suited for table top set-ups.

A wall stabilized plasma light source has shown potential as a high intensity
broadband light source in both the far-field and the near-field. However, there is
only one published work using this light source for near-field infrared spectroscopy.
Moreover, the startup procedure for this light source requires a manual shorting of
the arc, there are reports of “violent sputtering episodes” at the anode, and the
required input power to sustain the arc is on the order of kilowatts [44—46]. The
most common type of commercial plasma light sources are the xenon high
pressure plasma lamps which are useful as a broadband source for the near-
infrared, visible and ultraviolet i.e. frequencies higher than 2,500 cm-. However,
these lamps do not provide intensity in the mid- and far-infrared due to the plasma
being encased in a quartz bulb which is opaque to these wavelengths. There is a
need for a practical and affordable table-top light source that is ultra-broadband
and covers the spectral range of ~ 100 cm™ — 2,500 cm? to allow the exploration
of materials at the nanoscale by probing infrared-active phonon resonances and

electronic properties.

Infrared spectroscopy has been commonly used to probe infrared-active
phonons and charge dynamics in materials. However, many materials have been
shown to exhibit phase coexistence at length scales much smaller than the
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diffraction limit of infrared light. Infrared nano-spectroscopy techniques are
necessary to properly understand the charge and lattice dynamics of these nano-
domains that exist in a number of materials, for example, the oxides of vanadium
and manganese as well as in the ternary alloy In1xGaxN. [6,47-50]. Recently, an
S-SNIM setup has demonstrated that there is nanoscale phase coexistence of two
crystallographic phases known as the thin film phase and bulk phase of
pentacene [51]. It is shown through nano-imaging and point spectroscopy in the
mid-infrared that there is bulk phase nucleation of pentacene during the growth of
the expected thin film phase as well as during sample storage. In the mid-infrared
it has been shown that the local absorption spectrum of silicon nitride nanoislands
can be observed using S-SNIM [52]. To have the ability to probe nanoscale
domains with broadband infrared spectroscopy in the far-infrared and mid-infrared
spectral range would allow these types of experiments to be performed on a
number of materials to discover and explore nanoscale phenomena that may also
have significant potential for applications. Researchers will be able to probe the
crystallinity of thin films over a broad spectral range, allowing the testing of the
effectiveness of different growth methods. Moreover, the technique can be
employed for nanoscale identification of materials, and quality control and

characterization of nano-devices.

In this work, we introduce a new table-top light source that has significant
potential as a broadband high intensity source of mid-infrared and far-infrared
frequencies for microscopy applications. Our electrode stabilized argon plasma

light source (APLS) is described, and its emission spectrum is characterized using
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an FTIR spectrometer and compared to the well-known globar source. Then we
employ the APLS for broadband nano-spectroscopy in the mid-infrared spectral
range by resolving the phonon-polariton resonance in SiO2 using a calibration
grating of 100 nm of SiO2 on Si (umasch TGXYZ02). We demonstrate this argon
plasma lamp’s potential as a far-infrared light source by resolving a phonon-
polariton resonance in bulk, crystalline strontium titanate (SrTiOs). The spectra
measured at room temperature are compared to the point dipole model and the
finite dipole model using known literature values for the dielectric functions of SiO2
and SrTiOs [53-55]. The broadband infrared nano-spectroscopy setup is then
modified to extend the lower frequency cutoff to 400 cm (25 ym) and a spectrum
on STO is taken again resolving a new sharper SPhP at 425 cmt. This spectrum
is modeled both with analytical and numerical simulations. Finally, A significant
improvement to the APLS is described wherein the Argon noble gas is replaced
with Xenon and a high power near-IR laser is used to drive the plasma instead of
an electrical current. The improvement is demonstrated by spectra on SiO2 and

STO showing significantly improved signal to noise.

3.2 Experiment

3.2.1 Argon Plasma Light Source (APLS)

A noble gas plasma radiates bremsstrahlung (or free-free radiation) that is
primarily from deceleration of free electrons due to interactions with ions, atoms

and other electrons [56]. From the near-infrared to the ultra-violet, there is a
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continuum of bremsstrahlung radiation as well as intense, discrete atomic emission
lines whose frequencies depend on the noble gas. In the far-infrared and much of
the mid-infrared there is also significant continuum bremsstrahlung radiation but
fewer atomic emission lines. Our home-built, electrode stabilized APLS has been
constructed similar to a conventional short-arc lamp. One important difference from
the conventional short-arc lamp is that the APLS is housed inside a sealed
aluminum vessel with an infrared transparent window to allow access to the mid-
infrared and far-infrared frequencies. A schematic representation of the APLS can
be seen in Fig. 3.1. A high voltage pulse is applied to two tungsten electrodes 2
mm apart in high purity argon gas at a gauge pressure of one atmosphere. This
causes an arc discharge to occur between the electrodes which is then sustained
by a current of about 7 amperes. The input power to this lamp is about 90 W. The
electrodes are in thermal contact with the water-cooled aluminum vessel but
electrically isolated from it. A potassium bromide (KBr) or zinc selenide (ZnSe)
window is clamped to the vessel to allow for infrared optical access to the plasma
emission. Viton o-ring seals are used for isolating the high purity argon gas inside
the vessel from atmospheric contamination. The light emission from the plasma is
steered into a port of our Bruker Vertex 80v FTIR spectrometer using two off-axis
parabolic mirrors. The first parabolic mirror collimates the beam which is then
filtered through a germanium disk to eliminate the unwanted near-infrared and
visible portion of the spectrum. The spectrum is measured using a KBr beam

splitter and a liquid nitrogen cooled Mercury-Cadmium-Telluride (MCT)
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photoconductor (Infrared Associates) with a KRS-5 window, and a 1 mm x 1 mm
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Fig. 3.1 A schematic representation of the APLS. A top view cross-section of the APLS is

shown.

In Fig. 3.2(a), we plot the measured spectrum of the APLS. In the same
figure, we also plot the spectrum of the globar source which radiates as a 1320 K
blackbody. The globar spectrum was measured without the germanium filter. The
absolute transmission of the germanium filter was also measured in the FTIR
spectrometer. The lower cutoff of the APLS spectrum at ~ 500 cm is due to the
KBr beam splitter, the MCT detector, and ZnSe window of the APLS, and the upper
cutoff at ~ 5,800 cm is due to the germanium disk. The APLS spectrum displayed
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in Fig. 3.2(a) has been corrected for the reduced transmission through the ZnSe
window and the germanium disk to demonstrate the radiance of the plasma relative
to that of the globar. This was done so that the radiance of the plasma can be seen
independent of the choice of window and filter. The radiance of the APLS plasma
in the region below 1000 cm ranges from about 7 to 10 times that of the globar.
Based on this relative radiance, we say that our effective plasma temperature is
about 9000 K or higher. By taking the ratio of two successive measurements of the
spectrum, 100% lines were obtained (Fig. 3.2(b)) to demonstrate the stability of
the APLS compared to that of the globar. The APLS demonstrates highly stable
intensity suitable for spectroscopy and microscopy rivaling the stability of the
globar. The APLS is a highly stable light source because of the effective
suppression of convection currents. The data from the APLS shown in Fig. 3.2
establishes this source’s potential as an intense and stable mid-infrared and far-
infrared light source. It is expected that there is significant intensity in the far-
infrared below our lower measurement cutoff frequency [56]. Finally, due to the
“short arc” electrode stabilized geometry of our lamp, the “hot spot” of the plasma,
a volume that has the highest infrared emission, is estimated to be about 300 to
500 uym in diameter. This means that the APLS is closer to a point source than a

globar making it more suitable for microscopy applications [57].
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Fig. 3.2 (a) Relative radiance of the argon plasma (violet) compared to a 1320 K globar
(black). The spectra were obtained with the Bruker Vertex 80v FTIR spectrometer in air.
Sharp peaks in the APLS spectrum are mainly due to argon emission lines and the valleys
are mainly due to atmospheric absorption. The atmospheric absorption features also
appear in the globar spectrum. (b) Comparison of 100% lines taken with the Globar and

APLS. (Inset) Zoomed in view of 100% lines demonstrating the relative noise levels of



3.2.2 Broadband near-field infrared spectroscopy

The nano-spectroscopy setup primarily consists of a commercial S-SNIM from
Neaspec GmbH and our APLS. Fig. 3.3(a) shows a schematic representation of
our beam path. The light from the hot spot of our argon plasma is collected and
collimated with an off axis parabolic mirror with a 2 inch focal length. It is then
incident on an indium tin oxide (ITO) coated glass planar mirror with a 45 degree
angle of incidence. The ITO mirror significantly reduces the unwanted near-
infrared and visible portion of the spectrum in the reflected light. Thereafter, the
beam is focused through a 300 ym pinhole by a second 4 inch focal length off-axis
parabolic mirror. There are multiple advantages of using a pinhole in our system.
In S-SNIM, a high numerical aperture mirror both focuses the incident radiation as
well as collects the scattered radiation from the tip. Since the tip has a radius on
the order of 10s of nanometers, its usable near-field scattered radiation after being
collimated by the parabolic mirror is highly spatial coherent due to the small source
area. The broadband radiation collected from the plasma is less spatially coherent
due to its dimensions being much larger than the tip apex. By focusing the
broadband radiation on a pinhole, we improve the overlap of the tip scattered and
reference arm radiation that gets focused on the detector element thus maximizing
the interference at the detector. After the pinhole, the light beam is collimated using
a one inch focal length off axis parabolic mirror, setting the beam diameter to

~10mm, and sent into our broadband s-SNIM system.

The s-SNIM set-up consists of an atomic force microscope employing a

metallic coated AFM tip and an asymmetric FTIR interferometer. The incoming
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collimated infrared beam is incident on a ZnSe beam splitter sending part of the
beam to the movable reference mirror and the other part of the beam to a parabolic
mirror which is used to bring the beam to a focus on the tip and to collect and
collimate the backscattered light. The backscattered and the reference beams are
recombined at the beam splitter and brought to a focus on a liquid nitrogen cooled
MCT detector. For the SiO2 sample we use an AFM tip with a radius of about 15
nm (Arrow-NCPt) and a liquid nitrogen cooled photovoltaic MCT (Kolmar KLD-0.1-
J1/208) with a ZnSe window and a spectral bandwidth of 750cm* — 3000 cm. For
the SrTiOs (STO) sample we use a liquid nitrogen cooled broadband
photoconductive MCT (Infrared Associates FTIR-22-0.100) with a spectral
bandwidth of 400 cm — 5,000cm™. This is a similar detector to the one used with
the Bruker in the far-field but has a 0.1 mm x 0.1 mm element size, a KBr window
with moisture-resistant coating, and a preamp with 1 MHz bandwidth. Due to the
lower detectivity of the broadband photoconductive MCT compared to the
narrowband photovoltaic MCT, we used a larger 50 nm radius tip (PPP-NCSTAu)

to enhance the near-field signal when measuring the STO sample.
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Fig. 3.3 (a) Schematic of the beam path used. (b) Approach curve obtained at the second
harmonic with the reference arm set to the white light position (position of the peak in (c)).
(c) Near-field interferogram on gold demodulated at the second harmonic obtained with
the argon plasma light source and optical setup shown above and (d) the resultant

spectrum generated by fast Fourier transformation of the interferogram.
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The AFM is operated in tapping mode which modulates the infrared signal at the
tapping frequency and higher harmonics of our tip. The tapping frequency (V) of
the Arrow-NCPt is ~250 kHz while the tapping frequency of the PPP-NCSTAuU is
~120kHz. Since the near-field signal scales non-linearly with tip-sample distance,
it is also present in the higher harmonics (nv) of the cantilever oscillation
frequency. The far-field background scattering from the tip-cantilever-sample
system is suppressed by demodulating our signal at higher harmonics of the
cantilever oscillation frequency [8]. We demonstrate that we exclusively measure
the near-field signal by taking an approach curve on gold which is shown in Fig.
3.3(b). This approach curve is obtained by setting the reference arm to the white
light position (the position of maximum constructive interference) and recording the
signal as we retract the sample away from the tip. This demonstrates the expected
non-linear decay in the near-field infrared signal (s2) demodulated at the second
harmonic of the AFM tip oscillation frequency. To record our spectra on gold, Si,
SiO2 and STO, we move the reference mirror a total distance of 400 um i.e. 200
MM on both sides of the white light position. This leads to an optical path difference
of 400 ym yielding a spectrum with a resolution of 25 cm™*. Fig. 3.3(c) shows an
interferogram recorded over gold with the Arrow-NCPt tip and Kolmar photovoltaic
MCT. Fourteen scans were averaged with a 200 ms reference mirror step time
taking 256 total data points per scan resulting in a total acquisition time of ~12
minutes. Fig. 3.3(d) is the resultant spectrum generated by fast Fourier

transformation of the interferogram.
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3.3 Results with the APLS:

Firstly, we demonstrate that the spatial resolution of our setup is on the order of
the AFM tip diameter and not limited by the diffraction limit of the tip illumination
wavelength. We set the reference arm to the “white light position” i.e. the position
of maximum constructive interference. We then take an AFM topography scan
(Fig. 3.4(a)) across the edge of 100 nm of SiO2 on silicon. The second harmonic
of our near-field signal is simultaneously recorded (Fig. 3.4(b)). Although SiO2 has
a phonon-polariton resonance, the total integrated signal of silicon is higher than
the total integrated signal of SiO2. This contrast can be explained by the higher
average refractive index of silicon (in the wavelength range of the incident infrared
radiation) when compared to SiO2 [41]. By taking a line trace across this border
we see that while the topography line trace (Fig. 3.4(c)) shows a decrease in height
when going from SiOz2 to Si, the near-field signal (Fig. 3.4(d)) has a sharp increase
within about 50 nm, well below the diffraction limit of the range of mid-infrared

wavelengths that are illuminating the tip.
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Fig. 3.4 (a) Topography and (b) the second harmonic near-field amplitude at the white
light position obtained simultaneously on 100 nm thick SiO. on silicon. Each pixel
represents an area of 15 square nanometers. The total integrated signal over all
wavelengths is higher for silicon so it will have a higher amplitude in the near-field scan.
(c) represents a line trace (red dashed line) averaged over 4 consecutive horizontal lines
on the topography scan while (d) represents the same location for the near-field scan. In
(d) we can see that moving off the SiO; step and onto the Si substrate there is a sharp
increase in signal over about 50 nm which is about two orders of magnitude below the
diffraction limit of the tip illumination wavelength range. The change in the near-field signal
is solely due to the difference in the dielectric function of Si and SiO, and not due to a

change in the height between the two materials.
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To demonstrate the APLS capability as a broadband light source for nano-
spectroscopy, the tip was centered at the positions indicated by the red letters in
Fig 3.4(b). Figure 5 represents the spectrum of SiO2 normalized to a Si reference
spectrum. Data was obtained at the second harmonic demodulation using a 15 nm
radius tip with a tapping amplitude of 65 nm, and spectral resolution of 25 cm™.
The near-field infrared amplitude (Fig. 3.5(a)) shows the well-known phonon
polariton that peaks at 1130 cm™ agreeing well with other measured
results [37,41,43]. We are also able to resolve phase data (Fig. 3.5(b)) with our
nano-spectroscopy setup and both our amplitude and phase data have the
expected semi-quantitative agreement with the point dipole model and finite dipole

model (see appendix A) [8,55].
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Fig. 3.5 Near-field amplitude (a) and phase shift ¢ (b) of 200 nm of SiO, normalized to Si.
The location of these point spectra are represented approximately by the red letters in
figure 3.3(b). The SiO; spectra were collected at point A and normalized to a spectrally
flat silicon spectrum taken at point B. Comparing the experimental data (black) to the point

dipole model (magenta) and finite dipole model (blue) we can see a semi-quantitative
agreement.
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To study the near-field spectrum of STO with reference to gold, 70 nm of
gold was deposited on to a portion of a bulk STO substrate. The STO amplitude
and phase shift were acquired and then normalized to data from the gold film. Here
we used a 50 nm radius tip, 75 nm tapping amplitude, and spectral resolution of
25 cm. The STO near-field amplitude and phase shift data is plotted in Fig. 3.6
with the inset in Fig. 3.6(a) demonstrating that we can see the resonance in the
second, third, and fourth harmonics. Due to the significant suppression of the
background at these higher harmonics, we can conclude that the peak is a near-
field resonance. A peak in the normalized near-field infrared amplitude is seen
around 640 cm™ in Fig. 3.6(a). The finite dipole model matches the experimental
amplitude better than the point dipole model. However, the experimental phase
shift plotted in Fig. 3.6(b) is in better agreement with the point dipole model. The
guantitative differences between the experiment and the models can be attributed
to one or more of the following reasons: the more prominent noise level in this
spectrum due to the lower signal-to-noise from the wider band photoconductive
MCT; atmospheric absorption due to water vapor and CO2 below 700 cm; the 25
cm spectral resolution; the models being simplified versions of tip-sample near-
field interaction, and hence only giving a semi-quantitative estimate of the
magnitude and position of the near-field resonances (see appendix A); and the
uncertainty in the measurements of the dielectric function of STO in published
sources. Note that our experimental data shows a clear resonance peak, and to
our knowledge, this is the first experimental demonstration with S-SNIM of a near-

field phonon polariton resonance in STO.
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Figure 3.6 (a) Phonon polariton resonance of STO normalized to a gold reference (black)
compared to the point dipole model (magenta) and finite dipole model (blue). In the inset
we show the non-normalized second, third, and fourth harmonic near-field spectra on STO
demonstrating that this resonance persists in the higher harmonics. (b) Phase shift of the
near-field infrared signal on STO normalized to the gold reference and compared to the

point dipole model (magenta) and finite dipole model (blue). The phase shift is constrained
to values between 1 and -17.

3.4 APLS Summary and outlook

With the introduction of our APLS, we have demonstrated that it is a highly
broadband infrared light source capable of being used for nano-spectroscopy from
the far-infrared to the mid-infrared spectral range. Sub-diffraction limit point spectra
and near-field images were obtained at the second harmonic optical demodulation
demonstrating the phonon-polariton resonance in SiO2 with very good agreement
consistent with previously published literature. The expected phonon-polariton that

occurs in bulk STO was experimentally observed to occur around 640 cm™. We
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have demonstrated that our nano-spectroscopy set up can take spectra down to
500 cm™, the cutoff imposed by the ZnSe beamsplitter. Currently the upper limit
seems to be the atmospheric absorption bands which occur above 1400 cm™.
Future improvements that will be implemented include enclosing the entire near-
field set up in dry, CO2-free air. This will reduce atmospheric absorption and will
extend our spectral range past the atmosphere lines above 1400 cm™. Moreover,
there is potential for implementing other combinations of detectors, beam-splitters,
and infrared transparent windows in the future to explore the spectrum of the APLS
in the sub-500 cm! spectral range. This will enable acquisition of near-field spectra

of lower frequency phonons in many materials.

3.5 Extending the APLS to the far-Infrared

The nano-spectroscopy setup consists of our home-built argon plasma light source
and a commercial s-SNIM instrument from Neaspec GmbH [58]. The argon
plasma light source is an electrode stabilized plasma that is housed inside a sealed
water-cooled aluminum vessel with an infrared transparent window to allow access
to the mid- and far-infrared wavelengths emitted from the plasma via
bremsstrahlung radiation. We now use a potassium bromide (KBr) window for
acquiring the Au and STO data and a ZnSe window for the SiO2 and Si data [58].
The vessel is pressurized with 3-15 psi (gauge) of high purity argon gas. A high
voltage pulse between the two electrodes ignites an arc discharge that is sustained

with a current of about 7 Amps.
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The light from the hot spot of the argon plasma is collected and collimated
by an off-axis parabolic (OAP) mirror with a 2-inch focal length. It is then reflected
at a 45° angle of incidence off an indium tin oxide (ITO) coated glass mirror. This
transmits much of the unwanted near-infrared and visible radiation and reflects the
mid- and far-infrared radiation from the plasma. The reflected beam is then focused
through a 500 um pinhole by an OAP mirror with a 4-inch focal length. This helps
to improve the spatial coherence of our beam and ensures we are collecting light
from the hot spot of the plasma. The beam is then recollimated using an OAP
mirror with a 1-inch focal length setting the beam diameter to about 10 mm. We
measure a beam power of 1.3 mW after the pinhole in the spectral range between
400 cm? and 5,800 cm?. The s-SNIM setup is based on an atomic force
microscope (AFM) employing a metallic coated AFM tip and an asymmetric Fourier
Transform Infrared (FTIR) interferometer. The incoming collimated beam is
incident on a KRS-5 beam splitter for a 400 cm! cutoff. The beam splitter reflects
part of the beam to a moveable reference mirror and transmits the other part to a
parabolic mirror that focuses the beam onto a platinum-iridium coated AFM tip with
a radius of curvature of ~ 60 nm for the STO/Au spectra. The scattered signal is
then collected with the same parabolic mirror and is recombined with the reference
beam at the beam splitter and brought to a focus at the detector. For the Au and
STO data we use an Infrared Associates (FTIR-22-0.100) MCT photoconductive
detector with an active area of 1x10 cm?, a noise equivalent power of 0.84 pW
Hz12, a spectral bandwidth of 400 cm™ — 5,000 cm™ and a preamp with a 1 MHz

bandwidth. This liquid nitrogen cooled MCT photoconductor element is housed in
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a dewar with a KBr window with moisture-resistant coating. The AFM is operated
in tapping mode with a tip oscillation frequency v = 250 kHz and a typical tapping
amplitude is 80-90 nm. The tip oscillation modulates the scattered infrared signal
and allows suppression of the background when demodulated at harmonics nv of
the tip oscillation frequency ¥, where the demodulation order n = 2, 3, 4 [8,29].
After demodulation, we obtain a scattering amplitude sn and scattering phase ¢n.
To eliminate unwanted signal fluctuations caused by atmospheric absorption lines
we encased the entire beam path and microscope in a dry and CO2-free air purge.
Figure 3.7 shows a spectrum on STO that was taken with this new low frequency
cutoff. We observe a sharper peak in STO at 425 cm below our previous cutoff
of 500 cm™ as well as the peak at ~675 cm™ seen previously. This data was
modeled with the point dipole model which did not give a reasonable match. This
is due to the strongly resonant behavior STO has in the near-field which can be
seen with the low frequency mode exceeding the response of gold by ~4 times at
the second harmonic. In order to properly model this data full wave numerical
simulations were performed using an accurate model of the tip used in experiment
with an electromagnetic solver software called FEKO. The full details of our
numerical modeling developed for s-SNIM are covered in Ref. [59] and
summarized briefly in appendix A. Using these models, we see that the two peaks
correspond with the two reststrahlen bands that occur in this spectral range for
STO. The high frequency band occurs between 542 cm™ (TO) and 792 cm™ (LO)
oxygen related modes while the lower frequency band is between the 179 cm

(TO) and 472 cm™* (LO) titanium and strontium related modes [60].
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Figure 3.7 (a-f) Plots show the experimental results, numerical simulations, and point
dipole model calculations of the n = 2, 3, 4 near-field infrared amplitude and phase of STO
normalized to the spectra on gold. The phase is indeterminate in the spectral regions
depicted by the gray hatched areas because the scattering amplitude from STO is

negligibly small in these spectral regions.
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3.6 The Laser Sustained Xenon Plasma Light Source

We developed a table-top laser-sustained plasma light source to provide the
necessary high intensity broadband radiation for for hyper-spectral broadband
nano-spectroscopy and nano-imaging. This is a direct upgrade to our previously
described argon plasma light source. [58,59,61] A schematic of the experimental
setup can be seen in Fig. 3.8(a). Similar to the previous version of the light source,
the upgraded light source is comprised of an aluminum vessel with windows for
optical access and tungsten electrodes for igniting the plasma. This vessel is
pressurized between 15 — 20 atmospheres gauge of high purity Xenon gas. A high
voltage pulse generates an arc across two electrodes which is then sustained by
a constant current. The upgrade consists of a near-infrared diode laser with a ~1
pMm wavelength in the vicinity of a strong xenon line and incident power of ~85 W.
The laser light is brought to a focus in the gap between these electrodes where the
plasma is being sustained by the electric current. The current is then terminated,
and the plasma is sustained by the laser at its focus yielding a highly stable and
brilliant broadband infrared source. The aluminum vessel has two anti-reflective
coated quartz windows: one window allows us to couple the laser to sustain the
plasma and the other window allows the unabsorbed laser light to be terminated
at an external beam dump after passing through a beam splitter that sends a small
portion of the intensity to a power meter to measure the laser power transmitted
through the plasma. A CVD diamond window is clamped to the pressure vessel
via a viton O-ring. This material allows access to the broadband infrared radiation

of the plasma into the mid- and far-infrared spectral range while providing the
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necessary thermal and mechanical properties necessary to seal the pressure

vessel.

There are major advantages of incorporating the laser to sustain the
plasma. In the current- sustained plasma, a significant portion of the power is
dissipated by the heat conducted by the electrodes. The advantage of sustaining
with a laser is that the power is more efficiently transferred to useable broadband
radiation while increasing the lifetime of the light source by significantly lowering
the overall usage time of the electrodes. Secondly, the plasma becomes more
localized to the focus of the laser, allowing a smaller emission volume which is
advantageous for microscopy. For this experimental set-up, a 200 um pinhole is
used with a total transmitted power of ~ 1.2 mW measured in the beam after the
pinhole in the spectral range between 400 cm* and 5,800 cm™. This is a >5 times

increase in power emitted per unit area compared to our current driven APLS.
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Figure 3.8 (a) Schematic of the beam path used in our LSLS system with the red
representing the near-IR laser used to sustain the plasma and the yellow representing the
broadband radiation from the plasma. Broadband nano-spectra obtained with the LSLS
setup on 100 nm SiO, on Si showing amplitude (d) and phase (e). The commonly
observed resonance at 1130 cm™ is observed as well as an additional low frequency
resonance at 460 cm. Amplitude (d) and Phase (e) of bulk STO far (>500) from the Au

reference showing a peak at ~420 cm™ and a broader peak at ~675 cm™.

Figure 3.8 (a) shows a schematic of the beam path for the laser sustained
light source (LSLS) as well as the beam path for the nano-spectroscopy
experiment. First, a calibration sample was studied to observe a known phonon
polariton resonance in SiO2. The area of the sample studied consisted of a ~100
nm layer of SiO2 over Silicon. We obtain the ultrabroadband near-field spectrum
over the 400 cm? — 1250 cm™ range which resolves two separate SPhP

resonances that occur in SiO2 seen in the amplitude and phase [Fig. 3.8 (b) and
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(c) respectively]. The higher lying resonance is the 1130 cm™ that has been
characterized in many other near-field works [40,41,58,59] while the lower lying
resonance at 460 cm™ has only been observed by s-SNIM utilizing an infrared
Synchrotron beamline in conjunction with a liquid helium cooled Ge:Cu
photoconductor [15]. Our observation of this lower lying mode with our tabletop
LSLS demonstrates the powerful utility of this source for far-infrared near-field
spectroscopy. We then move to bulk STO that has a 225 nm thick Au layer on part
of the sample. We obtain amplitude and phase spectra [Fig. 3.8 (d-e)] on STO very
far (>500 ym) from the Au edge to characterize the near-field spectrum of STO.
We see the two SPhP resonances that have been observed previously on bulk
STO with the sharper low frequency resonance occurring at ~425 cm and the

broader high frequency resonance occurring at ~675 cm* [59].

3.7 The signal-to-noise comparison of the plasma sources

Due to the small scattering cross section of the tip, it is necessary to have high
intensity light sources but it is also necessary for them to have low noise. Since
the signal to noise ratio can be dependent on things like the detector detectivity,
light source, tip, and various other parameters of the system we will use a
normalized SNR (NSNR) to compare the APLS and LSLS with each other. The

NSNR can be defined as [62]
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Signal Power (3.1)
NSNR = —Ims noise

(SV)VE

where 67 is the spectral resolution and t is the integration time to acquire the
spectrum. To do a proper comparison, we use data where all other components
are the same such as the detector, tip, and material the tip scanned over. We use
the gold reference spectra taken with the APLS and the LSLS used to normalize
the STO spectra in Fig. 3.7 and Fig. 3.8(d) respectively. Figure 3.9 shows 100%
lines of the second and third harmonic compared for each plasma light source over

our spectral range of interest.
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Figure 3.9 100% lines taken on over Gold with s-SNIM demodulated at the (a) second and
(b) third harmonics comparing the noise in the APLS and LSLS.

Both spectra were taken at 6 = 12.5 cmtand the APLS gold spectra were
integrated for 120 minutes while the LSLS spectra were integrated for 55 minutes.
In the range of 400 cm™ to 850 cm%, using Eq. (3.1) we obtain a NSNR for the

APLS of 0.009 for n = 2 and 0.0045 for n = 3. For the LSLS we obtain 0.026 for
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n = 2 and 0.013 for n = 3. For both harmonics we observe an ~3-fold increase in
the NSNR of the LSLS spectra over the APLS spectra. This is a great improvement
but less than the expected 5-fold increase predicted by the intensity emitted per
unit area of the LSLS over the APLS. We attribute this discrepancy to convective
noise in the LSLS. Since the APLS operates at an argon gas pressure of 1
atmosphere gauge and the LSLS operates at a xenon gas pressure of 15 — 20
atmospheres gauge there is more convection present in the LSLS since convection
has a strong pressure dependence. The hot plasma heats up the gas and causes
the more buoyant hot gas to rise. This movement of gas around the pressure
chamber causes ripples in the profile of the plasma which result in a slight but
persistent random modulation in intensity of the collected light. Improvements that
could reduce this convection are to properly model and fabricate a sufficiently small
inner volume of the pressure cell to decrease the motion of the gas due to heat

and its resultant convection.
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Chapter 4.

Far-infrared surface phonon polariton
propagation in STO

4.1 Introduction

Polaritons are quasiparticles formed from the strong coupling of photons with
excitations of materials such as surface plasmons, phonons, and excitons [10,63—
65]. Polaritons have already made significant impact to many areas of research
including efforts towards room temperature Bose-Einstein condensation [65,66],
superfluidity and quantized vortices [67,68], room temperature polariton
lasers [69,70], all optical transistors [71], and efficient energy conversion [72].
Plasmon and exciton polaritons have demonstrated utility from the mid-infrared
through visible. However, as the wavelengths get further into the less explored far-
infrared and terahertz spectral range limitations are caused by the lack of available
detectors and sources. Itis in the far-infrared and terahertz spectral range that the
surface phonon polariton (SPhP) shows great potential to carry over the
technological advantages of plasmon-polaritons. Surface Phonon Polaritons result
from bound charges in polar dielectrics coupling with incident photons. Thus
SPhPs are different from surface plasmon polaritons (SPPs), which are a coupling
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of free electrons in metals to photons. SPhPs occur at set wavelengths dictated by
the optical phonons of the polar dielectric, which predominately take place below
1000 cm. SPhPs already have proven applications such as coherent thermal
emission [73], enhanced light-matter interactions [34], high-density IR data
storage [74], metamaterials [75-77], and terahertz wave generation [78].
Recently, a first of its kind electrically pumped SPhP based laser, emitting at A =

26.3 um (~ 380 cm™), has been demonstrated [16].

SPhP spectra have recently been experimentally resolved in STO, a polar
dielectric that exhibits a diverse range of electronic and optical properties that
make it an exciting technological material [58,59,79,80]. STO is transparent to
visible light with a band gap of ~3.2 eV while having excellent ferroelectric,
dielectric, and optoelectronic properties [60,81,82]. Upon doping with electrons,
either through niobium or iron doping or via oxygen vacancies, STO can transition
to a stable metallic state [83-90]. Furthermore, STO can support exotic states
such as superconductivity and a two-dimensional electron gas [91-94]. As a cubic
perovskite, STO is common substrate for lattice matching or to provide strain to a
number of functional oxide films such as the ferroelectric BaTiOs as well as the
high temperature superconductor YBa2CusO7-5 [95]. Due to STO being such a
common substrate for functional oxide systems, many advancements have been
made in obtaining low impurity and high crystalline quality bulk samples as well as
treatments to produce high quality surfaces. Despite all the research already
proving STO as a powerful functional material, very little work has been done

towards realizing the potential of STO as an infrared nanophotonic platform. Only
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recently has STO been put in perspective as a unique polar dielectric in the infrared
due to its ability to support both a mid-infrared SPhP and a far-infrared
SPhP [59,96]. Most work discussing STO has been constrained to the mid-
infrared, only covering the higher frequency SPhP without probing wavelengths
longer than a free space wavelength of ~20 ym [79,80,97]. Interestingly, it is
STO’s optical properties at longer infrared wavelengths that demonstrate its

promise as a far-infrared nanophotonic material.

In both cases of SPPs and SPhPs, the condition for a propagating surface
wave is that the real part of the dielectric function is negative while the imaginary
part is small. In polar dielectrics, this is located between the transverse optical (TO)
and longitudinal optical (LO) phonons, called the reststrahlen band. The
reststrahlen band is a spectral range where the reflectance becomes like that of
metal while keeping a reduced damping rate and electrical properties of a dielectric
due to the absence of free carriers [17]. It is in this range that the real part of the
dielectric function becomes negative. The incident electromagnetic field causes
the positive and negatively charged lattice sites to coherently oscillate in a direction
that leads to an induced electric field that opposes the incident electromagnetic
radiation. As a result, electromagnetic radiation in the medium is screened and the
propagation into the medium evanescently decays. In addition, the
electromagnetic fields propagate along the surface with the wavevector (ksppp =
21t/ Aspnp) Where Agppp represents the compressed wavelength of the surface
phonon polariton. Fig. 4.1(a) shows the reflectance of STO showing two

reststrahlen bands, with the mid-infrared band manifesting between the TO and
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LO oxygen phonon modes and the far-infrared band resulting from a combined
contribution of the TO and LO phonon modes from the strontium and titanium
atoms. Fig. 4.1(b) shows the real and imaginary parts of the complex dielectric
function showing the reststrahlen bands when ¢; is negative and ¢, is small. It is
interesting to note that the low frequency very strong TO strontium mode located
at ~87 cm causes g, to be negative for a significant portion of the far-infrared
spectrum. It is STO’s ability to support SPhP modes across this large spectral
range that make it a good candidate for far-infrared nanophotonic applications.
While many polar dielectric materials support SPhP modes in more narrow regions
of the mid- and far-infrared, few support them over such a wide far-infrared and
terahertz spectral range. It is this broadband window for SPhPs in the far-infrared
combined with STO supporting two separate SPhP branches across the mid- and
far-infrared that make the case for STO as a far-infrared nanophotonic solution.
Through the application of established techniques such as nanopatterning of
geometric structures on the surface, SPhPs in STO should be tunable over a very
large window of the far-infrared. For example, it has been shown that localized
SPhPs can be tuned across the reststrahlen band by nanopatterning pillars of
varying radius on SiC [75]. Applied to STO these methods should allow selective
and tunable optical response over the large bandwidth of the far-infrared inside of
STO'’s lower reststrahlen band. STO as a nanophotonics platform paves the way
for frequency tailorable far-infrared and terahertz sensors, metamaterials, and

coherent far-infrared and terahertz sources.
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There exists a mismatch in the momentum needed to excite a SPhP with
freely propagating photons. Scattering-type scanning infrared microscopy (s-
SNIM) has been proven to be a particularly useful method to directly probe and
excite SPhPs [18]. In this method infrared radiation is focused to a metal coated
AFM tip which induces strong near-fields at the tip apex. These strong near-fields
interact with the sample underneath and this interaction is encoded in the scattered
far-field radiation. The AFM tip is operated in tapping mode to extract the near-field
interaction from the background contributions [8]. This technique allows
nanometer-scale optical properties to be studied at a spatial resolution limited only
by the radius of the AFM tip apex [6,98-101]. Due to this high-field confinement,
the tip can provide the necessary momentum to excite SPhPs in dielectric
materials [102]. This overcomes the momentum mismatch between the incident

light, k = (“/), and SPhP momentum:

k _ (2) EsphpEa (4.1)
SPRP ¢’ |E€sprp T &q

Where w is the frequency of incident photons, c is the speed of light, egppp IS the
complex dielectric function of the medium supporting SPhPs, and ¢, is the complex
dielectric function of the ambient medium. Work been done using s-SNIM to
characterize polar dielectric materials such as SiC or low dimensional van der
Waals materials, e.g. hexagonal boron nitride. s-SNIM has been utilized to excite,
launch and observe interference of these SPhPs by either single line laser or
broadband techniques. [11,13,27,43,103-108] Most work to characterize and
realize applications for these SPhPs has been in the mid infrared (> 15 ym) where
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there are plenty of detectors and sources compatible with s-SNIM. However, as
the SPhP frequency approaches the longer wavelengths (< 700 cm?) there is little

experimental work [17].

We explore the propagation and interference of the SPhPs on STO by
coupling a newly designed laser sustained plasma light source (LSLS) to our s-
SNIM set up. This newly integrated light source allows ultrabroadband infrared
nano-spectroscopy to be accessed on a table-top experiment down to frequencies
as low as 400 cm, limited by the detector cutoff. This allows direct access to probe
and excite SPhPs with s-SNIM in the broad far-infrared reststrahlen band in STO.
We use it to resolve and map propagating SPhP resonances on STO. Additionally,
these results are validated using state-of-the-art full wave numerical simulations
using a highly accurate full tip geometry demonstrating good agreement between

simulation and experiment.
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Fig. 4.1 (a) Reflectance of STO demonstrating the two reststrahlen bands. (b) Real and

imaginary parts of the dielectric function with the optical phonon modes indicated. The

inset shows the zoomed in real and imaginary parts of the dielectric function showing the

negative ¢, and low &, The optical constants for STO were taken from Ref. [109]
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4.2 Experimental Method

Scattering-type scanning near-field infrared microscopy (s-SNIM) and
spectroscopy was performed on STO and SiO2 samples using a commercial s-
SNIM microscope from Neaspec GmbH. By focusing infrared light to the apex of a
metal-coated atomic force microscope (AFM) tip, s-SNIM obtains sample
information encoded in the scattered light from the tip sample system that is
localized to a lateral resolution limited only by the radius of the AFM tip used. [8]
Broadband near-field nano-spectra can be acquired with the s-SNIM instrument
and the spectra reveal the broadband, frequency-dependent infrared behavior of
the sample at nanometer scale spatial resolution determined by the radius of
curvature of the AFM tip apex. This method allows us to obtain infrared properties
by circumventing the Abbe diffraction limit. It also enables enhanced surface
sensitivity when compared to the larger penetration depths of conventional far-field
FTIR methods. [13,41,110] As can be seen in Fig. 3.8(a), we take broadband
nano-spectroscopy data by coupling the LSLS to the S-SNIM system. Similar to
our previous table-top setup [58], the broadband infrared radiation from the plasma
is collected and collimated by an off-axis parabolic (OAP) mirror with a 2-inch focal
length. Itis reflected at a 45° angle of incidence off an indium tin oxide (ITO) coated
glass mirror to transmit the unwanted near infrared and visible radiation and reflect
the mid- and far- infrared radiation from the plasma. The reflected beam is then
focused through a 200 um pinhole by an OAP with a 4-inch focal length to improve
the spatial coherence of the beam. There are multiple advantages of using a

pinhole in our system. In S-SNIM, a high numerical aperture mirror both focuses
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the incident radiation as well as collects the scattered radiation from the tip. Since
the tip has a radius on the order of tens of nanometers, its usable near-field
scattered radiation after being collimated by the parabolic mirror is highly spatial
coherent due to the small source area. The broadband radiation collected from the
plasma is less spatially coherent due to its dimensions being much larger than the
tip apex. By focusing the broadband radiation on a pinhole, we improve the overlap
of the tip scattered and reference arm radiation that gets focused on the detector
element thus maximizing the interference at the detector. After the pinhole the
beam is collimated using an OAP mirror with a 1-inch focal length yielding a beam
diameter of 10 mm. A power of ~1.2 mW is measured in the beam after the pinhole
in the spectral range between 400 cm™ and 5,800 cm™ which is obtained after
following an alignment procedure to ensure the hottest part of the plasma is being
collected. This beam is then incident on a KRS-5 beam splitter with 70% of the
beam power transmitting through to a parabolic mirror focusing to the tip sample
system of the S-SNIM and 30% of the power reflecting to a movable reference
mirror. The tip used is platinum-iridium coated AFM tip with a radius of curvature
of ~60nm. The scattered signal from the tip sample system is then recollected with
the same parabolic mirror and recombined with the beam reflected off the movable
reference mirror and brought to a focus at a liquid nitrogen cooled Infrared
Associates (FTIR-22-0.100) MCT photoconductive detector with an active area of
1x10 cm?, a noise equivalent power of 0.84 pW Hz Y2, a spectral bandwidth of
400 cm™ —5,000 cm™ and a preamp with a 1 MHz bandwidth. The AFM is operated

in tapping mode with a tip oscillation frequency of ¥ =250 kHz and a tapping
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amplitude of ~ 80 nm. To suppress the background, the signal recorded by the
detector is demodulated at harmonics nv of the tip oscillation frequency v, where
the higher harmonics n = 2, 3, 4 contain little to no background contamination. After

demodulation, we obtain a scattered amplitude sn and a scattered phase ¢n.

To take a spectrum, initially the tip is rastered across the sample surface to
map the area to be studied, then the tip is brought into contact at the desired
location of the image and the reference arm is scanned a set distance which
generates an interferogram. A Fourier transform is applied to this interferogram to
generate the near-field spectrum. To eliminate the instrumental features from the
spectrum such as the detector responsivity, beam splitter and LSXP emission
features, a normalization spectrum is obtained over a spectrally featureless
material such as Si or Au. For point spectroscopy, the tip is kept in the same
position on the sample and multiple interferograms are averaged to obtain a high
signal to noise ratio spectrum. For a spatio-spectral line scan, the tip moves along
a set path and at each point, one interferogram is collected. This generates an
image where the x-axis is the real space location of the tip and the other axis is the
frequency dependence of the near-field at that location. All the spectra in this
paper, including the spatio-spectral line scan, are taken with a total optical path
difference of 800 um to yield a spectral resolution of 12.5 cm. The beam path and
S-SNIM system is enclosed in a dry and CO2-free air purge to eliminate unwanted

spectral features from water and COx.
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4.3 Results & discussion

We resolve the propagation and interference of SPhP resonances in STO by
obtaining an amplitude and phase resolved spatio-spectral line scan in the vicinity
of an Au edge of a height of 225 nm. The spatio-spectral line scan image maps the
interference of the tip launched and Au edge launched SPhPs as well as the tip
launched, and edge reflected SPhPs. We orient the sample such that the Au edge
is perpendicular to the in-plane projection of the tip illumination wavevector. Fig.
4.2(a) shows a basic schematic of how the tip is scanned a distance L away from
the Au edge while the broadband illumination, having a focused spot size diameter
of ~120 um set by the pinhole, allows simultaneous tip illumination while launching
SPhPs from the Au edge. Fig. 4.2 (b) and (c) show the amplitude and phase
resolved near-field spatio-spectra line scan showing the two SPhP resonances that
occur in STO. As the tip is scanned away from the Au edge frequency dependent
interference fringes can be seen in both the resonances. Taking single frequency
cuts [Fig. 4.2(d-g)] of the spatio-spectral line scan demonstrate clear fringes in both
the amplitude and phase whose fringe spacing decrease with increasing

illumination frequency.
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Fig. 4.2 (a) Schematic of the experiment measuring the propagation and interference of
the SPhPs on STO. The broadband tip illumination launches SPhPs off the gold edge
which interfere with the tip launched and Au edge reflected SPhPs. This tip, starting over
Au, is scanned away from the Au edge a distance L while the broadband amplitude (b)
and phase (c) spectra are measured and normalized to an Au reference spectrum.
Amplitude (d) and Phase (e) line cuts around 650 cm™ exhibit frequency dependent
interference fringe spacings. Looking at amplitude (f) and phase (g) at line cuts around
437.5 cm, longer interference fringe spacings can be observed.
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Another way to view this Au edge distance dependent SPhP interference is
to look at the spectra as a function of distance. To increase the SNR from the
spatio-spectra line scan, point spectra were obtained at select distances from the
Au edge in the same location and experimental geometry as the spatio-spectral
line scan. Fig 4.3 (a) shows the topography of the STO and Au edge with each
dot’s color matching the spectrum color in Fig. 4.3(b-g). A clear modulation of the
spectrum can be seen in the amplitude and phase. The low frequency peak
decreases in amplitude shifts to higher frequency then increases in amplitude while
the high frequency peak decreases in amplitude and splits into two peaks with the
higher peak decreasing in frequency as distance is increased. This behavior is

completely consistent with the spatio-spectral line scan.
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Fig. 4.3 (a) Topography scan of gold edge (yellow) and STO (black) with locations of point
spectra taken at set distances of from the gold edge. The incident broadband tip
illumination reradiation is represented by the red arrow. The amplitude spectra (b-d) and
phase spectra (e-g) exhibit tip-edge distance dependent SPhP interference. The phase
spectra become less resolvable where there is insufficient scatted amplitude for STO so
this area is greyed out of the phase spectrum. The amplitude exhibits a shifting of the 650
cm! resonance into two peaks, with the higher frequency peak moving towards 700 cm*
as the tip gold edge distance is increased. The 420 cm™ resonance decreases in
amplitude and then shifts higher frequencies, then grows in amplitude while shifting back

to lower frequencies. This behavior is seen at higher harmonics as well.

Full wave numerical simulations using FEKO were carried out to model our
experiment. The details of this simulation method are described elsewhere [59] but

to briefly summarize, the model consists of a realistic geometric model of our tip
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tetrahedron with an accurate shaft length of 15 ym and apex radius of 60 nm that
is over an infinite half planar Green’s function with bulk STO optical constants. The
tip is simulated at a sufficient number of heights above the STO surface to simulate
the accurate non-linear near-field approach curve and tapping amplitude. The tip
is tapped at a frequency of 250 kHz and demodulated at higher harmonics of the
tapping frequency as is done in the experiment. This tip was placed near a gold
surface of finite dimensions of 400 x 100 ym with a thickness set to the thickness
of the Au edge (225 nm) in our experiment with the 400 um edge perpendicular to
the in-plane projection of the incident illumination wavevector taken from
experiment. This was done since the physically real situation of an effectively
infinitely long gold edge cannot be realized in this simulation due to memory
constraints. We chose dimensions of the Au surface such that it was large enough
not to cause unwanted effects due to its finite geometry. A plane wave is incident
on the system with its wavevector matching the experimental direction of incident
radiation. Fig. 4.4(a) shows the simulated tip with the Au edge on STO matching
the experimental geometry. Also shown are the tip and Au edge launched SPhPs
as electric field oscillations for incident plane wave illumination of 437.5 cm™. Fig
4.4(b) and (c) show the amplitude and phase of the spatio-spectral line scan data,
point spectroscopy data and simulated data showing good agreement in fringe
spacing. Fig. 4.4(d) and (c) show the same situation for the 675 cm incident
frequency. This simulation was carried out for other frequencies with the fringe
spacing from experiment and simulation compared in Fig. 4.4(f). Finally, looking at

the wavelength of the SPhPs launched from the Au surface in the simulations and
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comparing them to the theoretical dispersion relation for isotropic STO, seen in

Fig. 4.4(g) calculated from Eq. (4.1), we get excellent agreement.
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Fig. 4.4 (a) Simulated tip with Au edge showing tip and Au edge launched SPhPs as
electric field oscillations for incident plane wave illumination with A = 437.5 cm™. Measured
and simulated amplitude (b) and phase (c), at 437.5 cm™ plane wave illumination, for the
tip-Au edge distance dependent interference fringes. Amplitude (d) and phase (e) for the
same scenario but with 675 cm™ plane wave illumination. (f) Simulated and experimental
fringe spacing compared as a function of frequency. (g) Theoretical dispersion relation for
STO SPhPs compared to the dispersion obtained from numerical simulations of the
SPhPs launched from the tip and Au edge.
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4.4 Conclusion

In summary, we have characterized propagating SPhPs in STO by introducing a
new thermal broadband source based on a laser-sustained plasma that provides
sufficient intensity in the far- and mid-infrared for ultrabroadband s-SNIM. We
showed that this table-top source, combined with a CVD diamond window, allows
the acquisition of nano-spectra into the far-IR. We demonstrate the capabilities of
this source by first resolving two SPhP resonances in SiO2. We then used it to
characterize amplitude and phase resolved broadband SPhP propagation and
interference in bulk STO. This was then validated by state-of-the art parameter-
free full-wave numerical simulations which considered the complete tip and shaft
geometry. This work opens the possibility of STO as a platform for far-IR nano-
photonics. Interesting paths forward include spatially confining these SPhPs to thin
films or ultrathin membranes [111] of STO as well incorporating subwavelength
nanophotonic structures on STO that guide and direct these SPhPs. The laser
sustained plasma light source enables a low cost table-top method for far-IR
ultrabroadband nano-spectroscopy with future improvements involving alternative
detectors with lower frequency cutoffs to delve deeper into the far-IR since the

CVD diamond window is transparent to all of the far-IR and terahertz.
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Chapter 5:

Mott transition in the rutile insulator VO-
without Peierls ordering

5.1 Introduction

An insulator-to-metal transition (IMT) is an emergent characteristic of quantum
materials. When the IMT occurs in materials with interacting electronic and lattice
degrees of freedom, it is often difficult to determine if the energy gap in the
insulating state is formed by Mott electron-electron correlations or by Peierls
charge-density wave (CDW) ordering. To solve this problem, we investigate a
representative material, vanadium dioxide (VO2), which exhibits strong electron-
electron interactions as well as CDW (Peierls) ordering. We have fabricated
ultrathin VO2 films on rutile (001) TiO2 substrates. These VO: films undergo the
IMT without the CDW (Peierls) ordering. Infrared and optical measurements
discover the Mott-Hubbard semiconductor gap of 0.6 eV in the rutile phase below
Tc = 306 K. Above T¢, we observe a Drude feature along with an increase in the

optical conductivity due to a Mott IMT. Our results establish the route to a purely
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electronic IMT with profound implications for fundamental and applied studies of

this phenomenon.

An insulator-to-metal transition (IMT) leads to dramatic changes in physical
properties, and it is induced by variation of control parameters such as
temperature, chemical doping, and strain [112]. The underlying mechanism of the
IMT is ambiguous in materials in which the IMT is accompanied by a structural
phase transition, such as in bulk vanadium dioxide (VO32) [6,113-117]. Bulk VOz2
undergoes a thermally induced IMT at the intrinsic critical temperature Tc = 340 K
accompanied by a structural phase transition (SPT) between a monoclinic
structure and rutile (tetragonal) structure. The high-temperature metallic phase has
rutile structure which is viewed as chains of equidistant vanadium atoms along the
rutile cr-axis. The low-temperature insulating phase has monoclinic (M1) structure
that consists of twisted V-V dimers with alternating spacing of cr + 25 (distortion)
i.e. the CDW (Peierls) ordering. Given the presence of CDW ordering in the Mz
structure, in early works the IMT was considered a Peierls transition [115,116].
However, subsequent experimental and theoretical works demonstrated the
significance of electron-electron correlations to the IMT [6,113,114,118]. Some
even posited a new kind of Mott insulator whose ground state is the Peierls ordered
phase rather than the antiferromagnetic phase expected in classical Mott
insulators [119]. Nevertheless, modern theoretical schemes that explain the IMT
and the insulating phase have one aspect in common. Specifically, the calculations
in the insulating phase of VO:2 are based on the Peierls ordered structure and the

V-V dimers are considered a necessity for a quantitative description. Indeed, even
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state-of-the art Dynamical Mean-Field Theory (DMFT) calculations, while
emphasizing the significance of electronic correlations, use a cluster-DMFT
method based on the primacy of the vanadium pairs [119,120]. This is attributed
to the complexity of the electron-electron interactions and the CDW instability in

the M1 structure.

On the other hand, VO: films grown on rutile (001) TiO2 substrates in
previous experimental works [121-136] provide an opportunity to consider the IMT
in a simpler structure. For thicker VO: films grown on rutile (001) TiO2 substrates,
the Tcis close to the intrinsic value of = 340 K and decreases as the film thickness
is reduced. Much of the previous literature has focused on films thicker than 10 nm
and in these films the IMT is accompanied by the SPT [122,131,135]. A few recent
papers have provided evidence in films of reduced thicknesses that the IMT is not
accompanied by the SPT [123,125,133]. However, these papers did not directly
measure the broadband optical characteristics such as the energy gap which is a
defining characteristic of the insulating phase below Tc. Nor did they measure the
Drude behavior describing the metallic phase above Tc. Hence, the electronic

structure of the ultrathin films was unknown.

To address the question about the origin of the energy gap in insulating
VO2, we have grown films of thicknesses less than 7.5 nm. These films are in the
rutile structure and the monoclinic distortion induced by Peierls ordering is
absent [126]. This simplifies the problem because what remains to be confirmed is
the energy gap of the insulating phase and the Drude behavior in the metallic

phase following the IMT. In this paper, we demonstrate a rutile Mott insulator below
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Tc =306 K (Fig. 5.1a) by observing both the energy gap of 0.6 eV and the absence
of the CDW bonding-antibonding optical transition. Furthermore, we observe the
Mott IMT via the emergence of the Drude feature above Tc. These observations
were enabled by broadband infrared and optical spectroscopy on a 7.2 nm thick
VOz2 film grown on rutile (001) TiO2 substrate by pulsed laser deposition (see
Methods for details). Moreover, we compare the optical conductivity spectra of the

ultrathin VO2 film with that of a thick, bulk-like VOz2 film [137].

5.2 Materials & Methods

The ultrathin VO2 films were grown on rutile (001) TiOz substrates at 500°C via
pulsed laser deposition. A KrF excimer laser was used to ablate a metallic
vanadium target with a pulse energy of 300 mJ and a repetition rate of 10 Hz. The
oxygen pressure was maintained at 20 mTorr while growing and cooling of the

sample.

To highlight the growth quality of VO2, as well as evolution of its properties
across the phase transition, both electrical and structural measurements were
performed as a function of temperature. The electrical resistance of the films was
acquired using a conventional four-probe system (JANIS CCS-450) equipped with
a resistive heater to provide the sample heating up to 350 K. The temperature
values were measured by two silicon diode thermometers integrated with an
automatic temperature controller. The crystalline structure of the insulating and

metallic VO2 was evaluated by variable temperature X-ray diffractometer
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(RIGAKU, D/MAX-2500) using Cu Ka radiation with an operating voltage of 40 kV
and current of 300 mA. The sample was heated up with a rate 1°C/min and
stabilized for 3 mins at a particular temperature prior to performing the continuous
theta-2theta scans with a 0.01° step. Temperature dependent X-ray diffraction
(XRD) measurements on the 7.2 nm thick VO:2 film on rutile (001) TiO2 substrate
are shown in figure A2a in appendix B. An obvious feature from the rutile (001)
TiO2 substrate is seen in the data. There is also a broad VO: feature centered at
20 ~ 66° that is independent of temperature indicating that the ultrathin VO:2 film

maintains the rutile structure across the IMT.

The ultrathin VO2 film used for optical measurements is 7.2 nm thick as
determined by grazing-angle X-ray reflectivity (XRR) measurement (See appendix
B, Fig. A2b). Grazing-angle XRR measurements were obtained with a Panalytical
Empyrean X-ray diffractometer. Atomic Force Microscopy (AFM) scans reveal the
film’s surface to be very smooth with an rms roughness of 0.2 nm. Epitaxial growth
was confirmed by transmission electron microscopy (TEM) (see Fig. 5.1). For TEM
experiments, thin samples that are transparent to electrons were prepared by a
focused-ion beam technique using Ga ions as a polisher. The microstructural
characterizations were done via cross-sectional observations of VO2/TiO2 with
High-Resolution TEM operated at 300 kV. The obtained images were analyzed

with DigitalMicrograph software (Gatan Inc.).

Spectroscopic ellipsometry at 70° and 75° angles of incidence was
performed on the 7.2 nm thick VO:2 film on rutile (001) TiO2 substrate and on the
pristine rutile (001) TiO2 substrate for photon energies 0.6 — 6.5 eV (4,800 cm™ to
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52,000 cm) using the Variable-Angle Spectroscopic Ellipsometer (VASE) from J.
A. Woollam Co., Inc. The ellipsometry data was complemented by mid- and far-
infrared spectroscopy measurements performed in normal incidence transmission
and near-normal incidence reflectance geometries from photon energies 50 meV
to 740 meV (400 cm™ to 6,000 cm™) in a Bruker Vertex 80v Fourier Transform
Infrared (FTIR) spectrometer. For all spectroscopy measurements, the sample
temperature was varied and monitored using a Lakeshore temperature controller,
resistive heaters, silicon diode thermometer, and home-built heating stages to take

data above and below Te.

Kramers-Kronig consistent oscillators were employed in the substrate
model to fit the ellipsometry, transmission and reflectance data on the pristine TiO2
substrate using W-VASE software from J. A. Woollam Co., Inc. Next, the
ellipsometry, transmission and reflectance data from the ultrathin VO: film on the
substrate was modeled by adding a 7.2 nm thick VO: layer to the TiO2 substrate
model. The data was fit using Kramers-Kronig consistent oscillators in the VO2
layer. Thus, we obtain the broadband dielectric function of the VO: film above and
below the IMT temperature (see figure A3 in Appendix C). The real and imaginary
parts of the dielectric function are used respectively to obtain the imaginary and
real parts of the optical conductivity. Due to the ultrathin nature of the film, we do
not observe VO2 phonon features in the mid- and far-infrared reflectance spectrum

which is dominated by the phonons of the TiO2 substrate.

Scattering-type Scanning Near-Field Infrared Microscopy was performed in
the nano-imaging mode utilizing Pseudo-heterodyne interferometric detection [29]
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to map the near-field of the VO2 as a function of temperature. S-SNIM was also
performed in the nano-spectroscopy mode in conjunction with a homebuilt laser
sustained xenon plasma as the broadband infrared source allowing spectra to be
obtained down to 400 cm* at 12.5 cm! spectral resolution. For nano-imaging, the
tip, (Nanoworld, Arrow NCPt) has a radius of curvature of ~20 nm, and for nano-
spectra the tip (Neaspec, nanoFTIR) has a radius of curvature of ~60 nm for
enhanced signal-to-noise. The data of set temperatures was obtained by
implementing a homebuilt heating stage in the same fashion as the far-field

spectroscopy.

5.3 Results & discussion

An ultrathin VO2 film on rutile (001) TiO2 substrate was imaged by Transmission
Electron Microscopy (TEM). Fig. 5.1b shows that the crystalline pattern of the film
in real space is the same as that of the substrate demonstrating epitaxial film
growth. The reciprocal space selected area electron diffraction (SAED) patterns
from a region in the TiO2 substrate and a region in the VO: film are compared in
Figs. 5.1c and 5.1d. The SAED patterns from the substrate and the film are the
same. These data are consistent with a previous observation that the first = 7.5 nm
of a thick VO2 film grown on rutile (001) TiOz is in the rutile structure [126].
Moreover, ultrathin VO2 films grown on rutile (001) TiO2 are locked in the rutile

structure [123,125,133,138]. Thus, our VO: film in the insulating phase at room
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temperature has the rutile structure and the complexity in the electronic structure

due to CDW is reduced.
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Fig. 5.1: (a) Temperature dependent resistance of ultrathin VO, on rutile (001) TiO.. The
magenta and blue curves are obtained while heating and cooling the sample respectively.
(b) TEM image of the VO,/TiO, interface demonstrating clear epitaxial growth. Selected

area electron diffraction (SAED) images of white dashed rectangle (Al) in TiO, (c) and
(A2) in VO, (d) from the TEM image in (b).
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Broadband infrared and optical spectroscopy was employed to determine
the real and imaginary parts of the frequency-dependent dielectric function in the
metallic and insulating phases of the 7.2 nm rutile VO2 film grown on rutile (001)
TiO2 (see appendix C, Fig. A3). From the dielectric function, we obtain the optical
conductivity. The real part of the optical conductivity (a,) is related to the imaginary
part of the dielectric function by the equation: o; = we,/(4m) in CGS units [139].
We plot g; in Sl units (Q*cm™) in the insulating and metallic phases in figure 5.2a.
Peaks in optical conductivity can be attributed to direct optical transitions from a
filled band to an empty band. The spectrum below Tc¢ in the insulating phase of the
ultrathin VO2 film shows the feature B centered at 1.3 eV and defines an energy
gap (Eg) of 0.6 eV below which the optical conductivity is suppressed. The feature

B is due to optical interband transitions between the filled, lower a,, band to the
empty eg band (see figure 5.3). We also observe a feature § with band center 3.2

eV and a feature k with a band center of 4.4 eV in the optical conductivity of the
insulating phase. When this is compared to the optical conductivity spectrum
measured in a thick, bulk-like VO:2 film in the insulating, M1 structure (Fig. 5.2c),
the similarities include the existence of features X and Z which are similar to
features B and & respectively. It is remarkable that the energy gap in rutile,
insulating VO2 is the same as in monoclinic (M1) insulating VO2. This already
demonstrates that Peierls ordering is not responsible for the energy gap leading to
the conclusion that the energy gap is due to electron-electron interactions. The
differences are the absence of feature Y with band center 2.5 eV and the presence

of feature « in the insulating, rutile VO2 conductivity spectrum. The feature Y in
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the spectrum of the insulating, M1 phase shown in Fig. 5.2c is known to be due to
optical interband transition between the bonding and anti-bonding bands due to
the CDW (Peierls) ordering of V-V dimers [120,121,137]. This indicates that the
ultrathin VO2 film has rutile structure without CDW ordering as also proven by the
analysis of the TEM image in Fig. 5.1b, d. The feature « in the spectrum of rutile,
insulating VO:2 is due to optical interband transitions between lower Hubbard band
(LHB) and upper Hubbard band (UHB). The feature « is not evident in the spectrum
of insulating, M1 VO2 (Fig. 5.2c) because the Hubbard bands are weaker, and their
spectral weight is transferred to CDW feature Y. The feature € (and Z) at ~3.2 eV
is attributed to optical transitions from the filled 0,, band to the empty ej band

and from the filled a,, band to the empty eJ band [121,137,140-142].
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Fig. 5.2: (a) Real part of the optical conductivity (o1) for the insulating (dark blue) and
metallic (red) phases of the 7.2 nm thick VO film on rutile (001) TiO: as a function of
photon energy. (b) Zoomed in low energy region of o1 in the metallic phase. The dashed
lines representing individual contributions of the free carrier Drude feature, a (blue), and
the optical transitions, B (green) and ¢ (purple). (c) Plot of o1 in the insulating (blue) and
metallic (magenta) phases of a thick 100 nm VO, film grown on (1012) oriented sapphire
(Al,O3) taken from Ref. [137].

The optical conductivity spectrum of the metallic state shows that the
conductivity in the dc limit (o = 0) is about a factor of 5 lower than in bulk-like VO2
(see figures 5.2a, 5.2b, and 5.2c). This is primarily because the spectral weight of
the free-carrier Drude mode (feature a) in the metallic state is lower compared to
bulk-like metallic VO2[6,137]. Importantly, we observe an optical interband
transition in the near-infrared (feature B) in the metallic state which is similar to that
seen in the optical conductivity of the insulating state (see figures 5.2a, 5.2b, and

5.2c). Based on the features o and B in the optical conductivity of the metallic state
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of the ultrathin VO film, we propose the following scenario. The weak Drude
feature arises from delocalized carriers which appear at the Fermi level as a
quasiparticle peak (QP) of mostly aig character (figure 5.3b). The e band stays
above the Fermi level and is therefore empty. This leads to the interband transition
B across the energy gap between filled a,, band and the empty e; band (figure
5.3b). This energy gap occurs in parts of momentum space and can be considered
to be a pseudogap. In contrast, bulk VO is metallic in the rutile structure because
the Fermi level crosses partly filled a,, and ej bands (see Figure 5.3d). We have
considered the possibility that part of the ultrathin film undergoes the IMT to a bulk-
like rutile metal leading to an inhomogeneous metallic phase at T = 330 K. We
performed near-field infrared microscopy experiments (figure 5.4) that are
sensitive to in-plane and out-of-plane inhomogeneity [6,143]. However, the near-
field infrared data rules out an inhomogeneous metallic phase at T = 330 K (see
appendix D). The Drude feature and electronic structure of ultrathin rutile metallic
VOz: is different from bulk-like metallic VO2 due to substrate-induced strain in the

ultrathin film.

Further support for the empty ef bands in ultrathin rutile metallic VO2 comes
from the relatively small change in feature ¢ between the insulating and metallic
states (see figure 5.2a). Feature ¢ consists of optical interband transitions from the
filled 0,, band to the e; band and between the filled a,, band and the empty eJ
band. However, it is dominated by spectral weight of the interband transitions from
the filled 0,, band to the ej band as the optical selection rule favors optical

transitions when there is a change of unity in the orbital angular momentum of the
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electrons like that between p-orbitals and d-orbitals. In bulk-like VO, there is a
drastic reduction in the spectral weight of feature ¢ because the empty e/ band in
the insulating phase becomes partly occupied in the metallic phase (figure 5.2c).
Clearly, the relatively small change in feature ¢ between the insulating and metallic
states in the ultrathin VOz2 film suggests that the ef band is empty in the metallic
state and downshifts by about 0.1 eV. Moreover, the spectral weight of feature &
is shifted to the QP in the metallic phase due to depletion in the density of states

of the filled a,, band.

(a) (b) (0) (d)

Rutile Insulator Strained Rutile Metal Monoclinic Insulator Bulk Rutile Metal
E E E E
eg" eg"

R e L

Fig. 5.3: Schematic depiction of the effective band arrangement of the insulating (a) and
metallic (b) phases of the ultrathin, rutile VO, film based on the features in the optical
conductivity labeled in figure 5.2a. Band arrangement of the insulating (c) and metallic (d)
phases of bulk-like VO-.

85



Drude

The effective number of delocalized carriers per vanadium atom, Ngz“¢ ,

in the metallic state can be calculated from the conductivity cP?7%¢(w) of the Drude

oscillator used in the fits to the infrared and optical spectroscopy data (figure 5.2b).

(5.1)

2
N Drude _ moVowy _ 2myVy
eff 4me? me?

f °°01Drude (0)dw
0

Here, Vo is the cell volume of one VO2 formula unit in the rutile structure and w,, is
the Drude plasma frequency [139]. The delocalized carriers are assumed to have
free-electron mass (mo). We find that the plasma frequency w, = 1.32 eV, and wj}
is about four times lower than the value for bulk-like, rutile VO2 metal. We find that
NeDf}”de is ~0.037 and our calculation of fo?“de in the ultrathin VO2 film is a lower
bound because it is likely the mass of the delocalized carriers is larger than the
free electron mass assumed in the N;/#% calculation. Using the relaxation time
(1) of the Drude oscillator, we obtain a scattering rate 1/(2rct) = 5.6 x 103 cm™?!

, Where c is the speed of light. The scattering rate is notably higher than that seen

in bulk-like VO: film and this suggests stronger electronic correlations [144].

5.4 Conclusion

Our data indicates that the IMT takes place solely due to change in the strength of
electronic correlations in the rutile lattice without the SPT. Hence, the IMT is a pure
Mott transition. In general, the Mott transition occurs due to competition between

correlation-driven localization and itinerancy. Clearly, temperature is an important
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factor in the thermally-driven IMT. Moreover, it is possible that impurities play a
role as well [119,145]. Our results will motivate first-principles electronic structure
calculations that should be able to elucidate the underlying factors that lead to a

thermally-driven Mott IMT in strained, rutile VOa.

5.5 Continuing near-field study of ultrathin VO2

Near-field infrared imaging and spectroscopy was performed on the VO2 sample
due to the significantly enhanced surface sensitivity. When compared to the
penetration depth of far-field radiation in the mid and far-infrared, the evanescently
decaying near-field interaction of the tip and sample has a much smaller (<100
nm) depth dependence [110,143,146]. Initially, single-line nano-imaging was
performed on the 7.2 nm VO: film through the Tc using s-SNIM with the pseudo-
heterodyne interferometric scheme to resolve the nanoscale images [29]. Fig. 5.4
shows clear percolative phase coexistence in the vicinity of Tc but shows uniform
insulating and metallic states in the low and high temperatures. This helps to rule
out the possibility of the film only being partially transitioned into the metallic state

at high temperatures.
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T=297K T=307.5K T=309K T=330K

Fig. 5.4 Nano-imaging with s-SNIM of the same area of the film showing phase
coexistence in the vicinity of Tc¢ but uniform metallic and insulating phases in the low (297
K) and high temperature (330 K) regions. The white scale bar to the top left represents 1
um. Data shown is at n = 2, 3,4 with increasing surface sensitivity as the harmonics are

increased [146].
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Fig. 5.5 Amplitude (a, b) and phase (c, d) resolved broadband spectra of the TiO:
substrate and VO. ultrathin film in the fully insulating and metallic states. Data shows a
decrease in amplitude from the insulting VO2 for both n = 2 (a, ¢) and n = 3 (b, d). Above
750 cm™ the amplitude goes to zero and the phase becomes undefined.

Broadband s-SNIM was taken on both the TiO2 substrate and VO: film in the fully
metallic and fully insulating state (Fig. 5.5). Due to the ultrathin nature of this film,
the spectra must be interpreted as a convolution of the substrate and the thin film
together. TiO2 (001) and VO: are predicted to have a surface phonon polariton
resonances (SPhPs) below 750 cm due to the phonon resonances of these

materials in this spectral range. We see in Fig. 5.5 that the amplitude and phase
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both show SPhPs as well as a small decrease in the amplitude of the SPhP in
metalic VO2 when compared to the insulating state. This is likely due to the
screening of the SPhP by the free electrons in the metallic film. Ideally, the main
goal of this experiment would be to use this data to extract the local optical
constants to interpret the structure from the locations of the phonon resonances
as is done in far-field FTIR. Unfortunately, to accurately resolve the optical
constants from this data, numerical modeling is needed as is done in Ref. [59]
which can be seen for the isotropic STO in Chapter 3. Numerically modeling our
system is made more complicated by the anisotropy in the optical constants of the
substrate. Current efforts by other members of our research group are focused
toward modeling this experiment on TiO2 (001) using full wave numerical
simulations in conjunction with the High-Performance Computing Cluster at
William & Mary. In the near future the modeling of this data should yield the local

optical constants of the film.
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Chapter 6:

Conclusions & Outlook

This dissertation focused on the interactions of light and matter in quasi-two-
dimensional geometries including surfaces and thin films. Hence, s-SNIM and
ellipsometry were the major experimental methods used. The development and
implementation of a broadband plasma source was a central solution to realizing
broadband s-SNIM in the far- and mid- infrared, where the relevant excitations for
strongly correlated systems and surface phonon polaritons are located. Initially,
this source was realized as a current driven argon plasma. This was then
subsequently upgraded to a laser driven xenon plasma resulting in a ~3 times
improvement in the SNR while significantly improving the overall lifetime of the light
source due to the decrease in usage time of the electrodes. This source was
successfully implemented with the s-SNIM system and broadband spectra of
surface phonon polaritons were obtained on SiO2 and STO. By using a KBr window
for the argon plasma light source (APLS) and a CVD diamond window for the laser
sustained (xenon) plasma light source (LSLS) the low frequency cutoff was
extended down to 400 cm?, a cutoff much lower than all other reported tabletop s-

SNIM experiments. This 400 cm™ cutoff combined with the improved SNR of the
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LSLS allowed the real space mapping of Au edge launched SPhPs in STO. Most
interestingly, due to the broadband nature of the LSLS, two different modes were
measured simultaneously. This interference of SPhPs was reproduced with full
wave numerical simulations of the experiment. Further research can realize STO
as a far-IR nanophotonics material for applications in metamaterials and coherent

thermal radiation at terahertz frequencies.

The strongly correlated electron system, VO2, was investigated in a strained
state by growing a 7.2 nm film on (001) TiO2 by PLD. It was determined that
epitaxial strain from the substrate removed the monoclinic distortion in the
insulating state while a thermally driven insulator to metal transition (IMT) was still
observed at a reduced temperature of ~306 K. This first-time measurement of the
bandgap of rutile insulating VO2 demonstrated that it maintained its 0.6 eV
bandgap despite the absence of the CDW Peierls distortion of vanadium atoms
into dimers. This demonstrates that this ultrathin VO2 film’s IMT is a Mott transition.
Far-field optical and infrared spectroscopy uncovered a modified band structure
that did not change significantly from insulator to metal, save for the band gap
collapsing to a weaker Drude feature compared to bulk metallic VOo.. It is already
clear that there is interesting physics occurring in this film at the nanoscale
considering the phase coexistence near the transition temperature. Broadband s-
SNIM has been obtained but the means to properly model it and extract the optical
constants are still being developed. Soon, that data will be modeled to extract the
complex optical constants of the ultrathin film. This data will likely provide key

insights into the electronic and vibrational properties of rutile VOo..
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The LSLS has significant potential as a broadband source for optical and
infrared spectroscopy in both the near- and far-field. Further improvements that
can be applied are remodeling the inner geometry to reduce convective noise.
Additionally, the low frequency cutoff is imposed entirely by the choice of detector
given that the CVD diamond window is transparent well below 400 cm™! all the way
into the radiofrequency spectral range. Faster detectors sensitive to sub 400 cm
frequencies could open the tabletop broadband S-SNIM experiment’s capability to
probe a multitude of low energy excitations and collective modes at the nanoscale.
Eventually, this source could be implemented wherever there is need for
ultrabroadband high intensity photon sources. Infrared micro spectroscopy and
infrared ellipsometry could benefit from this source in much the same way as our

s-SNIM setup.
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Appendices

Appendix A: Near-field simulation methods

For far-field optics based on reflectance, transmission, and ellipsometry it is
possible to directly solve for the complex frequency dependent optical constants
by way of the Fresnel coefficients. Due to the coupling of the incident light to the
tip, simulations must be used to model the s-SNIM amplitude and phase to extract
the material properties. Initially, this has been done by using simplifying
approximations to the tip geometry to make the problem more tractable. The tip
can be simplified to either a sphere at the apex (centered at point A of figure Ala)
of an ellipsoid (extended between point A and B of figure Ala) [13]. The simplest
model is to approximate the tip as sphere inscribed in the apex of the tip and is
referred to as the point dipole model [8,13]. In the electrostatic approximation a «
Ainc: Where a is the radius of a sphere on the order of tens of nanometers, the
effective polarizability over an infinite substrate as a function of the gap distance
has an analytic form. The scattered field, E.,:, from equation 2.2 in chapter 2 is

proportional to the effective polarizability a,
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a(l+mn,)?
Escat X Qeff = af (Al)
1= 16m(a + z)3

-1 -1 . . ..
where a = 4ma? ?T B = % 1, is the Fresnel reflection coefficient of the sample
t

for p-polarized light, and z is the gap distance between the probe apex and the
sample surface. Here, « is the polarizability of an isolated sphere with the complex
dielectric function ¢;, and g is the response function of the material with complex

dielectric function «.

Fig. Al. Taken from Ref. [13]. (a) schematic of the point dipole and simple dipole regions
over the sample (grey) showing a vector field demonstrating the tip enhanced optical field
under the tip. (b) SEM image of a s-SNIM tip and shaft with the point dipole region and

finite dipole ellipsoid overlayed. This tip has an apex diameter of 40 nm.
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The other way the tip geometry is simplified is to use an ellipsoid and this is
called the finite dipole model [13,32,55]. It assumes the tip charges are distributed
through an ellipsoid of length 2L with the distribution of charge being dependent
on the tip sample distance. It also requires experimental data to be obtained where
the scattered intensity at the higher harmonics as a function of z, called an
approach curve. This approach curve is fit by varying the shaft length 2L and a
complex valued parameter, g = g, + ig,, related to the approximate fraction of
charge contributing to the near-field, to get a good match. These parameters are

then used with the finite dipole’s analytic prediction for its effective polarizability

2

aerr = (1+ Tp)z

(- e

241 —a/L| (L —ag)—aL(e; — Dn

L
Y (A2)
(gL—a—2z)B ln#
z+3a/4 L

(Z - gL + 3a/4)ﬁ lnm

The point dipole model is useful for qualitative modeling of near-field spectra
and the finite dipole model can be more quantitively accurate but requires
experimental data to extract values for L, g;, and g,. To quantitatively model near-
field data, especially in the vicinity of strong resonances such as SPhPs, one must
perform full wave numerical simulations. Numerical simulations for modeling near-
field spectra have been developed by our lab and are described in detail in
Ref. [59]. To summarize, scanning electron microscope images of the tip used in
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our s-SNIM system were obtained and accurately modeled using computer-aided
design (CAD). This tip model was then imported to a proprietary computational
electromagnetic solver for arbitrary bodies called FEKO that has a CAD interface.
The material for the tip model was chosen to be a perfect electrical conductor and
it was placed over half-planar/multilayer Green’s function that contained the optical
constants of the material studied with s-SNIM. This tip sample system was
simulated using the method of moments and surface equivalence principle with
plane wave illumination incident on the tip along the same direction as the
experimental incident radiation. This was simulated at a number of different tip-
sample distances to simulate the tapping amplitude and frequency. The scattered
signal, E.,¢, is simulated by taking the simulated scattered field as a function of tip
position and frequency and parametrizing them to be periodic. The higher
harmonics are then extracted by expanding our the simulated E,.,; into a Fourier
series. Simulating both a reference material and the material of interest, we apply
the normalization in the same way as experiment to compare our simulations and

experiment.
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Appendix B: Ultrathin VO: film X-ray characterization

Temperature dependent X-ray diffraction (XRD) measurements on the 7.2 nm thick
VOz2 film on rutile (001) TiO2 substrate are shown in figure A2a. Apart from the
obvious feature from the rutile (001) TiO2 substrate, there is a broad VO: feature
centered at 26 ~ 66° that is independent of temperature. Grazing incidence X-ray
reflectivity (XRR) measurements were obtained with a Panalytical Empyrean X-ray
diffractometer on the VO: thin film at room temperature. The XRR measurements
established that the film is 7.2 nm thick (Figure A2b). We used the following

equation [138,147] to calculate the film thickness from the XRR data:

A= Zt[(coszec — 005292)% — (cos?4, — c05201)%] (A3)
Here 1 = = 1.54056 A is the x-ray wavelength, t = 7.2 nm is the film thickness, 6,
= 0.258 degrees is the critical angle and 6,= 0.60 degrees and 6, = 1.18 degrees

are the angles of the first and second fringe respectively. Nearly identical film

thickness is obtained by using the fast Fourier transform (FFT) method [148].
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Fig. A2: (a) Temperature dependent XRD of the 7.2 nm thick VOz2 film on (001)
TiO2 showing the rutile (R) features. (b) Grazing incidence X-ray reflectance at

room temperature used to determine VO: film thickness of 7.2 nm.
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Appendix C: Ultrathin VO: film dielectric function

The frequency dependent real and imaginary parts of the dielectric function of the
7.2 nm rutile VO2 film above and below the insulator-to-metal transition

temperature are plotted in figure A3.

Frequency (103 cm'1)
0 8 16 24 32 40 48

0 1T 2 3 4 5 5

Photon Energy (eV)

Figure A3: The real (a) and imaginary (b) parts of the dielectric function for the
insulating (grey) and metallic (red) phases of the VO film as a function of photon

energy.
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Appendix D: Ultrathin VO3 film metallic layer analysis

This analysis was carried out to better understand the optical properties of the VO2
film in the metallic state. The question to be answered is if the film transitions fully
over the 7.2 nm thickness with metallic optical constants obtained from far-field
spectroscopies or if there is inhomogeneity in the direction normal to the film
surface whereby there is a certain percentage of the film that transitions to bulk
like metallic VO2 and the rest remains as insulating VO2. The experimental data
available to us is the far-field spectroscopy measurements including ellipsometry,
and FTIR reflectance and transmission as well as scattering type near-field
microscopy at A = 10.3 ym. S-SNIM images obtained below, in the vicinity of, and
above the Tc tell us that close to the Tc there is phase coexistence. However, above
Tc in the metallic state there is no observable phase coexistence in the plane of

the film based on S-SNIM images.

This tells us that if only a certain percentage of the film is transitioning then
it must be along the z-axis i.e. normal to the film surface which would likely be due
to interface strain. Modeling our film as a layer consisting of the bulk-like metallic
VO:2 optical constants [137] and a layer consisting of our film’s insulating optical
constants, we varied the relative thicknesses of both with the constraint that the
total composite thickness must equal 7.2 nm. For both the instance of the bulk
metallic layer being at the interface (Figure A4(d) inset) and on the top (Figure
A5(d) inset) we observed that the closest fit for all the far-field data was for a

thickness of 1.5 nm with bulk-like metallic optical constants. For both cases we get
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a close fit with the reflectance and the transmission being virtually identical for the

interface metallic layer case and the case of a top metallic layer. Looking at figure

A5 where the metallic layer is on the surface, we see a slightly closer fit. However,

for both orientations, the model of a fully metallic 7.2 nm film gives the best fit.
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Fig. A4: Ellipsometry measurements of ¥ (a) and A (b) along with absolute reflectance (c)

and absolute transmission (d) for our metallic fit of the full film compared to a top layer of

VO with our insulating optical constants over a interface layer of bulk VO, metallic optical

constants. The inset shows a schematic of the film for clarity.

102



140

25 | =——75" Our Metal Fit L
| —— 70" Our Metal Fit 120 +
—— 75" Experimental Data F
20 - ——70° Experimental Data 100
’Jj‘ | ——75" 1.5 nm Top Bulk Metal /J)‘- L
o ——75° 1.5 nm Top Bulk Metal @ 80k
O 15F )
> > g0l
@ o 6or
O 10+ ()] I
— ~ 40}
B < I
St (a) 20t (b)
0 I I i I 0t I i i I
1 2 3 4 5 1 2 3 4 5
Photon Energy (eV) Photon Energy (eV)
1.0 1.0
_ 5:? nm Our Insulating Fit VO,
08} 08}
O [ - —
O 06F % 06}
g 3
-—
8 0.4r E 04t
o= c
O] b [ 3
.
.l (c) = o2} (d)
0_0 1 L L 1 ,0_0 L_ L 1 L 1 1
0.050 0.075 0.100 0.125 0.150 0.1 02 0.3 0.4 0.5 0.6
Photon Energy (eV) Photon Energy (eV)

Fig. A5: Ellipsometry measurements of ¥ (a) and A (b) along with absolute reflectance (c)
and absolute transmission (d) for our metallic fit of the full film compared to a top layer of
VO, with bulk VO, metallic optical constants over a layer of VO, with our insulating optical

constants. The inset shows a schematic of the film for clarity.
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T=307.5K T=330K

Fig. A6: (Experiment 1) Single line s-SNIM images at A = 10.3 ym above, through and
below the T. of the film at all higher harmonics (n = 2, 3, 4). Each image represents the
same area of the film with a lateral resolution of 15 nm. The white scale bar to the top left
represents 1 ym. The scale bars to the right of the images represent the scattered
amplitude measured at the detector with a higher amplitude (light yellow) representing the
metallic state and a lower amplitude (navy blue) representing the insulating state. While
there is some percolative contrast in the vicinity of the T¢, there is no observable lateral
phase coexistence in the metallic state (T = 330 K) or insulating state (T = 297 K) where

the far-field spectra were taken.

S-SNIM provides a more surface sensitive technique at the longer
wavelengths where the metallic Drude feature is located [143,146]. Two

experiments were carried out with the first consisting of taking images of the same
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area while incrementally increasing the temperature from insulating to fully
metallic. Some of this data is shown in figure A6 with the insulating (T = 297 K)
and metallic (T = 330 K) showing clear and homogenous insulating and metallic
states. There is some inhomogeneity in the intermediate temperatures but at all
harmonics at 330 K where the far-field spectra were taken the film is fully metallic
with no phase coexistence along the surface of the film. The second experiment
was to take images of the film at insulating and metallic temperatures as well as
images of a gold layer in order to remove any experimental temperature induced
effects on the AFM and provide a way to compare the data to simulations. This
data is shown in figure A7 with the insulating and metallic images showing no
lateral (in-plane) phase coexistence. Figure A8 shows how the values of gold and
insulating and metallic VO2 were extracted by fitting the intensity distribution of
each image with a gaussian function, f(x) =y, + ae~x=x0)*/b* g give a

systematic method to extract the peak value across multiple scans.
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Fig. A7: (Experiment 2) Single line s-SNIM images at A = 10.3 ym above and below the T,
of the film at all higher harmonics (n = 2, 3, 4). The scale bars to the right of the images
represent the scattered amplitude measured at the detector with a higher amplitude (light
yellow) representing the metallic state and a lower amplitude (navy blue) representing the
insulating state. There is no observable lateral phase coexistence in the metallic state (T
= 320 K) or insulating state (T = 297 K).
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Fig. A8 (a) Distribution of near-field scattered amplitude at the third harmonic fora 1 x 1
um image taken on gold (inset) with the gaussian fit to determine the peak value. Data is
from experiment 2. (b) Same analysis but for an image over insulating VO, at T = 297 K
also taken from experiment 2. (c¢) Near-field scattered amplitude for VO, from Experiment
1 showing the relative increase for 297 K, 320 K and 330 K showing that there is a small
increase from 320 K to 330 K. (d) Plot of the relative increase from insulating to metallic
for experiment 1 and experiment 2 where the values for the amplitudes were determined
using the method shown in (a) and (b). For experiment 2 each measured value is
normalized to gold at the same temperature which is seen in the equation under the
legend. Experiment 1 has no gold normalization. Looking at experiment 1 compared to
experiment 2 we see that the fourth harmonic is lower for the gold normalized data even
at the same temperature of 320 K. This indicates that the gold normalization is necessary

to get the most accurate comparison to the simulation.

The metallic scattered amplitude increases over the insulating amplitude

with the increase getting larger as the harmonic is increased. We numerically
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simulate the near-field experiment with the film for the three cases of either our full
metallic film with our fitted optical constants or the composite 1.5 nm layer of bulk
metallic optical constants and a 5.7 nm layer of our insulating optical constants. At
10.3 ym we are away from any resonant near-field effects from phonons or
plasmons so a simple model where the tip can be modeled as a sphere can be
employed [8,34]. We set the sphere radius to be 20 nm which matches the
experimental tip radius of curvature. We simulate the sphere tapping at the
experimental AFM tapping amplitude and oscillation frequency (Q) and
demodulate the scattered signal the same way the s-SNIM demodulates to get the
higher harmonics of the near-field signal (nQ, where n = 2, 3, 4). First, we simulated
a known s-SNIM experiment of 2 nm of SiO2 on Si which gave us correct results

at our wavelength. We then simulated the three possible cases for our film.
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Fig. A9. Experiment 2 compared to the simulated point dipole model for a full metallic layer
with our experimentally determined optical constants, 1.5 nm top layer of bulk-like metallic
VO2 optical constants on 5.7 nm layer of our measured insulating optical constants and a
1.5 nm bulk-like metallic interface layer under 5.7 nm layer of our insulating optical
constants. Looking at the Mean squared error with (x = experimental value, x hat =
predicted) we see that the closest match is our metallic optical constants over the full 7.2

nm film thickness.

Figure A9 shows the experimental and simulated relative amplitude
increase (metal / insulating). This relative amplitude increase acts as a normalized
value that can be compared across different experiments and simulations. We
used experiment 2 due to its gold normalization allowing better accuracy. When all

harmonics are looked at collectively, the best agreement with our data is our
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metallic optical constants for the full 7.2 nm film. The MSE is lowest when it is
calculated using our experimental data compared to our metallic fit of the full 7.2
nm film. The error is larger for the 1.5 nm bulk metallic surface layer and much
larger for the 1.5 nm bulk metallic interface layer. From this analysis our
experimental data indicates that the film is not partially transitioning to a certain
percentage of bulk metallic VO2. The near-field images indicate no phase
segregation in the xy- plane while the far-field data, near-field data and near-field

simulations indicate that there is no phase segregation in the out of plane direction.
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