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ABSTRACT 

Infrared phenomena at the micro and nanoscales can elucidate fundamental 
physics of highly correlated and complex systems. However, accessing these 
length scales require high resolution microscopic instrumentation and novel 
analysis methods to extract meaningful information. Initially this work describes 
the implementation of a far-field microscope and subsequent study of single 
strands of spider silk and temperature dependent behavior of Li2RuO3. 

 Little is known about the internal structure of protein fibrils, the basic building 
blocks of spider silk. Polarized Fourier-transform infrared micro transmittance on 
single strands of native spider silk was performed to determine the 
concentrations and orientations of seven protein secondary structures. Through 
decomposition of these secondary structures a high crystallinity was observed 
and corroborated by Raman and XRD analysis. The totality of results will help 
researchers develop structure-property relationships for the production of artificial 
silks.  

Next, the temperature dependent phonon and electronic properties of Li2RuO3 
(LRO) are presented. LRO forms a valence bond crystal at room temperature 
and undergoes a high temperature phase transition that involves structural, 
magnetic, and electronic changes. The orbital degrees of freedom are thought to 
be fundamental to the evolution of LRO properties across the phase transition. 
Above the transition temperature (Tc å 500 K), an orbital selective metallic state 
emerges, which to our knowledge has not been previously reported in LRO.  

Visible polarized microscopy and scattering-type near-field infrared microscopy 
(S-SNIM) reveals the existence of domain in LRO. S-SNIM can circumvent the 
diffraction limit and access the nanoscale through the interaction between an 
illuminated atomic force microscope tip and sample of interest. Backscattered 
fields provide information about the local interaction between the tip apex (~20 
nm) and sample. Fully unpacking the complicated backscattered fields to unravel 
the local optical properties is a difficult task though. A numerical model of 
scattering type near-field infrared microscopy (S-SNIM) was developed and is 
presented. Numerically modeling the tip-sample interaction allows a universal 
modeling methodology which is free of tunable phenomeno-logical parameters 
Application of this model to describe numerous experimental systems is 
presented including polaritonic resonant materials, nanostructures, ultrathin, 
multilayered structures and anisotropic materials. Lastly the developed model is 
used to describe the observed contrast in LRO. 
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Chapter 1: Introduction and Outline 

1.1 Introduction 

  Condensed matter physics is complicated. Solid matter is composed of 

many numbers of atoms, each intricately held in place by a multitude of interactions. It is 

not possible and will most likely never be possible to exactly predict how this many- 

body system will deterministically behave. Although amazingly the complexity can be 

reduced, and we can in fact describe materials based on four fundamental degrees of 

freedom: lattice, charge, orbital, and spin. The lattice describes how the ions in a material 

can move, and charge describes the electronic and ionic charge in a system. Orbital 

characteristics give us information on where the charge can live and how materials form 

bonds and spin determines magnetismôs role in a materials makeup. All  the degrees of 

freedom, contribute directly to macroscopic properties, such as how heat conducts, or 

why insulators resist current, or why ceramics are so brittle and metals ductile. Thus, 

having a fundamental understanding of the degrees of freedom allows tunability in the 

creation of new materials with optimal characteristics. More interesting is when the 

degrees of freedom talk to each other and form what is known as correlated or highly 

correlated materials. It is within these materials that novel phases of matter emerge. 

Highly correlated materials are at the forefront of materials science research with 

potential high impact technological applications such as, high temperature 

superconductivity [1], topological quantum computing [2], or super ionic conduction for 

next generation energy storage [3]. In part, the role of condensed matter physics is to 

unpack these complicated correlated phenomena to elucidate the underpinnings of these 

novel states of matter.  
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 We have many experimental tools at our disposal to probe the different degrees of 

freedom in materials, but perhaps the most versatile are the many types of photon 

spectroscopy. Photon spectroscopy interacts an incident photon field with a sample to 

measure the materials response. Every portion of the electromagnetic spectrum can be 

used to probe a materialôs characteristics, from low energy radio waves to ionizing 

gamma rays, with each range targeting particular responses. Photons are not classical 

objects and can be used to probe quantum mechanical phenomena. Albeit each photon 

energy range requires special instrumentation to generate and measure photons of a 

particular energy. The wavelength, in part, determines the length scale of interaction. For 

very short wavelengths, such as x-rays, the interatomic spacing can be accessed. 

Conversely in the infrared, the interaction stretches over many unit cells, and for most 

infrared experiments, the interaction between incident field and sample is many times the 

wavelength. Although, through microscopy, we can reduce the interaction length scale to 

access greater spatial resolution.  

 The infrared is highly relevant since at these energies the vibrational footprints of 

materials can be characterized, which directly relate to their chemical composition.  

Additionally, far-infrared (FIR) spectra can provide information about electron mobility 

in the conduction band, or in the mid- to near- infrared (MIR,NIR),  information about 

the bandgap in semiconductors. As correlations increase, a wide range of phenomena can 

be observed in the infrared such as metal to insulator transitions in Mott materials [4,5], 

the superconducting gap [6], or heavy fermionic behavior [7]. Furthermore, in many 

emerging novel materials, the dimensions are getting smaller and thinner as compared 

with ʈÍ (infrared) length scales such as in 2D materials [8], hetero junction devices [9], 
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or single crystals [5]. If we go further to the nanoscale, sub wavelength infrared 

interactions can elucidate fundamental physics, such as phase coexistence [4], surface 

polaritons [10], or locally resolved charge carrier concentrations [11]. 

 So the question arises, how are we to measure IR properties at length scales 

comparable to or less than our probing wavelengths? This dissertation implements far- 

and near-field microscopic techniques and new near-field analysis methods to explore 

how the IR interacts with matter at and below the diffraction limit. Following is an 

outline of the following chapters. 

1.2: Outline 

  

 This thesis is organized in the following manner. Chapter 2 introduce Fourier 

transform infrared spectroscopy, and then moves on to cover our far-field microscope 

implementation and coupling to an infrared spectrometer. The sub diffraction limited 

technique scattering-type near-field infrared microscopy (S-SNIM) is then introduced and 

discussed. The coupled infrared microscope is then used in chapter 3 to characterize 

recluse spider silk. Recluse silk has a very unique morphology (ribbon cross section), 

unlike any other known silk. The recluse silk is entirely composed of nanofibrils [12], 

which have long been suggested a critical ingredient to silkôs natural extensibility and 

strength. Although to date the structure of individual nanofibrils has not been fully 

characterized [13]. We performed IR micro spectroscopy on single fibers of the recluse 

silk, to identify and characterize the protein secondary structures present. Complementary 

Raman and XRD experiments corroborate our IR results. The analysis presented will 
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guide researchers on the path to identify the structure-property relationships in silk for the 

purpose of making artificial equivalents.  

 In chapter 4, the temperature dependent properties of Li2RuO3 are explored via 

micro reflectance measurements. Li 2RuO3 (LRO) forms a valence bond crystal at room 

temperature. It undergoes a high temperature phase transition that involves structural, 

magnetic, and electronic changes leading to an exotic valence bond liquid state. The orbital 

degrees of freedom are thought to be fundamental to the evolution of LRO properties across 

the phase transition.  We report temperature dependent broadband (100 cm-1 - 26,000 cm-

1) reflectance measurements on single crystals of LRO to elucidate structural and transport 

properties. Specifically, the phonon and electronic properties of LRO are investigated 

through the phase transition. We report that above the transition temperature (Tc  500 K), 

the optical band gap closes for electrons in the dxz/dyz orbitals, but the dxy electrons remain 

gapped. This behavior at high temperature can be associated with an orbital selective 

metallic state which to our knowledge has not been previously reported in LRO.  

 Chapter 5 discusses spatially dependent domains which were identified via 

polarized visible microscopy and then by S-SNIM imaging and broadband experiments. S-

SNIM can circumvent the diffraction limit and access the nanoscale through the interaction 

between an illuminated atomic force microscope tip and a sample of interest. Backscattered 

fields provide information about the local interaction between the tip apex (~20 nm) and 

sample. Although, how best to analyze S-SNIM experimental is still an open question. 

Therefore in chapter 6, we report the development of novel numerical simulations of near-

field infrared nano-spectroscopy that consider, for the first time, detailed tip geometry and 
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have no free parameters. Our results are able to match published spectral shapes of 

amplitude and phase measurements even for strongly resonant surface phonon-polariton 

(SPhP) modes. They were also used to verify published absolute scattering amplitudes for 

the first time. The methods were then extended to describe multilayers, ultrathin materials, 

nanostructures, and anisotropic materials. Using the developed analysis method, the 

observed contrast in LRO was explored and discussed. Chapter 7 wraps up the dissertation 

and provides an outlook for future work. 

 

 

 

 

 

 

 

 

 

 

 

 



6 
 

Chapter 2: Micro- and Nano IR spectroscopy 

 

2.1:Interferometry for spectroscopy (FTIR) 

 

Fourier transform infrared spectroscopy (FTIR) is a standard method for optically 

characterizing materials. FTIR uses a Michelson Morley type interferometer as shown in 

figure 2.1 [14]. This interferometric technique splits an incident field at a beam splitter 

into two separate fields (split and delayed split beam in figure 2.1). When the electric 

Figure 2.1: Michelson Morley type interferometer in transmission 

configuration[14]. 

▀
 

▀
 

●
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fields recombine at the beam splitter their phase has been modified by the path length 

traversed, which can be written for a monochromatic source as [15] 

  Ὁ ὥz Ὁ Åz     (2.1) 

  Ὁ ὥz Ὁ Åz      (2.2) 

Where a encapsulates the effect of the beam splitter response, Ὁ  is the incident 

electric field, d is the path length between the stationary and moving mirrors, x is the 

retardation distance of the moving mirror, is the angular frequency of the incident field ‫ 

ʖ ςʌÆ ȟ where f is the frequency in Hz, and ’ is the scaled frequency (cm-1) or inverse 

wavelength of the incident field in free space. It is most convenient to consider a scaled 

frequency (’ in units of cm-1, ’ ὪȾὧ, where f is the frequency in Hz and c is the speed 

of light in cm/s.  Throughout this dissertation, frequency ÃÍ  ȟ wavelength (ʈÍ  and 

photon energy (eV) are used interchangeably. Superimposing these fields at the beam 

splitter the recombined field becomes 

  Ὁ ςὥὉ ÃÏÓ ‫ὸ ς“’ὨÃÏÓ “’ὼ     (2.3) 

The recombined field can now either be transmitted through a sample (as in figure 

2.1) or reflected from a sample surface. After interacting with a sample, equation 2.3 is 

convoluted with the sample response and is passed onto a detecting element. Since the 

detector does not measure the electric field but instead the time averaged intensity (|E|2), 

the intensity of the field in equation 2.3 can be written as   

  Ὅὼ Ὅ’ ρ ÃÏÓ ς“’ὼ)     (2.4) 
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Where  Ὅ’ is the intensity of the field, which is a convolution of the beam path 

response (beam splitter, light source, mirrors) and the sample response. Equation 2.4 

contains a dc component and ac component, the latter represents the interferogram and is 

the critical ingredient in FTIR. For a polychromatic source, we need to consider all the 

frequencies in eqn 2.4, so that the interferogram is now [15] 

 Ὓὼ Ὅπ ᷿ Ὅ’ÃÏÓς“’ὼὨ’    (2.5) 

Where ’  is the highest frequency. In experiment we measure the 

interferogram S(x), so we can perform a Fourier transform to frequency space and obtain 

a spectrum B (’ 

  ὄ’ ᷿ ὍὼÃÏÓς“’ὼὨὼ     (2.6) 

 Where S(x) and B(’ are Fourier transform pairs. Since equation 2.6 contains the 

response of the beam path we need to deconvolute the spectrum. Therefore, it is 

necessary to take a reference spectrum on a known material, such as air for transmission 

or Au, Al for reflectance. By dividing the sample spectrum by reference spectrum, the 

beam path contribution to the spectrum cancels and we are left with a normalized 

spectrum. Since we chose to normalize to a known material, we can simply multiply the 

normalized spectrum by the known spectrum of the reference to obtain the absolute 

spectrum. The absolute spectrum then only contains information about the sample of 

interest. 

Multiplexing is a tremendous advantage to using FTIR over other types of 

spectroscopies such as grating spectroscopy. By multiplexing we can measure the 

spectrum of a broadband incident field simultaneously, as opposed to by individual 
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frequency. Of course, complications arise from experimental limitations in measuring 

equation 2.5. For one, we cannot retard the moveable mirror an infinite distance. A finite 

moveable range changes the limits of integration in equation 2.5, and directly affects the 

spectral resolution obtainable to ɝ’ ɝØ   [16]. Since we are also truncating the 

integral in equation 2.5, this results in a convolution of the integrand with a box car 

function. The Fourier transform of the box function is ɝίὭὲὧ“’Ä  , where dmax is the 

translation distance of the reference mirror. The sinc function strongly modifies our 

measured spectrum near the limits of integration. To avoid this, we can apply different 

apodization functions, to modify how the finite resolution convolutes with our spectrum. 

Additionally the phase of the cosine in equation 2.5 can be shifted by, for example, beam 

divergence or electronic noise [16]. Taking in these example considerations, it is 

therefore extremely important to have a precision aligned interferometer with low noise 

electronics and collimation/focusing optics. 

Our group employs a Bruker Vertex 80V spectrometer, which is an industrial 

grade rapid scan FTIR system. In a rapid scan FTIR the moveable mirror in figure 2.1 is 

moving at a constant velocity as opposed to a step scan which measures at discrete 

reference mirror positions. Our FTIR system includes the above described interferometer 

in a vacuum chamber and control software OPUS. OPUS allows a user to setup an 

experimental scan and set acquisition parameters such as apodization function, zero 

filling level, source type and aperture, and length of scans. Our FTIR spectrometer can 

operate in either transmission mode or reflectance for relatively large samples (~ mm). 

This resolution is sufficient for thin film characterization, but the materials discussed in 

this work exist on much smaller length scales (~ << 1 mm) and require the coupling of a 
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reflective microscope to our FTIR spectrometer for study. In the following sections we 

will motivate far-field microscopy and how the instrumentation was implemented.  

 

2.2:Diffraction in imaging 

  

 As discussed, many materials exist at ʈÍ length scales such as single crystals, 

multilayered devices, or organic complexes. To characterize the far-field properties of 

these systems, our probing light field should be reduced to at least the size of our 

materials being studied. If our probing light field is much larger than our sample, then our 

signal/noise will be quite low and the absolute optical properties difficult to extract due to 

interactions with background. In these types of materials, we must therefore image a 

portion of the sample surface onto the element of a detector to isolate the absolute optical 

properties. The cost of increasing spatial resolution comes at the cost of diffractive 

effects. 

 For spot sizes (d) which are much greater than the incident wavelength (ʇ), the 

geometrical optics approach can be applied, and we can largely neglect diffractive 

effects. This condition is applicable when conducting a transmittance or reflectance 

experiment in a standard FTIR spectrometer, where the minimal spot size is on the order 

of ~mmôs, orders of magnitude larger than infrared or visible wavelengths. As the light 

field is constricted, diffractive effects limit our obtainable resolution. 

  To visualize diffraction, it is best to evoke the Huygens-Fresnel principle which 

states that every point on a wavefront at any given instant serves as a source of spherical 
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secondary wavelets [17]. The superposition of the amplitude and phase of these spherical 

wavelets at any point, will reproduce the observed fields. Assuming a plane wave 

traveling in free space with no obstructions, through translational symmetry 

considerations, all components which are not parallel to the Ὧ vector will destructively 

interfere, therefore leaving a plane wave throughout all space. As soon as a boundary is 

placed in the beam path, this translational symmetry is lifted and perfect destructive 

interference will not occur, resulting in diffraction. For wavelengths which are much 

smaller than the obstruction, diffraction can largely be neglected, since there will be a 

sufficient number of point like spherical waves to approximate free space propagation. 

For a slot or hole with dimensions on the order of the incident wavelength, the 

transmitted fields will not approximate free space propagation at all and will depend 

critically on the boundary conditions of the opening. In the limiting case of a point like 

opening, the transmitted field would be a perfect spherical wave.  

 The two most common examples of diffraction are optical transmission through 

rectangular and circular openings. They are also convenient geometries to employ in 

optics as apertures to throttle the spatial sensitivity of imaging instrumentation. 

Therefore, it is relevant to have a brief discussion on the expected diffraction from these 

geometries and how it relates to spatial sensitivity in imaging. The intensity distribution 

as a function of position of rectangular aperture far from the aperture can be expressed 

as [17]  

   Ὅὣȟὤ ὍπίὭὲὧ ‌ίὭὲὧ ‍      (2.7) 
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Where ‌ , ‍  are unitless parameters. ‌ȟ‍ is composed of the wavevector 

magnitude k, the dimensions of the aperture (a,b), distance to a point P on the image 

plane R, and  central maxima of the intensity distribution I(0). The geometry of the 

aperture is shown in figure 2.2a, along with the image plane in figure 2.2b. The 2-

dimensional rectangular diffraction pattern is plotted semi-log in figure 2.2c, along with a 

cross section through the central maximum. As one of or both of the aperture dimensions 

(a,b) is reduced for a given wavelength, the intensity distribution along these directions 

will broaden from diffraction.  

Figure 2.2: (a) Rectangular aperture with horizontal length a, and vertical length b. (b) Imaging 

plane, with observation point P with coordinates (Y, Z). (c) 2-dimensional intensity pattern 

calculated from equation 2.7 with coordinates from (b), along with horizonal cross section I (0, 

Z). Minima in the diffraction pattern coincide with the zeros of sine as displayed by vertical 

dashed lines. Intensity plots are on a semi-log scale. 
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 Perhaps the more famous example of diffraction is through a circular opening 

which is displayed in figure 2.3. The expected intensity distribution is spherically 

symmetric and given by [17] 

    Ὅ— Ὅπ        (2.8) 

Where I(0) is the intensity at the center of the intensity distribution, k is the wavevector, a 

is the radius of the aperture (figure 2.3a), sin(— is defined by q/R where q are the 

coordinates of the point P on the image plane (figure 2.3b) and R is the distance to point 

P, and J1 is the Bessel function of the first kind. The intensity distribution produces the 

Figure 2.3: (a) Circular aperture with radius a. (b) Imaging plane, with observation point P with 

coordinates (Y,Z). (c) 2-dimensional intensity pattern (Airy disk) calculated from equation 2.8 

with coordinates from (b), along with horizonal cross section I(0,Z). Minima coincide with the 

zeros of the Bessel function J1. Intensity plots are on a semi-log scale. 

 



14 
 

Airy disk pattern seen in figure 2.3c, which is the main central maxima. The Airy disk 

ends where the Bessel functionôs first zero occurs, which corresponds to ὐὼ σȢψσ

π. 

 Now imagine two circular apertures close together imaged on the same plane as in 

figure 2.4a. The minimum distance with which we can resolve these two images can be 

characterized by equation 2.8. The most convenient definition of the minimum resolvable 

separation (diffraction limit), corresponds to the maximum of one Airy disk occurring at 

the first zero of the other Airy disk, or  

    ɝὰ ρȢςς Ὢ‗ȾὈ       (2.9) 

Where Ὢ is the focal length of our imaging system, ‗ is the wavelength and D is the 

diameter of the aperture. The diffraction limit in eqn 2.9, is referred to as the Rayleigh 

criterion and is displayed in figure 2.4b. As the distance is decreased further, the joint 

intensity of the two objects will no longer be resolvable and will instead look like a single 

Figure 2.4: (a-c) Intensity vs lateral distance (x) for two identical circular apertures (diameter D) 

being imaged at a focal length Ὢ, at wavelength ‗  (a) Two Airy disks which are fully resolvable, 

with their maxima at a distance 2*ὐπ ςȢττὪ‗ȾὈ. (b) Lateral distance at the Rayleigh 

criterion which defines diffraction limited resolution. The minimum resolution ( ῳὰ  is when 

the maximum of each Airy disk coincides with the first zero of ὐ, which is ῳὰ =1.22Ὢ‗ȾὈ. (c) 

When the distance between the Airy disk maxima is reduced below the diffraction limit, the 

individual Airy discs are no longer resolvable. 
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larger object (figure 2.4c).  The strict dependence of ɝὰ  in equation 2.9 on ‗, is the 

reason long wavelength imaging is difficult in practice. Having discussed, the core 

limitation in microscopy, we will now discuss the integration of an infrared microscope 

into our spectrometer, while also describing its capabilities and limitations.  

2.3:Increasing far-field spatial sensitivity 

  

 To increase the spatial resolution of our FTIR we have coupled an all-reflective 

type Spectra-Tech to the output of our Bruker Vertex 80v spectrometer. This microscope 

contains all-reflective optics to steer and focus/collimate the beam and is ideal for 

broadband micro-spectroscopy. The full beam path in both transmission and reflectance 

geometries is shown in figure 2.5. Coupling requires that the output beam from the 

interferometer be guided to the input of our microscope. This is done via transition optics 

which guide and resize the beam (2ò to 1ò diameter) into the microscope optics. Once 

entering the microscope, a series of reflections send the beam to a focus onto an upper 

aperture. The size of the aperture sets the size of the imaging area on the sample and 

amount of diffraction. From the aperture the beam diverges into a Schwarzschild type 

objective  which is the critical imaging element in the microscope. 

  Due to chromatic dispersion, the use of traditional convergent lenses are not 

applicable over a broad range of infrared frequencies. Therefore, all reflective optics must 

be used. Reflective optics do not suffer chromatic aberrations since the dispersion of 

metals in the infrared is nearly constant over a wide range. We could use a large off-axis 

parabolic mirror for microscopy with a sufficiently high numerical aperture for imaging. 



16 
 

Although aberrations such as spherical aberrations, coma and astigmatism would be 

Figure 2.5: (a-b) Transmission geometry of infrared microscopy. (a) Transmission 

beam path from perspective colinear to the incident FTIR field (Side view). (b) 

Transmission beam path perpendicular to the incident field (Backview). (c-d) 

Reflectance geometry of infrared microscope. (c) Reflectance beam path from 

perspective colinear to incident FTIR field (Sideview). (d) Reflectance beam path 

from perspective perpendicular to incident field (Backview). 
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present.  To correct for these aberrations, a Schwarzschild objective can be used which 

consists of two spherical mirrors, each with a particular radius and separation from each 

other, which removes the discussed aberrations  [18].  

 The Schwarzschild objective can be used in either micro reflectance or micro 

transmittance measurements as shown in figure 2.6. In both configurations, the 

microscope is operating in a confocal arrangement (aperture before and after objective 

lens). It is important to operate the microscope in a confocal arrangement, to remove 

higher order diffraction peaks from being detected. The spot size is controlled by setting 

the aperture size above the objective lens. Our lens has a magnification of x15, which 

translates to a rough spot size of d~ Daperture/15, where d is the spot size and Daperture is the 

diameter of the aperture. As the wavelength increases relative to the aperture, diffraction 

Figure 2.6: (a-b)  Schwarzschild objective setup in either reflectance (a) or transmission (b) 

geometry. The blue rays are the incident field and red rays are the  fields after interaction 

with sample (black line). 
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will begin to influence the size of the spot more strongly. To get an estimate of the spot 

size we can use the knife edge method to directly measure the beam diameter along a 

cross section [19]. We have a pair of a fixed diameter (0.5 mm) circular aperture or a 

variable sized rectangular aperture. A representative wavelength dependent spot size 

measurement for the rectangular aperture with dimensions 3 mm x 0.25 mm is shown in 

figure 2.7.  

 For both the transmittance and reflectance geometries, the sample surface should 

be parallel to the object plane (i.e at normal incidence to the incident field). For 

transmission geometries on thin samples, the spectrum will not be sensitive to small 

deviations from normal incidence. As the sample gets sufficiently thick (> ~ 1‘ά the 

orientation will begin to matter since refraction could cause transmitted light to not be 

collected by the lower objective (condenser). Additionally for transmission through thick 

samples, refraction also causes the focus at the lower aperture in figure 2.6, to be shifted 

upwards. To correct for this the lower condenser objective needs to be lowered, such that 

the new focus will be on the lower aperture. 

 In reflectance the orientation of the surface is more critical. For one there is a 

reference material in reflectance that needs to be coaligned to the surface of the sample. 

Additionally, if the sample or reference surfaces deviates from normal incidence, the 

reflected field will not be entirely collected by the objective lens, and the measured signal 

will be lowered.  To align in reflectance, we can maximize the reflected signal for both 

the sample and reference. By maximizing the signal this ensures that we are at normal 

incidence, since minimal clipping indicates that the highest intensity portion of the beam 

is getting back through the upper aperture. 
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 Both our sample and reference are mounted to a custom-built stage which is 

connected to a 1-dimensional piezo stage. The piezo stage is mounted to a coarse 

adjustment 2-d manual translation stage. The sample position is aligned with the manual 

stage. During a measurement the piezo stage is used to translate between the sample and 

reference precisely and repeatedly. The microscope is also equipped with a visual 

objective. The visual objective allows the user to set the stage at the correct height (focus 

of the Schwarzschild objective) and laterally position the sample to observe the areas of 

interest. After the field has interacted with the sample via either transmission or 

reflectance, a series of reflections sends the field to a detecting element. 

Figure 2.7: Knife edge measurement for a 3 mm x 0.25 mm rectangular aperture, along 

the 0.25 mm axis for a single aperture.  As the wavelength gets longer diffractive effects 

begin to increase beam waist. As defined the beam waist presented is the radius of the 

incident beam at its smallest radius (i.e at the focus). 
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 For the FIR/MIR, strong atmospheric lines (H2O, CO2) limit quantitative analysis.  

To remove these lines, we must purge the entire beam path in the microscope. Since the 

volume of the microscope beam path is large, a large quantity of purged atmosphere is 

needed. This can be accomplished by employing a dry air generator which is capable of 

scrubbing H2O and CO2 from atmosphere and supplying at high flow rates. We used a 

Parker Balston Spectra 15 purge gas generator which can supply a flow rate of ~ 17 lpm. 

We use an output pressure of 10 -20 psi and feed it into a large polycarbonate box which 

has been built around our microscope. A representative MIR spectrum with and without 

the dry air purge in operation is shown in figure 2.8a. It is important to use purge gas 

because the concentration of these absorbing compounds in the beam path changes quite 

rapidly in atmosphere. Successive measurements will show spurious absorbances as the 

concentration in the beam path changes. The 100 % line is two identical spectra taken 

under identical conditions normalized to each other. With no noise in the system the 

spectrum should be identically 100 %, but as noise is introduced the signal to noise ratio 

Figure 2.8: (a) Representative MIR spectrum taken in the transmission geometry, with 

and without purge gas. (b) 100 % line with and without purge gas, taken in the 

transmission geometry. 
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decreases which leads to an increase of the deviation from 100%. This is illustrated by 

the 100 % line in figure 2.8b.  

 

2.4: Detection & Sources 

 

 

 The spectral range of the microscope depends critically on the detectors and 

sources available.  Multiple detectors were incorporated into the microscope, including a 

thermal detector (liquid helium cooled bolometer), narrow band semiconducting detectors 

(Mercury Cadmium Telluride (MCT) and Indium Gallium Arsenide (InGaAs)), and a 

standard Si photodiode. We used an Infrared Laboratories Si Bolometer for FIR 

wavelengths. In this detector a blackened diamond thermal absorber is attached to an Si 

detecting element. A cylindrical cavity (Winston cone) is also employed to further 

increase the absorbance of incident radiation. This detector can be used with our 

microscope for FIR measurement up to ~ 100 ʈÍ wavelengths. Since at these energies 

the thermal background is significant (kbT ~ Ὁ  the detector must be cooled to 

liquid helium temperatures.  

 The narrowband semiconducting detector (MCT) also has a bandgap on the order 

of thermal excitations ~ 10ôs meV, and must be cryogenically cooled, albeit only with 

liquid N2, to suppress background thermal excitation to the conduction band. Our InGaAs 
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and Si photodiode do not require cooling since the band gaps of InGaAs and silicon are 

much larger than thermal excitations at room temperature.  

 For each detector used, mechanical and optical adaptations to the output of the 

microscope were required. For the Bolometer, we setup transition optics which guided 

the output beam to the input of the Bolometer, which was mounted on a custom-built 

adjustable stand. For the MCT/InGaAs/Si photodiode detectors, a 3-dimensional 

translation stage was adapted such that these detectors could be mounted to and translated 

via the stage to maximize overlap with the output beam of the microscope. Coupling 

these detectors to the OPUS control software involved sending the detector output signals 

Figure 2.9: Normalized response and overlap from detectors and sources used in 

far-field microscopy experiments. Artifacts are from residual H2O or CO2 

absorbances. 
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to an analog to digital converter. The digital signals could then be read by the control 

software. All of the detectors are equipped with preamplifiers with different detector 

bandwidths. The bandwidth for each detector determines the maximum scan speed of the 

reference mirror in the interferometer. 

       Each detection range also requires sufficiently high luminance photon sources. For 

microscopy applications, we have the addition of optical losses from unwanted diffractive 

effects, which are only exacerbated at long wavelengths and small spot sizes. Therefore it 

is extremely important to maximize throughput along the beam path and use the brightest 

sources available. For broadband measurements we must use thermal sources, since no 

laser sources covers such a broad spectral range.  In the FIR/MIR, we have mostly 

employed a water cooled SiC globar, in the NIR a tungsten filament, and in the VIS/UV a 

Hamamatsu current sustained Xe arc lamp. Unfortunately due to the high number of 

reflections ( > 10) in the microscope the throughput of UV wavelengths is severely 

attenuated. This limitation sets the upper limit for detectable frequencies to ~ 26,000 cm-

1. Taking into account our available detectors and sources, the microscope is capable of 

taking near diffraction limited data from (~100 ‘ά - ~ 300 nm). The detector and source 

spectral range in our microscope is displayed in figure 2.9. To push our spatial sensitivity 

further we require a non-classical imaging technique, this can be done by utilizing the 

near field of an electromagnetic scatterer.  

2.5: Sub Diffraction limited imaging (S-SNIM) 

 As discussed far-field optics are limited in their achievable spatial sensitivities by 

the diffraction limit. For infrared wavelengths, this places a firm resolution classical limit 

of ~ АÍȢ But there are many materials with interesting infrared physics at sub-micron 
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length scales, such as nano and microstructures and heterogenous compounds or 

materials which exhibit phase coexistence. If we were to use far-field microscope 

techniques as discussed in the previous section on these materials, the results measured 

would be an average over these large areas (~ mm2), and the ‘ά and nm scale contrast 

would be lost in the average.   

 To circumvent diffraction we can use scattering type scanning near-field infrared 

microscopy/spectroscopy (S-SNIM) which is shown in figure 2.10 [20]. S-SNIM couples 

Figure 2.10: Illustration of the basic concept of S-SNIM experiment. Incident field 

illuminates AFM probe which interacts and scatters lights containing local material 

information that depends on its optical constants (ns,ks) [20]. 
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a focused light field onto the tip of an atomic force microscope (AFM) probe which is 

above a sample of interest. Due to the sharp curvature of the AFM probeôs tip (~20 nm), 

strong electric fields are induced via the lightning rod effect at the tip apex. This results 

in a large, induced charge build up at the apex of the probe which proceeds to interact 

with charges in the sample of interest. The tip-sample interaction reorganizes the probe 

charges, which scatter photons back into the far-field. We can collect the scattered fields 

which then contain the local material properties at a spatial resolution that is only limited 

by the radius of curvature of the probe (~ 20 nm) and is wavelength independent. For 

infrared wavelengths this boost in spatial resolution represents orders of magnitude 

improvement over classical far-field imaging techniques.  

 With the above-described configuration, background interactions with the 

incident field dominate the back-scattered signal. Background could include scattering 

processôs that occur farther up the probe, surface reflection or fields that have had 

multiple interactions with the sample before scattering into the far-field. Since the area of 

relevant scattering (400 nm2) is significantly smaller than the total spot size of the 

incident field (~ ‗), irrelevant scattering will dominate the measured signal. We 

therefore need a way to isolate the tip-sample interaction from these background 

processes. This can be partly achieved if we operate the tip in tapping mode. This is 

because the tip-sample interaction is highly non-linear since as it occurs in the near-field 

where higher order terms of the multipole expansion cannot be neglected. In contrast, the 

background field are relatively independent of the tip-sample interaction, and they will 

only be weakly modulated by the AFM tip tapping [21]. When the tip taps, the scattered 

fields are are modulated at the resonance frequency of the cantilever (ɱ  so that they 
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form a Fourier series with terms at integer multiples of the tapping frequency. Resonant 

tapping frequencies are typically on the order of 100ôs kHz. For higher order terms in the 

Fourier series, the background terms become vanishingly small and are dominated by tip-

sample interaction terms. More details about the demodulation will be presented in 

chapter 6.  

 The measured near-field signal is quite low since it comes from the scattering 

from a near point particle. The signal can be boosted by employing an interferometric 

scheme shown in figure 2.11 [21]. This can be illustrated by superimposing the electric 

fields from the reference and sample arm seen by the detector  

    Ὁ Ὁ Ὁ Ὁ      (2.10) 

Figure 2.11: Typical S-SNIM interferometric setup. Incident field comes from either 

monochromatic source for imaging or broadband sources provided in the figure. Figure taken 

from ref[21] 
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Where Etot  is the total electric field, Eref is the electric field from the reference arm, Enf is 

the electric field from the tip-sample interaction and Ebg is the electric field from the 

scattering background. The detector measures intensity, i.e the square of eqn 2.10 

  Ὅ ȿὉ ȿ Ὁ Ὁ Ὁ Ὁ Ὁ Ὁ
ᶻ
                   ςȢρρ 

All the terms which do not contain Enf disappear since we are demodulating and are only 

concerned with higher order harmonic terms (n >1), so eqn 2.11 simplifies to  

  Ὅ ȿὉ ȿ Ὁ Ὁ Ὁᶻ Ὁᶻ Ὁ Ὁ Ὁᶻ  ὉᶻὉ       ςȢρς  

If we expand Enf , and Ebg in terms of their Fourier series 

        Ὁ В ὧ Ὡ              (2.13) 

            Ὁ В ὧ Ὡ                 (2.14) 

Where cn
nf , cn

bg are the nth complex Fourier coefficients of the Fourier series given in 

eqns (2.13-2.14) and ) is the angular frequency of the tapping tip ‫‫ ς“ɱ . Since the 

background is weakly modulated, we can consider all cn
bg ~ 0 for n ρ. Additionally 

since Enf << Eref,Ebg we can neglect the Enf
2 term in eqn (12), leaving us with a detected 

signal of  

 Ὅ ȿὉ ȿ ᶿὉ Ὁ ȟ
ᶻ Ὁᶻ Ὁ ȟ Ὁ ȟὉ ȟ

ᶻ  Ὁ ȟ
ᶻ Ὁ ȟ            ςȢρυ  

Where n indicates the harmonic order. We see that the background still contributes to the 

detected signal, this is commonly referred to as the multiplicative background. Also, 

since Eref is large, we get a large signal boost from the reference beam on the detected 

demodulated signal which allows us to actually measure the higher harmonics. 
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 It is possible to remove the multiplicative background from eqn 2.15, by 

employing a pseudo heterodyne detection scheme which modulates the reference beam. 

By modulating the reference beam, sidebands appear in the spectrum at ɱ ὲὓ where M 

is the modulation frequency (M << ɱ) of the reference beam as seen in figure 2.12 [22]. 

If we detect the signal at either the first or second sideband (M, 2M) frequency it has 

been shown that a pure near-field signal can be measured free of the multiplicative 

background [22]. This background suppression method is limited to monochromatic light 

sources, so it is used for artifact free near-field imaging.   

 Since S-SNIM uses a Michelson Morley type interferometer, we can also couple 

in a broadband beam and perform nano-spectroscopy. This relies on having a high 

luminance broadband source. Our lab has employed both a current [23] and laser 

sustained [24] plasma source for broadband nano spectroscopy. The laser sustained 

source was used to obtain data presented later in chapters 5 & 6. We will close out the 

chapter by briefly discussing qualitative modeling of S-SNIM which is the basis for the 

work in chapter 6. 

 

Figure 2.12: Result of modulating reference mirror in figure 2.11. The measured signal picks 

up sides bands which correspond to sum and differences of the demodulation frequency (  . 

By detecting at the side band, the multiplicative background is completely removed from eqn 

2.15. Figure taken from ref[22]. 
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2.6: Qualitative scattering phenomenon in S-SNIM 

 

 Modeling of the near-field interaction has previously been accomplished with a 

simplification of the AFM probe geometry in which the probe is replaced with a sphere at 

the tipôs apex  [25]. In the electrostatic approximation a << ɚinc, where a is the radius of 

the sphere of the order of 10 nm, the effective polarizability over an infinite substrate as a 

function of gap distance has an analytic form. The scattered field Escat is proportional to the 

effective polarizability ‌  

    Ὁ  θ   ρ ὶ ‌ %           (2.16)  

     ‌              (2.17) 

where ‌ τ“ὥ , ‍  , ὶ is the Fresnel reflection coefficient of the sample for 

p-polarized light, and z is the gap distance between the probe apex and the sample surface. 

Note that ‌ is the polarizability of an isolated sphere with complex dielectric function ὑt , 

and ɓ is the response function of the material with complex dielectric function ὑ. Since the 

near-field component of the scattered field is non-linear in the gap distance z, one can 

separate the near-field contribution to the scattered radiation from the background 

contributions by modulating the gap distance  [25]. Demodulation at multiples of the probe 

modulation frequency provides the near-field amplitude and phase. A resonance condition 

can come from the sample and the sphere. When Ů1 = -1, it forces the response function ɓ 

to a maximum and generates a sample resonance. Candidate materials that have regions of 

negative Ů1 are metals/semimetals near their plasma resonance or polar dielectrics near the 

optical phonons. Polar dielectrics exhibit metal-like properties in regions called 
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Reststrahlen bands in the infrared  [26,27]. The Reststrahlen bands exist between 

longitudinal and transverse optical phonons. These regions have high reflectance and low 

loss which can lead to the coupling of confined electromagnetic fields and phonons to 

generate surface phonon polaritons (SPhPôs). Further discussion of SPhP resonances will 

be presented in chapter 6.  

 Qualitatively the point dipole model can be thought of using the method of images. 

If we have a sphere over a sample, we can place an image charge below the sample at the 

same distance to fulfill the boundary conditions at the surface. As the sphere gets closer to 

the sample surface, the distance between the sphere and image sphere will decrease leading 

to a stronger interaction. The stronger interaction is the encoding of near-field information 

which is backscattered into the far-field. 

 A major improvement to the point dipole model can be implemented by elongating 

the sphere into an ellipse. This approach is called the finite dipole model and more 

accurately models the finite length of the probe shaft. The polarizability of the ellipse can 

be calculated as explicitly as [28] 
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Where R is the radius of the of the ellipsoid, L is the length, ‍ is the material response 

function, H is the tip-sample distance, and g is a unitless parameter. We can immediately 

identify the increase in complexity over equation 2.17, and the introduction of parameters 

(L,g) which are not physically present in the experiment. These parameters have loose 

constraints but are largely tunable and thus allow for the fitting of near-field data. Although 

tunable parameters become an issue when solution uniqueness is considered. To date 
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equation 2.17, is the best closed form solution presented in the literature and does well at 

reproducing the behavior of isotropic bulk samples. Improvements over equation 2.16 

requires introduction of more complicate methods which are presented in chapter 6. Further 

discussion of the finite dipole model in the context of fitting is discussed in Appendix II.1. 

 

2.7: Outlook on Subsequent Changes  

 Having described the instrumentation to increase spatial resolution in infrared 

measurements in this chapter, the following chapters implement the far-field techniques 

discussed to study a heterogenous organic polymer in single strand spider silk and a 

highly correlated system in single crystal Li2RuO3. The development of S-SNIM 

numerical analysis methods are then presented in the context of studying infrared 

phenomena at nanometer length scales.  
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Chapter 3: Protein Secondary Structure in Spider 

Silk Nanofibrils 

 

3.1: Introduction 

 

Materials research on novel space age materials is paramount for technological 

advancements. Of these novel materials, spider silk has numerous high impact 

technological implications including ultra-strong light weight fabrics, biomedical 

technologies such as biosensors, and optical applications [29]. Identifying the structure-

property relationship in natural silk fibers could lead to the artificial production of silks 

for these applications.  

Although understanding this relationship in silk is complicated based on the 

different protein sequences and secondary structures present. Superposition of these 

secondary structures leads to a fiber that is a heterogenous compound of amorphous 

(helical, random turn) and crystalline (ɼ ÓÈÅÅÔ components. In silks with a circular 

cross section, experiments suggest that this heterogenous compound could assemble as a 

matrix composed of the amorphous secondary structures, with crystalline components 

interspersed [30,31]. As the fiber is extended, the amorphous structure can uncoil and 

allow the fiber to stretch, whereas the crystalline components supply the strength. More 

recently the Loxosceles (Recluse) silk which has the only known rectangular cross 

section displayed different structure [12,32] . Scanning electron microscopy (SEM) 
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images shows the ribbon like fibers of the Loxosceles silk in figure 3.1a-c [32]. The fiber 

cross section is a pseudo 2D material with a width and thickness of ~10 µm and ~50 nm 

respectively and the fiber of this silk is comprised entirely of nanofibrils, the cross 

section of which resembles a cable bundle as shown in figure 3.1d [12]. The question 

Figure 3.1: (a-c) Figure taken from ref [32]. Scanning electron microscopy images of Loxosceles 

silk ribbons. Ribbon like morphology is much different than the circular cross sections in all 

other known silks. (d)Figure taken from ref[12]. Loxosceles ribbons comprised entirely of 

nanofibrils, with dimensions shown, although the structure of individual of individual nanofibrils 

is not well understood. 
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then arises, whether the simplistic structure of the Loxosceles silk points to a more 

simplistic structure-property relationship in this silk.  Although to date the internal 

structure of individual nanofibrils is not well understood [13]. It was therefore the aim of 

this study to characterize the secondary structures presents in nanofibrils by studying the 

Loxosceles silk via IR spectroscopy. Since these fibers are entirely composed of 

nanofibrils, characterization will illuminate the properties of individual nanofibrils and 

potentially lead to the elusive structure-property relationship in this silk. 

 

3.2: Multistrand Transmission 

 

 To characterize the internal structure, we can measure and analyze the vibrational 

spectra. The features that appear in the vibrational spectra are the vibrations of the 

secondary structural components with primary contributions being from the helical 

(amorphous) and ‍- sheet (crystalline) structures as imaged in figure 3.2a [33]. These 

vibrations are fundamental normal modes of the secondary structures present in the silk. 

More information of the vibrational modes will be discussed in the analysis section. 

Experimentally we can access the vibrational modes through transmission (Tr) spectra 

which can be directly converted to the absorbance (abs) by using the relation 

    ὥὦί ÌÏÇὝὶ        (3.1) 

Absorbance is directly proportional to the chemical concentration and so can be used to 

calculate component composition. Based on the rectangular morphology of the 

Loxosceles silk fibers, a strong dichroism is also expected between the fiber axis and 
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perpendicular to it (figure 3.2b). Therefore, polarized measurements can be also used to 

reveal the orientation of these secondary structures present.   

 We first made multiple strand samples, by wrapping extruded silk around a 1.3 

mm diameter hole (figure 3.2c), one with 100 turns of silk and another with 300 turns. By 

using multiple strands, a larger illumination field can be used which increases our signal 

to noise. Polarized transmission measurements were taken with our Bruker Vertex 80v 

Figure 3.2: (a) Most common secondary structures present in silk fibers. ‌-helices have 

amorphous structure whereas ‍ sheets can form crystalline domains[33].(b) Experimental 

polarization relative to fiber axis, parallel (||, Z) and perpendicular (Ṷ, X). (c) 300 turn 

multistrand sample. (d) single strand of Loxosceles silk. 
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spectrometer, discussed in chapter 2 on the multistrand samples with a spectral resolution 

of ɝ’ τ ÃÍ . Multistrand transmission spectra are displayed in figure 3.3 [34].  

 The results presented in figure 3.3, shows a complex spectrum and have features 

consistent in location for both the 100 and 300 turn samples. Although in comparing the 

absolute transmission (y-axis values) for both samples, large differences are present. This 

is because the density of silk over the sample holder is different. From the Beer-Lambert 

law which states that the absorbance is linearly dependent on the concentration of 

chemical species present, and the path length traversed we should expect this difference. 

To extract quantitative information from the multistrand data, precise knowledge of the 

light path through each silk fiber would be necessary to correct the spectra for the 

geometry, as well as the intensity variation of the source over the transmitted area. Since 

the fibers are wrapped around the sample holder, some of the light rays will interact twice 

with silk. Scattering from the fibers is also likely to occur, potentially causing more 

Figure 3.3: 300 turn & 100 turn polarized transmission spectra. (||) and (Ṷ) directions are indicated 

in figure 3.2b. 
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interactions with the probing field. Also, any twisting or bending of an individual fiber 

(figure 3.2d) would alter the measured spectrum. Having precise control and knowledge 

of every fiberôs orientation and the intensity distribution of the incident field is 

impractical to quantify reliably, so the multistrand data cannot provide the quantitative 

structural information we are looking for. To control the orientation of the silk and 

incident field, we went on to consider the absorbance spectrum of a single strand via 

infrared micro transmission. 

 

3.3: Single Strand Transmission 

 

 The infrared microscope discussed in chapter 2 was used for polarized 

transmission measurements. Data was taken with confocal rectangular 0.25 mm × 3 mm 

apertures. With a 15Ĭ magnification, this equates to a å 16 µm × 200 µm spot at the focus 

of the object. This aperture size was chosen to maximize the area of the single strand in 

the field of view. It was natural to elongate the apertures along the length of the strand 

while reducing the width, which further allowed us to get sufficient signal-to-noise while 

maintaining single strand precision.  

 We used a water-cooled, high temperature blackbody (Globar) as the infrared (IR) 

light source. A polarizer consisting of a wire grid on KRS-5 substrate (Optometrics) was 

placed in the path of the incident beam. The infrared light was polarized parallel and 

perpendicular to the long axis of the silk strand by manually rotating the polarizer. Data 

was taken between 1000 cmī1 and 4000 cmī1 with a ɝ’ =4 cmī1 spectral resolution using 
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a KBr beam splitter and a liquid nitrogen cooled mercury-cadmium-telluride (MCT) 

photodetector. For our analysis we are only concerned with the frequencies between 1000 

cm-1- 1800 cm-1, since this range comprise the most commonly used absorbances to 

characterize secondary structures [35]. 

 The infrared transmission data through the spider silk sample was normalized 

relative to the transmission through an aperture of the same size as that used for the silk. 

A frequency dependent background exists in the transmission spectrum, which likely 

Figure 3.4: Polarized transmission and absorbance spectrum of a single Loxosceles 

ribbon. Arrows indicate y-axes for absorbance (bottom) and transmission (top). (||) and 

(Ṷ) directions are indicated in figure 3.2b. 
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occurs because of frequency dependent diffraction, reflectance and scattering due to the 

geometry of the spider silk fiber used for transmission measurements. This background 

was removed using the following procedure. We initially excluded the spectral range of 

infrared vibrational modes and used a polynomial to fit the remaining featureless 

spectrum which was mainly attributed to transmission background. We then subtracted 

this polynomial fit from the raw transmission data to obtain a background-free 

transmission spectrum. Since our fiber did not fill the entire aperture, we also had to 

correct the measured spectrum. This is because some of the light that was measured did 

not interact with our sample and is considered a background component. To correct for 

absolute transmission, we considered the following relation 

   Ὕὶ ɼ4Ò ρ ɼ4Ò       (3.2) 

Where ‍ is the ratio of the area of the silk in view to the area of the aperture. Using a ♫

πȢφςυ we calculated the absolute transmission spectrum using eqn 3.2. The absolute 

transmission spectrum was then converted to an absorbance spectrum via eqn 3.1. The 

polarized absolute transmission and absorbance of a single strand of Loxosceles is 

presented in figure 3.4  

3.4: Atomic Vibrations 

 

 To analyze the transmission spectra measured we need a way to model atomic 

vibrations in a solid. Therefore, it is worth a brief review of the vibrational physics in 

solids. In crystalline media, the normal mode vibrations of atomic centers are 

phonons [36]. In crystals, at the phonon frequency, if we neglect dampening mechanisms, 
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all the atoms will vibrate at a particular normal mode frequency. For amorphous 

materials, random atomic placements and orientations remove any periodicity or notion 

of a lattice. For these materials the normal mode oscillations are not necessarily coupled 

together and the vibrational spectra will be have broad features [37]. All of the vibrations 

regardless of the media can be characterized as either IR or Raman active. The distinction 

is IR active modes lead to a change in the net dipole moment whereas Raman active 

modes lead to changes in the polarizability. Two types of vibrational modes are displayed 

in an example with a linear triatomic molecule in figure 3.5. It is important to note that 

for crystalline media with an inversion center, IR and Raman active modes cannot 

overlap in frequency. This lack of overlap arises from symmetry considerations and is 

called the mutual exclusion principle [37]. IR active modes can be probed with 

transmission/reflectance measurements. Whereas Raman active modes can be accessed 

through inelastic scattering processes.  

 To describe an IR active mode, we can consider the effect of applying an external 

electric field to a solid via the damped harmonic oscillator 

   ‎ ‫ὶ Ὁὸ     (3.3) 

Where ὶ is the atomic displacement from equilibrium, ‎ encapsulates the different types 

of dampening present, ‫  is the natural frequency, Q is the atomic charge, m is the 

Figure 3.5: (a-b) Example of an IR (a) and Raman active mode of vibration in a linear triatomic 

molecule. (a) asymmetric stretch. (b) symmetric stretch. 
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atomic mass and Ὁ is the external electric field. Equation 3.3 has a solution in the form of 

a Lorentzian given by 

    ὶ‫ȟὸ
ȟ

     (3.4) 

From the atomic motion predicted in eqn 3.4, we can now determine how their motion 

impacts the optical properties of a material. The polarization of a medium is dependent 

on the induced dipole moment. Since there is a displacement of charge, the induced 

dipole moment ὴ from an external field is  

    ὴ‫ ὗὶ‫       (3.5) 

 which leads to a polarizability  

    ‌‫ ὴ‫Ὁ‫      (3.6) 

With the polarizability the net polarization is then 

   ὖ‫ ὔ‌‫Ὁ‫ ‐…‫Ὁ‫     (3.7) 

Where N is the total number of ions, ‐ is the vacuum dielectric function and …‫  is the 

electric susceptibility. The complex dielectric function can be related to the electrical 

susceptibility using the following relation 

   ‐ǿ ‫ ‐ ρ …‫       (3.8)  

Therefore using equations 3.4-3.8, we can evaluate ‐ǿ‫  as  

   ‐ǿ‫  1 +        (3.9) 
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Where ‫  is the plasma frequency.  From the complex dielectric function in eqn 

3.9, the far-field transmission and reflectance can be simulated via the Fresnel equations. 

When multiple vibrations are supported, eqn 3.9 becomes a sum over all the vibrations 

present. By placing Lorentz oscillators into the complex dielectric function, we can thus 

have a physically relevant model for our transmission data. The model being physical is 

important since ‐ǿis a complex linear response function that obeys causality, which ‫ 

means that the real and imaginary parts of eqn 3.8 are related via the Kramers-Kronig 

relations [38]. 

  ‐‫ ‐Њ
 
 0᷿ Ὠ(3.10)     ‫ 

  ‐ ‫ ὖ᷿ Ὠ(3.11)    ‫ 

Where P is the Cauchy principal value. Any line shape used to model the 

dielectric function, must obey the Kramers-Kronig relations or it will otherwise be 

unphysical. This is the reason why we cannot directly fit the transmission or absorbance 

spectra to Lorentz or Gaussian type oscillators. Only by placing these oscillators into the 

dielectric function can eqns 3.10-3.11 be satisfied. We use the proprietary package 

WVASE, which allows us to place Kramers-Kronig consistent oscillators into the 

dielectric function of a material and simulate the transmission and reflectance of material 

with variable thickness. For the silk transmission presented in figure 2.4, two independent 

models were fit for the (||) and (Ṷ) directions. We used previously published vibrational 

assignments to guide our placement of Lorentz oscillators. The most prominent molecular 

assignments of the vibrational modes occur within the Amide groups. The Amides are a 
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general structure that includes O=CðN groups.  They are amongst the characteristic 

bands that are regularly found in the infrared spectra of proteins and polypeptides. For 

our analysis the Amide I/II/III were considered. The Amide I (~1600 cm-1 ï ~1700 cm-1) 

absorption is associated with stretching vibrations of C=O bonds while the Amide II 

(~1500 cm-1 - ~1600 cm-1) absorption is associated with bending vibrations of the NðH 

bond [39].  The Amide III is a relatively weak band (~1200 cm-1 - ~ 1300 cm-1) compared 

to either the Amide I or II band and is comprised of CðC stretching, C==O stretching, 

CðN stretching, and NðH bending [40]. Complementary polarized Raman data was 

Figure 3.6. Plot and legend taken from ref[48]. Polarized FTIR (a,b) and polarized Raman (c,d) 

spectra of single Loxosceles spider silk ribbons (thick grey lines) with polarizations in X and Z 

directions, in the plane of the ribbon. Dashed, black line: multi-peak fit; all constituting sub-

peaks shown in colors. Blue, purple, red, and yellow peaks are assigned to ɓ-sheet, ɓ-turn, helical 

and, random coil peaks, repsectively. Green peaks represent amino acid residues with aromatic 

side-chain groups. Gray peaks are unassigned. The colored horizontal bars represent known 

peaks from the literature, with colors matching the secondary structure assignment. Raman 

polarization states defined in the text. 
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obtained and analyzed by our collaborator as reported in Ref [41]. Raman spectra were 

collected using a Renishaw in Via Raman Microscope/Spectrometer system. An 

internally polarized green laser line (Laser Physics Inc., West Jordan, UT) with a 

wavelength of 514 nm was used to excite the sample. All measurements were done with a 

Leica 100× objective (0.90 N.A.). For the 500ï4000 cmī1 measurement, an exposure time 

of 60 seconds was used. For the 1150ï1750 cmī1 measurements, we increased the 

exposure time to 900 seconds to reduce noise. To obtain the polarized Raman spectra, a 

film linear polarizer (Thorlabs) was used as the analyzer and positioned either parallel or 

perpendicular to the polarization direction of the incident laser beam. The orientation of 

the sample was changed accordingly for different polarization configurations. Plotted in 

figure 3.6c-d are the Raman spectra for the polarization states (XX) and (ZZ), which 

correspond to either both the laser and analyzer being aligned perpendicular or parallel to 

the fiber axis respectively. A linear background was subtracted for some of the spectra 

when needed. For the Raman spectra, a set of sub-peak parameters were first estimated 

according to our spectra and previous publications. The peak position, full width at half 

maximum (FWHM), and content of Lorentzian line-shape were restricted to be identical 

for the same peak across different spectra. The least-squares method was used for the 

fitting and this process was carried out using MATLAB [41]. Both the experimental and 

fitted IR and Raman data are presented in figure 3.6. Oscillator assignments are presented 

in Appendix I.2. 

With both IR and Raman spectra, the mutual exclusion principle can be evoked to 

confirm our vibrational assignments, which states that structures with an inversion center 

(crystalline oscillators) should not have IR and Raman oscillators at the same frequency.  
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We can see this is true for the ‍-sheet oscillators in the Amide I and Amide III regions in 

figure 3.6. Inversely amorphous structures could support an IR and Raman mode at the 

same frequency, and indeed amorphous helical structures which are present in the Amide 

I (~1654 cm-1 ) and Amide III ( ~ 1265 cm-1) occur at nearly the same frequency in both 

IR and Raman spectra.  

 

3.5: Transition Dipole Coupling (TDC) 

 

 From the IR spectra presented in figure 3.6a-b, the Amide I band has two ‍-sheet 

absorbance oscillators which both show inverse dichroism, which can be interpreted as a 

band splitting since we only expect there to be one oscillator. These oscillations are 

mainly due to the stretching of the C=O bond with an out-of-phase CN component and 

minor contribution from CCN deformation [42]. The band splitting that is observed in 

experiment can be explained by interacting C=O bonds which are not are not colinear 

(out of phase) and have differing magnitudes. The frequency splitting can be seen by 

calculating the potential energy of interacting dipoles. This potential can be expressed by 

considering the interaction of a dipole moment in another dipoleôs electric field (C=O 

bonds) as [43] 

   ὠ ▬ Ͻ╔  
       (3.12) 

Where ▬  is the dipole moment of dipole 1, and ╔ is the electric field of dipole 2, which 

can be expressed as  
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  ╔  ὶ σ▬  Ͻ ►► ▬       (3.13) 

Where ὶ is the distance between dipoles 1 & 2, and ‐ is the dielectric constant of the 

dipole environment. Plugging eqn 3.13 into eqn 3.12 we find that the potential energy of 

the interacting dipoles is  

  ὠ ▬Ͻ▬ σ▬Ͻ► ▬Ͻ►       (3.14) 

which acts as an external force and causes a frequency shift for modes that are out of 

phase. The frequency shift then depends on the strength of ▬ȟ▬ and their relative 

orientations. It is also possible to alternatively express Vdd in terms of an effective 

transition dipole moment ὴ  . Using this formalism, Moore and Krimm were able to 

reproduce the observed splitting in the Amide I band [44]. The Amide I splitting from 

TDC demonstrates the sensitivity of observed absorbances on the intramolecular 

potentials.  

 

3.6: Secondary Structure Decomposition 

 

 In order to calculate the ‍-sheet composition, we used a pseudo-unpolarized 

spectrum. The pseudo-unpolarized spectrum was calculated by averaging the 

transmission spectra of the parallel and perpendicular data sets (|X|+|Z|)/2. The pseudo 

unpolarized spectra was then fit via the same methods used for the polarized spectra. The 

ɓ-sheet composition was calculated for the Amide I band, by taking the ratio between the 

area of the deconvolved ɓ-sheet oscillators to the total area of the Amide I band 
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absorbance. Structural composition from the Amide II/III regions was not performed 

since these regions are known to contain strong contributions from side chain groups and 

other structural components which are difficult to deconvolve from the other structural 

motifs [41,45].   It is necessary to use the unpolarized data, since the secondary structures 

have a strong dependence on the angle formed between the incident electric field 

direction relative to the fiber axis. The thickness of the silk ribbon (Y direction) is about 

50 nm which is much smaller than both the width (X direction) of about 10 mm and the 

length (Z direction) of the order of millimeters. Therefore, the ribbon can be 

approximated as a quasi-two-dimensional material with a pseudo-layered structure for the 

Figure 3.7: IR deconvolution of the pseudo unpolarized Amide I absorbance bands. 

‍ sheet percentage was calculated based on analysis in the text. 
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purpose of IR measurements and analysis to obtain percentages of secondary structures. 

The ɓ-sheet percentage calculated represents the averaged ɓ-sheet composition in the ZX 

plane of the silk.  This method of secondary structural composition calculation has often 

been used in the literature [46,47].  To our knowledge, this is the first time a silk ribbon 

with rectangular cross has been measured with IR spectroscopy. Based on our IR 

analysis, the calculated crystalline composition from our (pseudo)unpolarized IR data 

(~41%+/-5%) agrees well with XRD analysis (43.2%) which further justifies our method 

of IR analysis [48]. The deconvoluted Amide I IR band is shown in figure 3.7.  The 

composition was also calculated from the polarized Raman data presented in figure 

3.6 [41]. Similar to the IR analysis, an unpolarized Raman spectrum was constructed and 

used to calculate the Amide I ‍-sheet composition [49,50]. Based on this analysis, the 

Raman Amide I ‍-sheet composition was (44% +/- 4.7%) which agrees well with both 

the IR and XRD analysis. To our knowledge this is the highest crystalline composition 

recorded for any silk. 

3.7: Orientation Analysis 

 

 From the polarized absorbance oscillators, the orientation of the secondary 

structures can be studied. We can calculate a PZX-value, which can be written as 

     ὖ
ȿȿȿȿ

ȿȿȿȿ
       (3.15) 

Where |Z| is the peak amplitude of the subpeak aligned along the fiber axis, and |X| is the 

peak amplitude of the subpeak aligned perpendicular to the fiber axis. A PZX value of +/- 

1 indicates a perfectly oriented structure along either the || (+1) or Ṷ(-1) directions. If the 
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PZX value is zero, this indicates no direction preference and an isotropic orientation in the 

plane of the fibers. The PZX -values for the IR and Raman data are presented in figure 

3.9 [48]. The ‍ sheet orientation is highly orientated predominantly along the fiber axis 

with an average value of 0.6. The deviation from 1 is due to the fact that the crystals do 

not have perfect alignment, but instead have an angular distribution around the fiber axis. 

It is interesting that the helical formations have a partial polarization along the fiber axis. 

Although this seems likely because of convolved crystalline components.   

 

Figure 3.8: Plot and legend taken from ref[48]. PZX-values calculated for each FTIR 

(circles) and Raman (crosses) peak. Color assignments between each color on the peaks 

and corresponding protein structure is same as Figure 2.Vertical bands indicate the postion 

of FTIR (upper half) and Raman (lower half) peaks in corresponding colors, respectively. 

The horizontal yellow, red, and blue dashed lines are located at PZX = 0, 0.4, and ±0.6, 

respectively. Vertical error bars on IR and Raman data points are standard deviations of 

PZX. Treating b-sheet (44%) and amorphous (56%) fractions separately for the 1366 cmī1 

and 1450 cmī1 peaks leads to split PZX values, one for each fraction, indicated by arrows 

and dotted circles.  
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3.8: Conclusions 

 

 To review, polarized transmission measurements of single strand Loxosceles silk 

were successfully made. From previous vibrational assignments we were able to identify 

7 distinct structural groups (Appendix I.2), calculated the crystallinity to be ~41 %, and 

found the orientation preference of said structural groups. Complimentary Raman data 

confirmed the vibrational assignments and XRD analysis agrees with our IR 

compositional analysis (43.2 %). The analysis presented will guide researchers towards 

identifying the structure-property relationships in silk for the purpose of making artificial 

equivalents.  
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Chapter 4: Orbital selective metallicity in valence 

bond liquid phase of Li2RuO3 

 

4.1: Introduction 

 

Competitive interactions on the honeycomb lattice among the fundamental lattice and 

electronic degrees of freedom (phonons, charge, spin, orbital) can lead to realization of 

novel physical properties such as potential quantum spin liquid states  [51,52] , 

interesting topological properties [53],  massless Dirac fermions seen in graphene [8], or 

quasimolecular orbital formation [54]. For some 4d and 5d transition metal (TM) 

compounds, the orbital degrees of freedom (DOF) can play a dominant role in the 

formation of the ground state configuration [55]. Competition between relative strengths 

of the electron-electron interaction, Hundôs coupling, and orbital overlap involving 

neighboring sites can lead to electrons from different orbitals to decouple from each 

other. This orbital selectivity has recently been connected to iron based high-temperature 

superconductors and heavy fermion systems [56ï58], thus emerging as a key ingredient 

to novel phenomena.  On the honeycomb lattice, this behavior is widely expected due to 

the edge or face sharing nature of neighboring sites, such as in Li2RuO3 (LRO). 

LRO forms a lattice of strong singlet dimer bonds, or valence bond crystal (VBC) 

at ambient temperature and pressure [59]. The Ru-Ru dimers form in the plane of the 

honeycomb lattice of Ru ions. The VBC state can be realized in other honeycomb 
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materials such as ‌ 2Õ#Ì but usually requires external pressure [60ï62].  The Ru 

valence electrons in LRO that do not participate in the dimerization form weak molecular 

bonds and can be largely treated as site centered atomic orbitals [63]. This is evidenced 

by a reduced magnetic susceptibility at low temperatures, which is expected because of 

the lack of spin contribution from singlet dimer formation [64]. Furthermore, dc transport 

measurements do not display activation behavior in the insulating VBC phase, but instead 

show variable range hopping [59,65,66]. In the insulating VBC phase, LRO is expected 

to have a very small band gap due to weakly bound out of plane molecular bonds [67]. 

Interestingly, heat capacity measurements on  both stoichiometric and disordered LRO, 

find a linear contribution at low temperatures [65]. This seems indicative of some 

electronic behavior below the quenching temperature of the phonons. However the origin 

of this property has also been attributed to potential low energy magnetic excitations 

(singlet-triplet excitations) [65].  

  The long-range ordering of dimers in the VBC state survives up to Tc 500 K. 

Above this temperature, it has been suggested that LRO melts into a valence bond liquid 

(VBL) following a structural transition [64]. In the proposed VBL state, the dimer 

patterns survive only locally and flow throughout the system via random thermal 

fluctuations. This same study [64] found experimentally that dimers survive up to 920 

K, and they estimate that dimers  may survive all the way up to 1550 K. Accompanying 

the structural transition is an abrupt rise in magnetic susceptibility and decrease in 

resistivity [59]. These changes in the physical properties have been attributed to the 

delocalization of  weakly bonded electrons in the out-of-plane orbitals [68]. 

Delocalization implies an orbital selectivity between the delocalized and valence-bonded 
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electrons and would also explain the nearly free spin-½ magnetic contribution to the 

susceptibility at high temperatures [69] The drop in resistivity was initially described as a 

transition to a correlated metallic phase [67].  Recent resistivity measurements and 

density functional calculations (DFT) in the high temperature phase exhibit a clear 

activation energy which has been ascribed to the existence of a band gap [66]. Since DFT 

is a T=0 technique, it is difficult to assess the applicability of these results to high 

temperature properties. Due to the observed orbital selectivity, one could also expect a 

potential hybrid phase with correlated metallic properties due to the delocalized electrons 

and an insulating (pseudo)gap due to thermally activated dimers. Although to date, direct 

measurements of the both band gap and the energy dependent conductivity to 

characterize such a hybrid phase in LRO have not been done. 

 In this chapter, we present broadband temperature dependent reflectance 

measurements on single crystals of LRO. Optical spectra enable us to characterize the 

phonon and electronic properties of LRO from the VBC through VBL phases.  This 

approach allows us to directly observe the band gap and electronic transitions in the VBC 

phase and to investigate the high temperature carrier dynamics in the VBL phase. 

Additionally, we corroborate the expected high-temperature structural transition through 

the study of the infrared phonon spectra. 

4.2: Experimental Methods 

 

Single crystals of LRO were grown from LiCl flux with proper molar ratio of Li2CO3 

and RuO2 and then were slow cooled in the temperature range between 1020oC and 

850oC. LRO single crystals form a triangular prism with about half millimeter length of 
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the edge (Fig. 4.1(a)). The lattice structure of our single crystals was determined using 

transmission electron microscope (TEM). Specimens for TEM studies were prepared by 

scotch-tape cleavage, followed by Ar-ion milling, and studied using a JEOL-2010F TEM 

at Rutgers University. The as-grown surface is perpendicular to [101] of monoclinic P21/m 

Figure 4.1. (a) Optical microscope images of our Li2RuO3 (LRO) single crystals used for 

reflectance measurements;  [101]  is perpendicular to the flat surfaces shown. (b) View of ab-

plane for the room temperature monoclinic (P21/m space group) phase with axes orientation 

shown by the arrows. Red lines represent dimer bonds (shorter than black lines) and black lines 

are nondimerized bonds between Ru-Ru ions. Edge sharing RuO6 octahedra are contained in the 

grey shaded areas.  Above Tc å 500 K, the average structure is expected to conform to a 

monoclinic (C2/m space group, non-dimerized structure). (c) The room temperature atomic-

resolved HAADF-STEM image of Li2RuO3 crystal along the [101] zone axis. Overlaid color-

coded Ru-Ru dimers are defined by the shortest Ru-Ru atomic columns. (d) The selected area 

electron diffraction (SAED) pattern of Li2RuO3 crystal along [101]. Red arrows indicate (h0l), 

h=odd and (hkl) h+k=odd peaks, which are not allowed in the high symmetry C2/m and confirm 

the P21/m structure of our crystals. 
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structure [Ref. 10]. High-angle annular dark-field (HAADF) scanning TEM imaging with 

atomic-column resolution was carried out using a JEOL-2100F microscope equipped with 

a spherical aberration Cs-corrector at National Taiwan University in Taiwan. The distinct 

feature of Ru-Ru dimer as shown in HAADF-STEM image of Fig. 4.1(c) and the 

appearance of (h0l), h=odd and (hkl) h+k=odd peaks along [101] (red arrows in Fig. 4.1(d)) 

confirm the P21/m structure of our single crystals at room temperature. Verifying the 

structure is important since single crystal LRO can form in the ὖςȾά or C2/m structure 

at room temperature [70]. Note that those Bragg peaks (marked by red arrows in Fig. 

4.1(d)) in the selected area electron diffraction pattern are forbidden in the higher symmetry 

(C2/m) structure. The crystal structure (P21/m) of LRO in the ab-plane at room temperature 

is shown in figure 4.1(b). Crystallographic x-ray diffraction (XRD) data [67] was used to 

produce the crystal structure displayed in figure 4.1(b) with the software package 

VESTA [71].    

Infrared and optical reflectance is an ideal measurement probe to study both the 

lattice and electronic degrees of freedom simultaneously. The reflectance measurements 

were performed at William & Mary. Due to the small size of the crystals (Fig. 4.1(a)), it 

was necessary to perform the reflectance measurements with a microscope that allowed 

us to focus the incident light to a spot smaller than the crystal size. The microscope was 

coupled to a Bruker Vertex 80v vacuum spectrometer. Light from the spectrometer was 

directed toward the microscope through an optically transparent window in the 

spectrometerôs light output port. A KBr window with anti-moisture coating was used for 

mid-infrared through visible spectral range, and a polypropylene window was used in the 

far-infrared spectral range. To remove atmospheric absorbances from the far- and mid-
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infrared spectra, the spectrometer was held in vacuum and the microscope was enclosed 

in a dry air purge free of CO2 and H2O. A schematic of the microscope aperture, 

Schwarzschild objective (NA=0.58), and sample/reference stage is displayed in figure 

4.2(a). The sample stage and reference stage were aligned to maximize the reflectance 

through the aperture from the surface of the LRO crystal and the surface of the reference 

material. The dimensions of the upper aperture, and magnification of the objective sets 

the approximate spot size at the sample. The magnification of our objective was fixed at 

×15, and the aperture sizes used for each spectral range are listed in Table 4.1. 

Reflectance spectra were obtained between 100 cm-1 and 26,000 cm-1 in 100 K 

temperature intervals, from 300 K to 600 K. Data was obtained at 100 K intervals to 

minimize the time spent at elevated temperatures which ensured the intrinsic properties of 

Figure 4.2. (a) Focusing optic employed in experiment. Blue arrows represent the incident beam 

from the FTIR interferometer. The incident beam is focused on either sample or reference at near-

normal incidence using a Schwarzschild type objective. The reflected beam is collected by the 

same objective and sent to the detector. (b) Temperature dependent absolute reflectance on single 

crystals of LRO. (c) Shows zoomed in perspective of reflectance in the spectral range 250 cm-1 ï 

700 cm-1. Black arrow indicates the large Ru-O phonon feature that is strongly modified by the 

structural transition at T å 500 K.(d) Shows zoomed in perspective of reflectance in the spectral 

range (8000 cm-1-22,500 cm-1) with same legend as (c). The minimum in the high frequency 

feature redshifts by å0.3 eV with increasing temperature. 
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our crystals were being captured. We were unable to obtain reliable reflectance values 

into the ultraviolet spectral range (frequency > 26,000 cm-1) due to low signal-to-noise. 

Table 4.1 also contains the frequency range, light source, detector, and reference material 

used for each spectral range measured in the experiments.  

LRO single crystals were mounted to a home-built heating stage with Cotronics 

950 FS metallic adhesive (2000 oF /1366 K max temp). The heating stage was a small 

brass block (~ 1ò Ĭ 1ò Ĭ İò) with a central bore and inset clamp to hold the cartridge 

heater and thermistor respectively. The heating stage was mounted with adjustable 

standoffs on a piezo stage. The adjustable standoffs are necessary for optical alignment of 

the sample. The piezo stage allows for translation between our LRO crystals and 

reference material. The reference material was mounted on a separate stage attached to 

the piezo stage. The reference material was nominally at room temperature. A heat shield 

was mounted directly over the heating stage to suppress convective cooling at elevated 

temperatures. The heat shield also contained an aperture to let through the light beam for 

the reflectance measurements on the sample. The temperature of the stage was regulated 

with a Lakeshore 335 temperature controller connected to a Pt 100 ɱ thermistor and 300 

W Dalton cartridge heater. The heating stage was designed for use up to 600 K and the 

temperature was maintained within  ± 1 K at each temperature where data was taken.  

After crystals were mounted, the top surfaces were cleaved with either scotch tape or 

mechanically to ensure a fresh surface for the reflectance measurements. Our LRO 

crystals show different behavior after extended exposure to atmosphere at elevated 

temperatures.  After a temperature dependent measurement, we found that repeating the 

same measurement on a freshly cleaved surface of the same crystal yielded different 
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results. Therefore, for each spectral range in the infrared and visible, a pristine crystal 

was mounted, cleaved and measured. Since the direction of the high-symmetry 

monoclinic b-axis is in the plane of the crystal, we considered the possibility of 

performing polarized reflectance measurements with electric field polarized parallel and 

perpendicular to the b-axis. However, since a pristine crystal was required for each 

spectral range measured (total of four spectral ranges), it was not feasible to locate the b-

axis for every crystal. Therefore, we used unpolarized incident light for all spectral 

ranges. These measurements then correspond to the effective in-plane reflectance of the 

surface plane perpendicular to the [101] lattice vector.  

 Far Infrared  

 

Mid Infrared  

 

Near Infrared 

 

Visible 

 

Frequency  
Range (cm-1) 

100 ï 650 650 -6000 6000 ï 11,000 11,000-

26,000 

Light Source Globar Globar Tungsten bulb  Xenon Bulb 

(75 W) 

Detector Liquid helium cooled 

bolometer 

HgCdTe InGaAs Si Photodiode 

Spectral 

Resolution (cm-1) 

4  4 80  120  

Aperture Size 

(mm) 

2.4 × 1.5 1.5 × 0.6 1.2 × 0.6 1.2 × 1.2 

Spot Size (Ⱨ□ 160 × 100 100 × 40 80 × 40 80 × 80 

Beam Splitter Mylar KBr CaF2 CaF2 

Reference 

Material 

Gold Gold Gold Aluminum 

Table 4.1:  Experimental details for the different spectral ranges. 

After the normalized data (sample spectrum divided by the reference spectrum) was 

obtained, we multiplied it by the reflectance of gold or aluminum to obtain the absolute 

reflectance of the LRO sample. The reflectance in each spectral range was then connected 

to form a continuous spectrum. The systematic uncertainty in the measurement arises 
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from the precision of the optical alignment of the crystal faces relative to the incident 

light.  We estimate this to be a few % percent at most, based on comparing multiple 

optical alignments. The systematic uncertainty is inconsequential because we are mainly 

interested in changes in the spectra due to temperature variation.  

 

4.3: Metallic and Semiconducting carriers 

 

 The simplest model for free carriers is to assume a frozen lattice (i.e fixed ions). 

In this picture electrons are free to move throughout the frozen lattice, and can be thought 

of as an electron gas. The equation of motion for this system when exposed to an external 

frequency dependent electric field is [38]  

    ὶ ‎ ὶ Ὁὸ       (4.1) 

Where ‎ is the dampening, e is the elementary electric charge, m is the electron mass and 

Ὁ is frequency dependent applied field. Equation 4.1 is simply driven damped motion, 

(i.e .(in equation 3.3 0 =‫  

    ‐ ρ         (4.2) 

    ‐
 

       (4.3) 

  Where ‫ =
Ⱦ

 is the plasma frequency in cgs units and † is 1/‎. Free electrons 

will therefore contribute in the DC limit and will have a contribution which is related to 

the plasma frequency „‫ π .†‫  
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 Modeling photoexcited carriers in semiconductors is more complicated. From 

band theory we are expected to have a transitions from the valence band to the 

conduction band if the incident photon energy is at least as large as the band gap. We also 

have to consider whether the valence band maximum and conduction band minimum are 

at the same momentum. When they are aligned we have a direct allowed transition, but if 

they are not aligned then a phonon will need to provide a momentum boost to transition, 

and is an indirect transition. In terms of the optical properties, we need a function which 

satisfies the Kramers-Kronig relations, while also capturing these physical parameters. A 

Tauc-Lorentz style oscillator was developed by ref [72],  and can be applied to modeling 

interband transitions in semiconducting compounds. The form of the dielectric function 

for this model is [72] 

   ‐ Ὁ
ᶻ    Ὁ Ὁ

π       Ὁ Ὁ
      (4.4) 

   ‐Ὁ ‐Њ
 
 0᷿ ὨὉ       (4.5) 

Where A is the amplitude, Eo is the central oscillator energy, Eg is the bandgap, and C is 

the broadening.  

4.4: Analysis 

 

Temperature dependent reflectance spectra are presented in figure 4.2(b) on a log 

scale. Plotted on a linear scale in figure 4.2(c) and 4.2(d) are the low (250 cm-1-700 cm-1) 

and high frequency (8000 cm-1 ï 22,500 cm-1) absolute reflectance.  To model the 



61 
 

phonons in the reflectance spectra we used a superposition of Kramers-Kronig consistent 

Lorentz oscillators. For electronic interband excitations, we employed Tauc-Lorentz  

oscillators [72] and for electronic, intraband excitations, we use a Drude feature [38].  

The fits to the data were performed in the proprietary software WVASE from J. A. 

Woollam Co. The objective of the fitting process is to obtain the energy-dependent real 

(‐) and imaginary (‐)  parts of the effective dielectric function. Due to the monoclinic 

structure of LRO, the optical response is biaxial, and in addition to three distinct diagonal 

elements, there are  nonzero but small off diagonal elements of the complex dielectric 

Figure 4.3: (a-d) The measured reflectance data and fits based on the analysis described in the 

text. Inset shows low frequency (100 cm-1-1000 cm-1) fits of the reflectance. 
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tensor [73]. Since the crystal has a monoclinic structure, the dielectric tensor cannot be 

diagonalized, making it difficult to perform a Kramers-Kronig analysis [74] of the 

reflectance data. The optical conductivity („  can be directly calculated from the 

complex dielectric function ‐. Since the optical conductivity tensor is proportional to the 

complex dielectric tensor, the optical conductivity tensor will have the same anisotropy 

as described above for the dielectric tensor. In our measurements with unpolarized 

incident light, we are probing the optical properties in the plane of the crystal surface that 

is perpendicular to the [101] lattice vector. Hence, we expect the optical response to be 

dominated by a mixture of the diagonal elements of the dielectric tensor.  

Our model consisted of an LRO layer on top of an epoxy layer. We assumed an 

independent ‐ and ‐= 0 for the epoxy layer which is consistent with our measured 

reflectance spectrum of the adhesive.  Interference fringes, which indicate backside 

reflections from the LRO crystal, are present in a limited range in the far- and mid-

infrared spectra. The period of these interference oscillations depends on the optical 

thickness of each crystal. Since different crystals were used for measurements in the far 

and mid-infrared spectral ranges, these regions were fit simultaneously but with different 

thicknesses of the LRO crystal layer. The thickness of each crystal was considered a 

fitting parameter in our reflectance model and was constrained to a range of reasonable 

thicknesses (25 µm-100 µm). No interference fringes are present in the near-infrared or 

visible spectra indicating stronger attenuation of the incident light in the crystals.  

Simultaneous fits of the absolute reflectance and the interference oscillations in the far 

and mid-infrared yield accurate values of the real and imaginary parts of the effective 

dielectric function.  Based on the interference fringes in the far- and mid-infrared models, 
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the thicknesses of the crystals used for measurements in these spectral ranges were 48 µm 

and 36 µm respectively. Since the thicknesses of the two crystals are not too different, the 

impact on absolute reflectance spectra in the overlapping mid-infrared and far-infrared 

spectral range can be said to be marginal. 

From 300 K to 400 K, the mid-infrared interference fringe period is reduced by 

roughly a factor of ~2. We suspect that inhomogeneities due to phase coexistence in the 

vicinity of the phase transition caused the effective refractive index in the mid-infrared to 

change between 300 K and 400 K. In the 500 K and 600 K spectra, the far- and mid-

infrared interference fringes disappear and the absolute reflectance in these spectral 

ranges increases thereby indicating a clear increase in the number of free carriers. The 

experimental reflectance data and reflectance fits based on our model are displayed in 

figure 4.3. We find quality agreement between our experimental data and the model fits 

across the entire spectral range. The real ‐ and imaginary ‐ parts of the effective 

Figure 4.4 : (a) Real ‐ and (b) imaginary ‐  parts of the dielectric function obtained from 

the fits to the reflectance shown in Figure 4.3. The inset figures show the dielectric function 

between 100 cm-1 ï 1000 cm-1 
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dielectric function that describe our reflectance data are displayed in figure 4.4. A large 

change in the low frequency values of ‐ and ‐ between 400 K and 600 K, indicates the 

expected phase transition. 

We note that it was necessary to include a minor Drude term to attenuate the 

amplitude of far-infrared interference fringes in both the 300 K and 400 K reflectance 

spectra, possibly indicating the presence of a small number of free carriers in the VBC 

phase.  We ascribe the weak intraband transitions to free carriers originating from Li 

vacancies. A previous study found that LRO will dimerize only when it is Li 

deficient [75]. The existence of these carriers below the critical temperature would also 

be consistent with previous specific heat measurements [65]. Resistivity 

Figure 4.5: (a) Real part of the optical conductivity s1. Inset shows s1 in the frequency 

range 100 cm-1 ï 1000 cm-1. (b) Ground state electronic configuration of Ru-Ru dimers 

below transition temperature. The d-orbitals are subject to crystal field splitting which 

separates states by an energy % . Due to the large crystal field splitting, the system is in 

the low spin configuration, filling the lowest states t2g/t2g* (bonding/antibonding) states 

first. More discussion on the eg/t2g states follows on page 67. Electrons are shown with 

up/down arrows.  
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measurements [59] also show a divergence at low temperature which may be indicative 

of Kondo screening, further suggesting the presence of free carriers in the VBC phase.  

Displayed in figure 4.5(a) is the optical conductivity calculated from the complex 

dielectric function displayed in figure 4.4(b). The optical conductivity displayed in figure 

4.5(a) is predominantly the averaged diagonal elements of the conductivity tensor as 

discussed earlier. At room temperature and lower energies (< 16,000 cm-1), we assign 

transitions from the weaker (“ȟ‏ȟ‏ᶻ electrons to (“ᶻȟ„ᶻ  states displayed in figure 

4.5(b). We also expect there to be a large, broad contribution to the optical conductivity 

from interband transitions of electrons from these Ru bonds to oxygen p-orbitals, which 

is supported by DFT calculations and soft x-ray experiments [63,64]. These details are 

presented further in the discussion section. 

For comparison with previous dc transport measurements, we extrapolated the 

optical conductivity (figure 4.5a) of our 600 K data down to zero frequency. We obtained 

a „(’O π value of å 30 ɱ ÃÍ   which translates to a resistivity value of ” ’O π= 

0.033 ɱÃÍ ,which  is consistent with previous measured values of the dc 

resistivity [59,65,66]. The high temperature Drude feature has a plasma frequency ’

ςρπ ÃÍ  and scattering rate ‎ ρρρ ÃÍ .  

4.5: Discussion 

  We first discuss the infrared-active phonons which corresponds to the prominent 

features at frequencies  ’ χππ ÃÍ . From group theory analysis the following modes 

are expected at the ɜ point (center of Brillouin zone) in the low (P21/m) and high 

temperatures (C2/m) phases respectively [76]  
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  ɜ  ςπὃ ρφὄ ςπὄ ρφὃ                           τȢφ 

             ɜ  χὃ ψὄ ρσὄ ψὃ                                  τȢχ 

Where Ag/Bg modes are Raman active and Au/Bu are infrared active. The width 

and overlap of phonon modes make individual phonon assignments difficult. The same 

conclusion was made in a recent study on the Raman vibrational modes of LRO [76].  

Strong interference fringes between 100 cm-1 and 200 cm-1 due to backside reflections 

from the crystal in the 300 K and 400 K spectra are also likely obscuring additional 

vibrational modes. The prominent double peak feature centered at å 500 cm-1 shows a 

strong dependence on increasing temperature. The vibrational frequencies of these modes 

suggest they arise from Ru-O bonds. For T Ó 500 K, the double peak feature is largely 

gone and instead we observe a single broad phonon peak. Multiple Lorentz oscillators 

were used to fit the asymmetric profile of this broad peak at 600 K. The form of the 

Lorentzian used for fitting the complex dielectric function ‐ǿ’ is given by 

                                  ‐ǿ’
  

 
                                                             τȢψ      

Where A,ɜ,’ are the oscillator amplitude, broadening (cm-1) and center 

frequency (cm-1) respectively. The occurrence of the structural transition from the low 

temperature, lower symmetry (P21/m) phase to the higher temperature phase of higher 

symmetry (C2/m) is evident in the reduction of modes. The higher symmetry crystal 

structure has fewer infrared active phonon modes compared to the lower symmetry 

crystal structure [76]. Tabulated in table 4.2 are the Lorentz phonon parameters for T= 

300 K and T=600 K respectively. Not all the allowed infrared-active modes are observed 

because of the following reasons: weaker modes may not be evident in the unpolarized 
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spectra; the modes close to each other in frequency may have broad linewidths making it 

difficult to distinguish between them; and some modes may be screened due to free 

carriers in the metallic phase. 

For the analysis of higher frequency spectra, the formation of molecular orbits in 

LRO is highly relevant for describing the dimerization and transport    

properties [59,63,64,66]. Ru4+ has 4 electrons in its 4d shell. These orbitals are 5-fold 

degenerate until they are subjected to an octahedral crystal field. This splits the 5-fold 

degeneracy to two upper states eg, and three lower t2g states. Due to the large crystal field 

splitting the electrons arrange in a low spin configuration of the t2g states. „ bonding 

occurs between the dxy orbitals of neighboring Ru sites (figure 4.6(a)), and is responsible 

for dimerization. Suitable superposition of the dyz and dxz orbitals results in weakly bound 

“ (~ dxz  + dyz) and ‏ (~ dxz - dyz) bonds as seen in figures 4.6(b-c). Comparing previously 

calculated bonding-antibonding splitting energies (t) between these states we see that the 

„  bond ( t > 2 eV), is much larger than either “ (t ~ 0.7 eV) or ‏ ὸͯ πȢχ Å6 

bonds [64]. The large discrepancy in hopping energies between orbitals, forces the 

electrons in “ or ‏ bonds to act as largely site centered atomic orbitals [63].  

 

300 K (P21/m) 600 K (C2/m) 

A ɜ 
 (cm-1)  

’ 

(cm-1 ) 

A ɜ 
(cm-1) 

’ 

(cm-1) 

0.3 45.0 700.0 1.8 150.0 640.0 

5.4 25.8 536.8 3.5 95.4 550.6 

20.8 42.4 469.6 36.

0 

82.0 466.9 

7.8 100.0 455.8 14.

7 

94.8 355.7 
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4.0 100.0 362.1 18.

2 

113.2 227.4 

2.1 10.0 360.8 

 

Table 4.2: Lorentz oscillator phonon parameters in the low (300 K) and high (600 K) 

temperature phases. 

The high frequency peak in the optical conductivity at å 25,000 cm-1 or å 3.1 eV 

at room temperature can be associated with the „ „ᶻ transition, which corresponds to 

the disassociation of molecular dimers. The width of the peak indicates a wide energy 

band of available states. Establishing this transition, allows us to identify the existence of 

dimers throughout the measured temperature range.  At T > Tc  the mean distance 

between Ru-Ru dimers increases, which reduces the average overlap of the „ bonds, thus 

reducing the „ᴼ„ẘ transition energy as seen by the red shift in this optical transition in 

the optical conductivity data (Fig. 4.5a) as well as the reflectance data (Fig. 4.2d). We 

would not expect the eg bands to shift by a significant amount, since their splitting from 

the t2g band arises from the crystal field splitting Ὁ  which is governed by the robust 

RuO6 octahedra. Therefore, we can conclude that the observed redshift in the „ᴼ„ẘ 

conductivity peak does not arise from optical transitions to the eg states. It is important to 

note that we also observe this feature in the electronic structure at T = 600 K, indicating 

the survival of dimers. This behavior is contrary to what we see in the phonon region, 

where the number of modes has decreased indicating on average the Ru-Ru dimers have 

vanished. The persistence of dimers for temperatures Ó 500 K despite the structural 

transition to a higher symmetry phase is explained by temporal fluctuations of the dimers 

indicating the existence of a VBL phase. 
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For T=300 K, we can identify an optical band gap with a value of å110 meV. This 

bandgap comes from the Eg parameter in our lowest energy Tauc-Lorentz oscillator. The 

presence of a narrow gap is expected and has been shown previously through DFT theory 

calculations [63,67]. All of the Tauc-Lorentz oscillators in the mid- and near- infrared are 

gapped below the transition temperature. The gap parameter of these oscillators decreases 

as the temperature is increased, and for T Ó 500 K our data shows the optical band gap 

Figure 4.6: (a)-(c) Molecular bonding picture of Ru dimers. Local coordinates are displayed for each 

bonding arrangement, where the x and y-axes are directed from Ru to O ions. Open circles represent 

ruthenium ions, filled circles represent oxygen ligands, and dotted lines are the edges of RuO6 

octahedra.  Double sided arrows represent orbital hopping between neighboring sites. Also not 

presented are all the out of phase anti-bonding arrangements („ᶻȟ“ᶻȟ‏ᶻ , or hopping pathways to 

oxygen ligands.   (a) The edge sharing nature of the RuO6 octahedra is such, that the in-plane orbitals 

(dxy) of neighboring Ru ions have a large overlap and form „ molecular bonds. (b)-(c) Bonds of “ and ‏ 
symmetry can be constructed by suitable superposition of dxz/yz orbitals. (d)-(e) Electronic contribution 

to optical conductivity at T=300 K and T=600 K respectively. Black lines indicate total electronic 

contribution, red dashed line are dimer interband transition, blue dashed lines are non dimer electron 

interband transitions and green dashed lines are intraband transitions. Results are plotted log-log to 

highlight the low frequency contribution to the optical conductivity. 
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vanishes. The gap vanishes only for the oscillators in the mid- and near- infrared 

(electrons in “,‏,‏ᶻ bonds).  

To illustrate the closing of band gaps, plotted in figure 4.6d-e is the electronic 

contribution (Tauc-Lorentz, Drude-Lorentz oscillators) to the optical conductivity for 

T=300 K and T= 600 K respectively.  The room temperature contribution has distinct 

features in the mid- and near-infrared, which are ascribed to transitions from electrons in 

the “ȟ‏ȟ‏ᶻ bonds and oxygen ligands to higher energy states. Below an energy å110 

meV, these transitions have zero contribution to the low energy optical conductivity. 

Whereas the high energy contribution at room temperature is dominated by the „ „ᶻ 

transition. Above the transition, at 600 K, the transitions broaden and shift to lower 

energy. The gaps close for the mid- near-infrared oscillators. Although their low energy 

contribution to the optical conductivity is small, with their collective contribution being 

„  ’ ρππ ὧά  2.8 ɱ ÃÍ , as compared to the optical conductivity when 

including the Drude contribution of „  ’ ρππ ὧά å 49 ɱ ÃÍ . The „ „ᶻ 

transition still has a sizeable bandgap in the high temperature phase (å 1.3 eV), indicating 

these electrons are still firmly in the molecular orbital picture. For T Ó 500 K, further 

evidence of the gap closing can be clearly seen by the large increase in the far-infrared 

reflectance for frequencies ’ < 400 cm-1, and disappearance of interference fringes. The 

large increase in reflectance is also seen in the optical conductivity (figure 4.5(a)), which 

indicates a large increase in intraband carriers that have to be modeled with a Drude 

feature. Overall these changes in electronic behavior, signify an insulator-to-metal 

transition for the electrons in the dxz and dyz orbitals. The closing of the band gap can be 

explained by the breaking of  “ and ‏ bonds, which results in delocalized electrons. Since 
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the electrons from the broken “ and ‏ bonds are not gapped, yet molecular „ bonds still 

persist locally, the system exhibits orbital selective behavior [69]. It is interesting that the 

isoelectronic sister compound, Na2RuO3 , is proposed to be a correlated metal at room 

temperature [77].  Na2RuO3 lacks dimerization, which suggests the importance that Li 

has on both the structure and transport properties in LRO.  

 As the temperature is elevated, „ across the whole energy range increases. This 

behavior is different from the thermal broadening of the interband transitions observed at 

400 K. We suspect that thermally activated „ bond hopping is responsible. A similar 

dimer hopping model was proposed by  [78] and used to describe transport properties in 

the intermediate phase of Ti4O7 single crystals [79].  In this model, the single electron 

spectra can be gapped while a continuum of strongly localized two-electron (bipolaronic) 

and two-hole states exists down to zero energy [78]. As the temperature is increased, 

thermal activation (0.18 eV or å 1450 cm-1) of these bipolaronic states allows hoppingôs 

across a perceived mobility gap to neighboring sites[ [79]]. The hopping represents a 

transfer of bipolaronic states from low to high energy as the temperature is increased. 

Since these bipolaronic states exist on the continuum, a broad increase in „ at higher 

energy is expected. An activation energy has been observed in LRO (å 0.15 eV or å1200 

cm-1) in the high temperature state via dc transport measurements [65,66]. Although this 

activation energy has been ascribed to a bandgap, we suspect that it represents thermally 

activated hopping processes. 
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4.5: Conclusions 

 

 To conclude, we have obtained temperature dependent, broadband infrared and 

optical reflectance spectra on single crystals of Li2RuO3 (LRO). Through analysis of the 

reflectance data, we extracted the complex dielectric function and the optical conductivity 

across the phase transition from a valence bond crystal to a valence bond liquid. From our 

results we are able to observe the expected structural and electronic phase transition in 

the vicinity of Tc å 500 K. The number of phonon modes clearly decreases above the 

structural transition, indicating a transformation to a more symmetric crystal structure. 

Even below the expected transition temperature, thermally-induced changes to the 

electronic properties begin to modify our measured reflectance spectra. In the high 

temperature phase, the optical conductivity spectra support the picture of a valence bond 

liquid phase originally proposed [64]. Additionally, we report direct evidence for orbital-

selective metallicity in the high-temperature valence bond liquid phase. The optical band 

gap closes for electrons not part of dimerized pairs, while the dimerized electrons are still 

gapped locally.  This valence bond liquid state is therefore a metal-insulator hybrid, with 

thermally activated dimer hopping coexisting with orbital-selective metallicity. 
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Chapter 5: Existence of Domains in LRO 

 

5.1: Visible Polarized Microscopy 

 

   Crystals with low symmetry such as monoclinic or orthorhombic can support 

twin domains [80,81]. Twins can arise when the crystal structure has less symmetry than 

the lattice point group which is likely for low symmetry crystal structures. A possible 

twin in a monoclinic crystal with a ὧ and ‍ͯ  ρςπЈ is a threefold symmetry about the b-

axis which forms a three component pseudo merohedral twin [82]. Where ‍ is the angle 

between the a and c axes. Our LRO crystals satisfies these conditions of pseudo 

merohedral twins so it would not be surprising if these twin domains were present in our 

crystals. To explore this, we performed polarized visible microscopy on freshly cleaved 

crystals.  

 Polarized microscopy is a common tool to identify domains [83], since visible 

microscopy can achieve high resolution (~ 100 nmôs) and bright visible illumination is 

readily available. Although the probing frequencies are at much higher energies (~1.5 eV 

ï ~ 3.3 eV) than the infrared so any contrast would highlight differences in the electronic 

structure presented in chapter 4. Visible microscopy was performed in the Applied 

Research Center (ARC) at the William & Mary. The high resolution digital-video 

microscopy (HIROX) system was used with dark-field illumination. Two visible 

polarizers were used, with one adjustable polarizer being before illumination and another 

fixed polarizer after surface reflection. After cleaving, the surfaces are rough, which is 
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the result of the cleavage plane not being parallel to the sample surface. Therefore, when 

the crystal is cleaved only some of the top surface is lifted off, and this process results in 

a non-uniform surface. Additionally, any sections of the crystal which did not cleave, 

contained residual adhesive from the tape used to cleave the crystal. Zoomed in polarized 

images of freshly cleaved LRO crystals are displayed in figure 5.1. 

 The contrast that can be seen in the smooth sections of the polarized images is 

what appears to be domains with spatial extents ~ 10 ʈÍ. For all polarization states the 

contrast is represented and was repeatable between different crystals. The domain 

boundaries that were observed do not have rectilinear boundaries and also seem to have a 

random distribution. Their existence or possible origin has not been reported in the 

literature. In fact single crystal growth of LRO that undergoes the high temperature phase 

transition has only recently been grown [84], and thus has not been fully characterized. 

Therefore, the origin of domains at present is unknown in LRO. As pointed out in chapter 

Figure 5.1: Polarized visible microscopy on LRO crystal. From left to right, 

the visible polarizers described in the text are becoming more cross polarized. 

Present for every image is contrast, which is evidence of domains. Similar 

contrast was observed on different portions of the crystal, and other crystals. 
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4 lithium plays a crucial role in forming the VBC state at room temperature. The sister 

compound Na2RuO3 is metallic at room temperature unlike LRO [77]. It is likely that any 

lithium depletion in LRO would change the observed properties. It has also been reported 

that stacking faults (imperfect layering) between the Li rich and honeycomb layer is 

possible in LRO [85]. Stacking faults would cause the coupling between dimers in 

adjacent layers to be different which could cause a difference in properties. We first 

chose to explore how twins in LRO would affect the optical contrast. To do so we can 

calculate the optical conductivity tensor of the untwinned pristine and twinned crystals 

and compare.  

 

5.2:Possible Crystal Twins in LRO 

 

 The optical conductivity dielectric frame of a monoclinic crystal is [73] 

                                           „

„ π „
π „ π
„ π „

                                        υȢρ 

Where the b-axis („ ) is the high symmetry axis. Equation 5.1 represents the optical 

conductivity of a pristine untwinned crystal. The dielectric frame is the frame that 

diagonalizes the real part of the dielectric function. It is not possible to simultaneously 

diagonalize both the real and imaginary parts of the dielectric tensor for a monoclinic 

crystal [73]. Since in our crystals the lattice vector [101] is perpendicular to the sample 

surface, the optical axes do not coincide with the standard lab frame coordinates. 
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Therefore, eqn 5.1 must be rotated to the standard lab frame coordinates (x,y inplane, z 

out of plane) using 

    „ Ὑ — „z Ὑz —                                            υȢς 

Where Ry(—, Ὑ —, represent the rotation matrices, for a — rotation about the b-axis. 

„ is the optical conductivity in the standard lab frame. Performing the rotation about a 

general angle —,  the optical conductivity tensor in the lab frame is given below 

„ ὧέί — „ „ ÃÏÓ—ÓÉÎ— „ ÓÉÎ— π „ „ ÃÏÓ—ÓÉÎ— „ ÃÏÓ— „ ÓÉÎ—
π „ π

„ „ ÃÏÓ—ÓÉÎ— „ ÓÉÎ— „ ÃÏÓ— π „ ÓÉÎ— „ „ ÃÏÓ—ÓÉÎ— „ ÃÏÓ—

 υȢσ 

Since there is very little out of plane polarized light in our visible microscopy, the 

dominant components that can be measured are in the xy-plane 

  „ „ ὧέί — „ „ ÃÏÓ—ÓÉÎ— „ ÓÉÎ—  (5.6) 

     „ „       (5.7) 

   „ =„ ÓÉÎ— „ „ ÃÏÓ—ÓÉÎ— „ ÃÏÓ—             υȢψ 

Therefore the total measured real optical conductivity is an average of these components 

„
„ „ „

σ

ρ

σ

ᶻ„ ὧέί — „ „ ÃÏÓ—ÓÉÎ— „ ÓÉÎ— „

„ „ ÃÏÓ—ÓÉÎ— „ ÓÉÎ— „ ÃÏÓ—  υȢω 

If we assume the cross terms are small „ „ π then 
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„  „ ὧέί — „ ÓÉÎ— „ „ ÃÏÓ—ÓÉÎ— „     (5.10) 

— can be determined (—ͯ ςψ by the angle between the a & c axes (‍ ρςτ [67] 

and the orientation of the lattice vector [101] relative to the surface. Plugging in —

ςψ into eqn 5.10, the probed conductivity for our pristine untwinned is then  

   „ πȢσσ„ πȢφχ„ „     (5.11) 

Therefore the optical conductivity measured has a contribution from all of the 

components, although the largest contribution is from the in-plane (ab plane) 

conductivity. As mentioned, the crystal structure in LRO could fulfill the requirements 

for a pseudo merohedral twin, since the a and c axis lattice constants are similar a ὧ 

(within ~15 %) and ‍ͯ  ρςτЈ  [67].  The rotation matrices for these twins, are given by 

below [82] 

π π ρ
π ρ π
ρ π ρ

  (5.12)   or     
ρ π ρ
π ρ π
ρ π π

  (5.13) 

Where eqn 5.12 & 5.13 are for clockwise and counterclockwise rotations respectively. 

We can apply a clockwise rotation (eqn 5.12) to the optical conductivity tensor in eqn 

5.3, and calculate the measured optical conductivity as eqn 5.11 was calculated. The 

difference will determine whether this type of twin is observable. Performing the rotation 

on eqn 5.3, and assuming the cross terms are ~ 0 and plugging in — ςψ , has an 

optical conductivity below  

 „

πȢφυ„ πȢσυ„ π πȢτσ„ πȢτσ„
π „ π

πȢυφ„ πȢυφ„ π πȢφυ„ πȢσυ„
    (5.14) 
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Averaging the first two columns in equation 5.14, the optical conductivity of a potential 

twin domain is  

   „ ρȢςρ„ πȢςρ„ „     (5.15) 

Comparing eqn 5.11 and 5.15, we see large relative difference in the measured 

components. Therefore, it is possible that the observed contrast is the result of twinning. 

However, these domains do not look like twins seen in crystals where twins form with 

more rectilinear boundaries. To elucidate infrared properties of these domains, we 

performed near-field imaging and broadband S-SNIM (as outlined in chapter 2).  

 

5.3: S-SNIM of LRO Domains 

 

 Domains were first identified via polarized microscopy, and then near-field 

imaging was performed over these exacts areas. We used a nano FTIR AFM tip (more 

discussion in chapter 6) which has a radius of curvature of ~60 nm, with a CO2 laser 

illumination at a wavelength of 10.3 ʈÍ. The radius of curvature sets the spatial 

resolution of each pixel measured. For detection we used a liquid nitrogen cooled MCT 

with ZnSe window. Amplitude and phase images were produced at higher harmonics of 

the tips tapping frequency for background removal (n=2,3,4). 

  Topography was simultaneously recorded to ensure that any optical contrast was 

not related to topographic features present on the sample surface. Visible polarized, 
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topographic, and near-field amplitude/phase (n=3) images of the domains in LRO are 

displayed in figure 5.2a-d respectively. The contrast occurs at the same boundary as the 

polarized microscopy images, over a relatively flat section. We can therefore remove the 

possibility of a topography induced contrast. At the CO2 wavelength we are above the 

bandgap of LRO (~ 800 cm-1) [86] which suggests this contrast is in part related to 

electronic structure. For more spectral information about these domains, we then 

performed broadband near-field scans on either side of the domain boundary. These 

spectra were taken using the laser sustained plasma source used in ref [24]. The laser 

sustained source employed a ZnSe window which has a low frequency cutoff of ~ 500 

cm-1. The window on the plasma source set the lowest detectable frequency in our scans. 

The same AFM tip was used (NanoFTIR), and spectra was measured using a liquid 

nitrogen cooled MCT with a KBr window. Broadband amplitude and phase spectra and 

are shown in figure 5.2e-f.  

 In the broadband spectra present in figure 5.2e-f, we can see a large difference in 

the low frequency amplitude spectra for the two domains. Also at higher frequency, 

positions 1 & 3 have an overall higher amplitude. The phase has smaller differences, but 

we see on average that spots 2 & 4 have higher phase at low frequencies.  To analyze the 

data from figures 5.2c-f, in a physically consistent way requires a modeling methodology, 

which does not make the simplifications made in the point dipole and finite dipole 

models presented in section 2.6. We therefore set out to develop a numerical 

methodology for analyzing S-SNIM. The next chapter will motivate S-SNIM and why 

better models are needed for analyzing data. We will then describe our developed model 

and present experimental and model results on a number of different physical systems. 
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Finally, the LRO contrast will be discussed through the lens of the developed 

methodology.  

 

 

 

 

 

Figure 5.2: (a) Visible polarized microscopy, circled is the region where S-SNIM imaging and 

spectroscopy were performed. (b) Topography of LRO crystal within circled region in (a). On either 

side of feature, the topography is flat. The circles indicated spots where broadband measurements 

were performed in (e)-(f). (c-d) n=3 demodulated amplitude and phase, at  ɚ= 10.3 Õm respectively. 

Clear contrast in both the amplitude and phase images. (e-f) n=2 demodulated amplitude and phase 

respectively, at the positions indicated in (b). The single line contrast in (c)-(d) is also seen in the 

spectra, with a large difference in the low frequency Ru-O feature. (f) The gray boxed region is 

where there is insufficient experimental signal to resolve the phase accurately.  
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Chapter 6: Universal numerical modeling in S-

SNIM 

 

6.1:Introduction 

 

Nano optics is fast emerging as a fundamental tool to probe and manipulate physics at 

the nanoscale [4,87,88]. Scattering type scanning near-field infrared microscopy (S-

SNIM), can access these lengths scales through the interaction between an illuminated 

AFM tip and sample of interest. Backscattered fields provide information about the local 

interaction between the tip apex (~20 nm) and sample. The spatial sensitivity in S-SNIM 

is independent of the incident wavelength, and only depends on the tip apex. In this 

unique way, S-SNIM can circumvent the diffraction limit, to provide a powerful lens in 

studying nano-scale phenomena at wavelengths not possible with classical imaging 

techniques.  

 S-SNIM has been instrumental in the study of numerous novel materials including 

but not limited to polaritonic resonances [89], nanowires [90], nanoantennaôs [91], 2D 

materials [92], and quantum dots [93].  Fully unpacking the complicated backscattered 

fields to unravel the local optical properties is a difficult task. This is especially true when 

the tip is in the presence of novel media and complex geometries. Several methodologies 

have been developed and are used to describe the tip-sample interaction to predict the 

observable scattered near-field amplitude and phase measured in S-SNIM. All together 
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these models can be categorized into three major groups, analytical, quasi analytical, and 

numerical.  

Analytical models rely on geometrical simplifications to the tip-sample system, such 

as reducing the tip to either a sphere or ellipse [28,94]. These approaches are fast since 

they can represent the scattered fields as closed form solutions but have more limited 

application due to their underlying assumptions. Any combination of strong surface 

modes, multilayers, nanostructures, or an anisotropic dielectric function, therefore, 

becomes very difficult to accommodate within these approaches. Improvements can be 

gained in using quasianalytic models, which have numerically computed quantities which 

fit into an analytical framework [95,96] However, they also do not have universal 

application.  More recent modeling research has been focused on using purely numerical 

methods to match experimental data, since these approaches can in principle 

accommodate any experimental situation [10,97,98] .  Numerous additional studies have 

also used numerical methods to study additional features of S-SNIM such as probe 

geometries [99ï101], sharp material boundaries  [102,103], local field 

distributions  [104ï106] or scattering efficiencies  [107]. In practice getting numerical 

results that directly agree with experiment has been difficult, especially in novel systems. 

An important bottleneck is that large computing requirements are necessary for realistic 

probe and sample geometries, and which can be essential to include for a complete 

description of experimental studies. This problem only gets amplified further when 

broadband simulations are considered. For numerical approaches to become the universal 

modeling methodology for S-SNIM, repeated success in describing many different novel 

systems is necessary.  
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 In the following sections we will describe our work on developing numerical 

models and their use to describe multiple experimental systems. 

6.2: Surface Phonon Polaritons 

  

 Strongly confined electromagnetic fields can couple to collective excitations in 

materials, such as phonons and plasmons to form polaritons. Polariton wavelengths can be 

much shorter than the polariton-exciting photon wavelengths. In this way, polaritons are 

able to confine light to subwavelength regions  [27,108]. The ability to control and 

manipulate electromagnetic energy at the nanometer length scale has the potential for many 

applications such as photonic computation, nano-imaging devices, and electronic 

miniaturization  [109ï111]. In metals and semimetals, coupling to free charge carriers 

produces plasmon-polaritons. For metals the coupling occurs generally in the near-infrared 

or visible spectral regions whereas the semimetal graphene has been shown to exhibit a 

plasmon resonance that can tune through the mid- and far-infrared [27,87,108]. The 

challenge facing plasmonic applications is the high energy loss which limits plasmon-

polariton lifetimes and weakens their resonance [112]. In contrast, a low-loss polariton can 

form in the infrared Reststrahlen band (‐1 < 0) of polar dielectrics. In this spectral window, 

polar dielectrics exhibit high reflectance and low loss which leads to the coupling of 

electromagnetic fields to phonons at the surface, to form surface phonon-polaritons 

(SPhPs). SPhPs provide an attractive alternative to high-loss plasmon-polaritons. In the 

mid-infrared (  500 cm-1 to 4000 cm-1), materials such as silicon carbide and boron nitride 

exhibit SPhP resonances that have been studied with near-field methods [88,89,113] . 

However, up to this point, SPhPs in the far-infrared (Ṃ 500 cm-1) have been less explored 
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with near-field methods due to the lack of readily available light sources and 

detectors [112] .   

 Traditional infrared spectroscopy is constrained by the Abbe diffraction limit to a 

minimum attainable spatial resolution of approximately half a wavelength (ɚ/2). In the 

infrared regime, spatial resolution is thus severely limited by the probing wavelength. 

Near-field infrared microscopy and spectroscopy allows for circumvention of the 

diffraction limit and provides a non-destructive method of nanometer-scale spatial 

resolution across the entire visible and infrared spectrum [114,115]. Scattering-type 

scanning near-field infrared microscopy (s-SNIM) employs radiation scattered by the 

scanning probe tip of an atomic force microscope (AFM). Strong near fields are induced 

at the tip apex and interact with a sample underneath. The tip scatters radiation following 

this near-field interaction with the sample, and a detector measures the scattered radiation 

in the far-field. The AFM tip is used in tapping mode to separate the near-field interaction 

from background contributions [94]. With this technique, nanometer scale optical 

properties can be studied with spatial resolution that is only limited by the radius of 

curvature of the tip apex [4,116ï121] . As a result of the high field confinement, the tip can 

provide the necessary momentum to resonantly excite SPhPs in dielectrics [121] . 

 Extracting useful information from near-field infrared experimental data in 

materials with strong SPhP resonances requires numerical modeling because in this case 

the near-field infrared interaction between the tip and sample is too complicated to be 

solved with a closed-form solution.  This is due in part to the vastly different length scales 

in the problem and the role of the probe shaft on the enhancement of the near-field signal. 

In the past, simplifying approximations have been made in order to make the problem 
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tractable. These involve substituting the probe geometry for an approximate equivalent 

(either a sphere or an ellipsoid). Here we demonstrate a novel numerical technique to 

accurately simulate near-field amplitude and phase contrast for the probe-sample system 

that accounts for detailed probe geometry. Our numerical method is indispensable when a 

strong coupling between probe and sample exists [95] . This coupling can affect both the 

spectral position and amplitude of the observed electromagnetic resonances. We have 

verified the accuracy of our numerical technique versus experimental data on the SPhP 

resonances present in amorphous SiO2, SixNy, and single crystal SrTiO3 (STO). In STO, we 

discover a strong SPhP resonant mode at incident wavelength ~ 24 ʈm, in addition to a 

weaker one at ~ 15 ʈm that has been reported in previous works [23,122ï124] . We were 

able to observe the strong SPhP resonant mode at low infrared frequency with the use of 

the ultra-broadband, table-top argon plasma light source developed in-house and by 

employing a wide-band Mercury Cadmium Telluride (MCT) photoconductive detector. 

The plasma light source and MCT combination along with a KRS-5 beamsplitter allows us 

to explore near-field spectra down to 400 cm-1 frequency (25 ʈÍ wavelength). 

 

6.3: Simulation Methods. 

 

Here we introduce a full-wave numerical simulation that considers the probe in sufficient 

geometric detail to explain the experimental data quantitatively. Our numerical approach 

in this work provides an alternative modeling method to the analytical and quasi-analytical 

methods discussed above. Our numerical approach does not rely on adjustable, 

phenomenological parameters, and can be used to model a variety of near-field infrared 
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data sets in different experimental conditions. Previous numerical studies did not exploit 

their full capabilities  [97,125ï127] as they used truncated shaft lengths in the assumed 

probe geometries to reduce computational complexity. The shaft length which is ~ 15 µm 

for commonly available commercial AFM probes becomes a critical parameter in the 

quantitative simulation of mid- and far-infrared s-SNIM of SPhP resonances because the 

shaft length is similar to the incident wavelengths. Using the correct length and shape of 

the shaft was essential to obtain accurate numerical results in our spectral range of interest 

(400 - 1200 cm-1).  

The simulations were performed with FEKO, a proprietary computational 

electromagnetic solver for arbitrary bodies. It has an embedded Computer Aided Design 

(CAD) modeling interface and allows for the importing of externally generated 

models  [128]. With this capability we generated an accurate model of our AFM probes. 

Figure 6.1.  a) SEM image of the entire AFM nano-FTIR probe consisting of tip, shaft, and 

cantilever. b) Higher resolution SEM image of the nanoFTIR tip apex. c) High resolution SEM 

image of Arrow tip whose apex has a smaller radius of curvature compared to nanoFTIR tip. 

d) Tetrahedral shaft with full angle ‪ ͯ φπЈ based on the SEM images which is used in both 

probe models. The tip apex within the red circle is shown in panels (e) and (f).  (e) Geometry 

of the nanoFTIR tip apex with radius of curvature a ~ 60 nm. f) Geometry of the Arrow tip apex 

with radius of curvature a ~ 25 nm. 
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Our experimental probes are ~15 µm tall tetrahedral shafts from tip apex to the cantilever 

arm and have an approximate front and side full angle of ‪~60ę.  To properly include the 

curvature at the tip apex, we obtained Scanning Electron Microscopy (SEM) images of the 

probe and extracted a 2-D outline of the apex from our SEM images. It extends 

approximately 150 nm up the tip length. A circular sweep of the outline was performed to 

generate a three dimensional point cloud. This was fit to a Non Uniform Rational B-Spline 

(NURBS) to form a closed surface. This was then connected smoothly to our tetrahedron 

with additional NURBS surfaces.  Altogether, the geometric model is a detailed replica of 

the shaft and tip of our probe. The cantilever has been omitted from the geometric model 

Figure 6.2. a) A schematic representation of the simulation showing the meshed AFM nanoFTIR 

probe, the sample, and the incident and scattered electromagnetic fields. The sampleôs dielectric 

function has real and imaginary parts e1 and e2 respectively. A fine mesh was used near the tip 

apex and a coarse one far from it. The total number of meshing elements on the tip displayed was 

~5000. b) Front side schematic of the AFM probe near the tip apex over an infinite Au sample and 

the computed electric field distribution. The probe shown in panels a-b is meshed as it was in 

simulations presented in this work. c) Plot of the computed electric field distribution as a function 

of x-y spatial position at a fixed z position of 1 nm over an infinite Au sample with the probe at a 

height of 10 nm above the sample. The electric field is computed at a frequency of ~438 cm-1.  
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because it has limited influence on the simulated tip-sample near-field interaction. We 

generated two models both with the same tetrahedral shaft, but with different tip apex radii. 

We took SEM images for each probe modeled: one is a Neaspec nanoFTIR probe with tip 

apex radius ~60 nm and the other is an Arrow NCPt probe with tip apex radius ~25 nm. 

From our SEM images we found that the same tetrahedron could be used for both models 

which are displayed in figure 6.1. The commercially available AFM tips generally used in 

experiments are composed of silicon coated with a thin metallic layer. To reduce 

computational complexity in our numerical simulations, we assumed the tip is a perfect 

electrical conductor (PEC). We demonstrate later in the paper that using a PEC tip gives 

nearly identical results when compared to simulations with a metal-coated silicon tip.    

The simulation methods used were the method of moments (MoM) and surface 

equivalence principle (SEP) coupled with a half-planar/multilayered Greenôs function. The 

MoM is well suited for solving radiation and scattering problems  [129]. Only the 

scattererôs surface is meshed which greatly reduces the computation time as compared to 

Finite Difference Time Domain (FDTD) or Finite Element Method (FEM) solvers which 

have volumetric meshes. The total induced current and charge is represented by these 

surface mesh sites which determine the scattered field [130ï132] . As compared to FDTD 

method, the MoM employs a curvilinear mesh which allows for minimal but accurate 

meshing of curved surfaces. Application of the MoM also allows the use of a planar or 

multilayered Greenôs function which is an accurate and efficient approach to computing 

near-field contrast of bulk isotropic materials.  Using the FDTD or FEM methods would 

require simulating a finite sized substrate and absorbing boundary conditions which greatly 

increases the computational complexity [132]. In the limit of an infinitesimal mesh size, 
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the MoM provides an exact solution to the full wave equation. The mesh size can be chosen 

to be both accurate and efficient.  

In our simulations, we employed the probe geometries described earlier in this paper 

above a half-planar sample. A plane wave is incident at 45 =הę, ʃ= 60ę and extends 

throughout the solution space which is a 1 mm x 1 mm x 1 mm cube. The simulation setup 

is illustrated in figure 6.2. Experiments generally employ a convergent incident beam with 

an angular spread of about 20ę. Instead of a convergent beam, plane waves were used in 

the majority of the simulations in this work to reduce computational complexity. We 

demonstrate that simulations using this simplification provide a good quantitative 

description of the experimental spectra when the experimental spectra are normalized to a 

reference material like gold (Au) or silicon (Si), or when the experimental spectra are 

obtained without normalizing to a reference material. However, for simulations that 

quantitatively describe the absolute scattering amplitude measurements of Amarie and 

Keilmann [133] , it is important to include details of the incident beamôs characteristics 

and we have implemented a convergent beam with a diffraction limited spot size. 

To give an example, we have simulated the electric field distribution underneath our 

modelôs tip apex above an infinite Au substrate at a fixed height and wavelength, as a 

function of lateral position, and these results are presented in figure 6.2. The incident plane 

wave has p-polarization in the numerical simulations presented in this work, such that most 

of the electric field is along the long axis of the probe shaft. It is well established that the 

near-field enhancement comes primarily from the electric field along the long axis of the 

probe shaft  [134,135]. Our numerical simulations with p-polarized light and s-polarized 

light confirm that the demodulated s-SNIM signal is dominated by contributions from p-
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polarized light. The incident plane wave illuminates the tip-sample system and the scattered 

far-field is computed in the same direction as the incident plane wave. The scattered fields 

are simulated across a specified spectral bandwidth and with the tip at different discrete 

positions above the sample. These positions are determined by taking into account the 

tapping amplitude and frequency used in the experiments. Having simulated the scattered 

field as a function of tip position and frequency, the following parametrization is used to 

mirror the fields in time in order to make them periodic.  

    ᾀὸ ρ ὧέίɱὸ)        (6.1) 

Here ɱ  = 2“’ and ’ is the tip oscillation frequency. The incident and scattered electric 

fields have frequency dependence ’ and the scattered electric field is periodic in time due 

to the oscillating tip. Hence, one can expand the scattered electric field into a Fourier series 

     Ὁ ὸȟʉ В ὧ ’ Ὡzᶻ         (6.2) 

Employing the Fourier transform method, one can solve for the complex valued 

coefficients 

   ὧ ʉ ᷿Ὁ ὸȟʉὩ Ὠὸ       (6.3) 

Where T= 2ʌ/ɱ is the period of tip oscillation. From these coefficients one obtains the 

field amplitude sn and phase ‰n that are sampled in the far-field 

  ὧ ίὩ    ȟί ȿὧȿ ȟ   ‰ ὸὥὲ        (6.4) 

For referenced near-field amplitude and phase contrast, the simulation is performed on 

both a sample of interest and a reference material. This results in the following near-field 

contrasts   
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     Å  )     (6.5) 

Where the ratio  is the demodulated near-field amplitude contrast and ‰

‰  is the demodulated near-field phase contrast. 

Computations were done primarily on the high performance computing (HPC) center at 

the College of William and Mary. Depending on the complexity and size of a particular 

simulation, between 1 and 4 nodes of a sub-cluster containing between 8-16 cores/node 

were used. The complexity depends on the number of tip positions simulated and spectral 

bandwidth. Generally, between 6 and 20 tip positions were simulated and the bandwidths 

on the order of hundreds of   cm-1. For example, simulations on STO and Au, later presented 

in the results section, we simulated data from 300 cm-1 ï 1000 cm-1 at 12.5 cm-1 spectral 

resolution, which equates to 56 frequencies. Twelve tip positions were simulated for each 

frequency and two samples (STO and Au) were modeled, for a total of 1344 simulations. 

On a desktop computer (Dell Optiplex 9020, processor: Intel i7-4790 CPU @ 3.6 GHz (4 

cores), installed memory: 16 GB RAM), a single frequency and tip position for the model 

in this work can be completed in ~ 3 minutes. If one were to do the STO and Au simulations 

one at a time on a desktop computer, it would take ~ 67 hours or just under 3 days. 

However, with the HPC we are able to parallelize the computations which provides the 

most dramatic reduction of about a factor of 10 in the simulation times compared to a 

desktop computer.  
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6.4: SPhP Results and Discussion 

 

Since we simulated the detailed probe geometry, the computed scattered far- and near-

field signals exhibit antenna resonances [99]. These resonances correspond to charge 

oscillations of either even or odd charge symmetry at the antennaôs end  [136], and are 

plasmonic in origin, coming from the metallic layer of our AFM tip. The scattering from 

the AFM probe also has a strong angular dependence which is influenced by these antenna 

modes consistent with a previous numerical study  [107]. These aspects are further 

discussed in Appendices II.2 and II.3.   

With the spectral response of the probe model characterized, we first use our method to 

simulate the well-studied phonon-polariton resonance in amorphous SiO2 film that we 

experimentally measured in our s-SNIM setup. The sample is composed of a 100 nm layer 

of thermally grown SiO2 over a bulk Si substrate. The real and imaginary parts of the 

complex dielectric functions used to simulate SiO2 and Si are plotted in appendix II.5. The 

tapping amplitude was 70 nm and tapping frequency was 250 kHz, both fixed by 

experiment  [23]. The Arrow NCPt tip model was used for the simulation consistent with 

the AFM probe used in the experiment. As seen in figure 6.3, both the simulated data and 

point dipole model match the experimental data well. This can be attributed to the relatively 

weak SPhP in amorphous SiO2 due to high damping, such that the calculated SiO2 spectra 

when referenced to the calculated Si spectra are nearly independent of the probe 

geometry  [121].  

To further benchmark our simulation method, simulations were performed to model s-

SNIM data on SPhPs in materials with isotropic dielectric function. We used previously 
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published s-SNIM data obtained on amorphous SiO2 and amorphous SixNy by other 

groups, and s-SNIM data measured on single crystal STO in our experimental setup. The 

dielectric functions of these materials and the gold reference are plotted in Appendix II.5. 

The simulations took into account the experimental tapping amplitude and frequency of 

the AFM tip.  The numerical simulations are plotted in figure 6.4 along with the point 

dipole model calculations and the experimental data.  

A broadband spectrum of bulk amorphous SiO2 which extends down to   

~ 400 cm-1  [137] is interesting because SiO2 supports an additional SPhP mode at 

~450 cm-1. The n = 2 amplitude measured in the experiment is plotted in fig. 6.4a along 

with the simulated spectrum. Note that the experimental data in fig. 6.4a was not 

normalized to a reference material. Nevertheless, a reasonably good match is seen 

between the simulation and experiment. We next simulated the n=2 and n=3 amplitude 

and phase for s-SNIM data on another amorphous SiO2 sample  [95]. The sample 

consisted of 300 nm SiO2 on Si and the experimental data on SiO2 was referenced to Si. 

The NC-Pt tip model was used in the simulation which differed from the tip used in the 

Figure 6.3. a) The n = 2 near-field amplitude spectrum and b) phase spectrum of 100 nm thick 

SiO2 on Si normalized to the spectra of Si. The experimental data is shown along with results 

from the point dipole model and numerical FEKO simulations. 
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experiment [95] . Nevertheless, the FEKO simulation provides a reasonable description 

of the experimental data (figs. 6.4 b, c), although slightly overestimating the amplitude of 

the SPhP. The point dipole model also provides a reasonable  match to the experimental 

data  in figures 6.4a-c although it underestimates the amplitude of the SPhP resonance in 

SiO2 when referenced to Si (figs. 6.4b,c).                                                                                                                                                                                                                                                                                                                                                                                                                                               

 Next, we simulated absolute scattering efficiencies of bulk, amorphous SiO2 for the 

first time and compared to experimental absolute scattering efficiencies previously 

published by Amarie and Keilmann in Ref. [133] . The absolute scattering efficiency is 

defined as  

    „         (6.6) 

where Escat is the scattered field amplitude from the tip and Einc is the incident field 

amplitude. By modulating the tip, „  is decomposed into Fourier components as shown 

in equations 6.2-4. We employed a half-planar Greenôs function as the SiO2 sample and 

NC-Pt arrow tip model for the simulation. For computing the absolute scattering amplitude, 

it is essential to use the detailed probe geometry as well as the incident beam characteristics 

consistent with experimental conditions [133] . We used a convergent, incident beam with 

a focusing half angle of 26Ј. The spot at the focus is diffraction limited and has a size ~10 

µm (beam waist) in the spectral range 1000 cm-1 -1250  cm-1. The back-scattered field was 

calculated over the collection half-angle of 26Ј and demodulated using equations 6.2-4. 

The demodulated scattered field from the probe-sample system was then divided by the 

incident field for each wavelength following the normalization procedure used in the 

experiments. The experimental and simulated results are plotted in figure 6.4d. It is 

encouraging to see that the simulated absolute scattering amplitude for both n = 2 and n = 
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3 has the same overall shape compared to the experimental absolute scattering amplitude 

and is a good match to the experimental data in the spectral range of the SPhP resonance 

Figure 6.4. Experimental and simulated infrared near-field spectra on amorphous SiO2 

and amorphous SixNy. a) The n = 2 near-field amplitude for bulk, amorphous SiO2. The 

experimental data is taken from Ref.[137] : b-c) The n = 2, 3 near-field amplitude and 

phase of 300 nm amorphous SiO2 on Si referenced to Si. The experimental data is taken 

from Ref. [95]. d)  Absolute n = 2, 3 near-field amplitude of bulk, amorphous SiO2 . The 

experimental data is taken from Ref. [133]. e) The n = 2 near-field amplitude of 40 nm 

SixNy on Si substrate. The experimental data is taken from Ref. [138]. 
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peak. Absolute scattering has been calculated using the finite dipole model previously. The 

finite dipole model gives a good match to the experimental SPhP frequency but requires 

the use of a scaling parameter to match the experimental SPhP peak height  [133]. The 

point dipole model gives incorrect results for absolute scattering and is not considered in 

figure 6.4d.  

To further demonstrate the capabilities of our numerical method for a material other 

than amorphous SiO2, we simulated a strong SPhP resonance in amorphous SixNy. We 

compared our simulation to the experimental data from a 40 nm SixNy film reported in 

Ref.  [138]. The NC-Pt tip model was used in this case. The n=2 amplitude from the 

simulation is compared with experimental data in figure 6.4e. The experimental data is not 

referenced to a known sample like silicon or gold. Hence, the simulation is in semi-

quantitative agreement with experiment. In contrast, the point dipole model spectrum is 

redshifted from experiment. The SPhP resonance of SixNy is less damped than the SPhP 

modes in SiO2, thus the probe geometry becomes more important for modeling purposes, 

this can be seen in the dielectric function used for SixNy plotted in Appendix II.5. Note that 

the low frequency detection limit of the experimental data in figure 4e is ~ 750 cm-1. The 

detector roll-off near 750 cm-1 is most likely the cause of the discrepancy at low frequency 

in the amplitude spectrum between the experiment and the simulations.  

For a quantitative benchmark of a strongly resonant sample, we modeled our 

experimental spectra of STO referenced to gold. Figure 6.5 shows experimental amplitude 

spectra of STO taken at the second, third, and fourth harmonics with 12.5 cm-1 spectral 

resolution. As reported previously, there is a broad phonon-polariton resonance centered 

at ~ 640 cm-1 [23,122ï124] . However, our data in this paper extends to lower frequencies 
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compared to previous works. Hence, we discover a large resonant peak occurring at 425 

Figure 6.5. 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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cm-1 rising to about 4, 6, and 9 times the amplitude of the gold reference in the second, 

third, and fourth harmonic signals respectively. Since the amplitude of the resonance 

increases between harmonic order n=2 to n=4, it further indicates a near-field resonance 

arising from surface confinement of the electric field because the higher harmonic orders 

are more sensitive to the surface [139,140] .   

We have applied our simulation method to quantitatively describe the experimental 

results on STO. For this simulation, our Neaspec nanoFTIR tip model was used. The 

simulation tapping amplitude and frequency were 90 nm and 250 kHz respectively based 

on the experimental parameters. Both the Au and STO were simulated with a half-planar 

Greenôs function. Simulated near-field amplitude and phase data for STO referenced to Au 

for n = 2, 3 and 4 are plotted in figure 6.5 together with the experimental data and point 

dipole model results. For the point dipole model results, the same experimental parameters 

used in the FEKO simulation were employed. These parameters were a platinum sphere of 

radius a=60 nm, tapping amplitude A=90 nm and tapping frequency ’=250 kHz.  

Our simulated data agrees well with the measured 425 cm-1 SPhP mode in absolute height 

for n = 2. At higher demodulation orders, the peak height of this SPhP mode in the 

experimental data somewhat exceeds the peak height in the simulation. Nevertheless, our 

numerical simulations are in much better quantitative agreement with the experimental 

amplitude data compared to the point dipole model. A dip in the experimental amplitude 

spectra for n=2, 3 at ~ 610 cm-1 is not present in our numerical model. Nor is this dip 

present in the point dipole model and the finite dipole model. We provide possible reasons 

for this feature in Appendix II.4. 



99 
 

We observe that the experimental resonance position occurs at the same ὑ1 for both 

SPhPs. However, the lower lying SPhP mode (~ 425 cm-1) has a factor of four lower ὑ2, 

indicating lower damping. The SPhP resonances lead to significant structure in the phase 

spectra as well (figure 6.5). We see that the simulated phase is in good agreement with the 

experimental phase for the three demodulation orders. We also see that the point dipole 

model is inadequate for reproducing the measured phase spectra.    

 The Q factors for both SPhP modes in STO are consistent between the experimental 

and simulated spectra. The Q factor values are extracted from the SPhP modes in the nth 

demodulated near-field amplitude data. The linewidth of the giant mode centered at 425 

cm-1 frequency decreases with increasing demodulation order and there is negligibly small 

shift of the center frequency. This phenomenon has been previously reported for mid-

Figure 6.6. a) Multilayered model of the AFM probe. Blue region indicates silicon core and 

green region depicts the 50 nm thick Pt coating. b-g) Simulated n = 2, 3, 4 amplitude (first row) 

and phase (second row) of STO normalized to the spectra on gold for the multilayered tip model 

and the PEC tip model are compared to experiment. 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. 

 


