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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 Li2ZRuO3.

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 Li2ZRuO3
(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
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

1.1Introduction

Condensed matter physics is complicatalid mattetis composed of
many numbers cdtoms eachintricatelyheld in place by a multitude ofteractionslt is
not possible anavill most likely never be possible to exactiyedicthow this many
body system wilbeterministicallybehave. Althoughraazinglythe complexity can be
reduced, aneve canin factdescibe materiad based on four fundamental degrees of
freedom lattice,charge orbital, and spinThe latticedescribes how the ions in a material
can move, and charge describes the electamicionicchargein a systemOrbital
characteristics give us imfmationon wherethe charge can liveandhow materials form
bondsandspin determinesna g n e tralesnmadaterials makeupAll the degrees of
freedom, contribute directly to macroscopic properties, such as how heat conducts, or
why insulatos resist currenor why ceramics are so brittle and metals ducTiteus,
having a fundamental understanding of the degrees of freedons alioability inthe
creation of new materials with optimal characteristics. More interesting is when the
degrees of freedomalk to each otheasnd form what is known as correlat@dhighly
correlated materials. i$ within these materials thabvel phass of matter emerge
Highly correlated materials are at the forefront of materials science resatirch
potential high impact technological applicatiagh &, high temperature
superconductivityl], topologicalquantum computing?], or super ionic conductiofor
next generation energy storgd@¢. In part, the rolef condensed matter physics is to
unpackthesecomplicatedcorrelaed phenomento elucidate the underpinningstbise

novelstates of matter



We have mangxperimentatools at our disposal to probe the different degrees of
freedomin materials but pehaps thenost versatilare the many types photon
spectroscopyPhoton spectroscopyteracs an incident photon field with a sample to
measurghe materials respons&very portion of the electromagnetic spectrum can be
used to probe materiabs characteristicsrom low energyradio wave to ionizing
gamma rayswith each range targetirngarticularresponses,hotons are not classical
objects and can be used to probe quantum mechanical phendiaiiaeach photon
energy range requisespecial instrumentation to generate and measure plajtans
particular energyThe wavelengthin part determineghe length scale of interaction. For
very short wavelengthsuch as xays 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
wavelengthAlthough through micrecopy we can reduce the interaction length stale

accesgreater spatial resolution.

The infraredis highly relevant since #iheseenergies the vibrational footprints of
materials can be characterized, which directly relate to their chemical composit
Additionally, farinfrared (FIR) spectra can provide information about electron mobility
in the conduction banar in the mid to near infrared (MIR,NIR) information about
the bandgap in semiconductors. As correlations increasele range offpenomena can
be observed in the infrared such as metal to insulator transitions in Mott m#eshls
the superconducting g4], or heavy fermionic behavi¢r]. Furthermorejn many
emerging noveinaterials, the dimensions are getting smaller and thinner as compared

with t I (infrared) length scales suchia2D materiald8], hetero junction devicg9],



or sirgle crystalgd5]. If we go further tahe nanoscaleud wavelength infrared
interactions can elucidate fundamental phgysach as phase coexistefdk surface

polaritons[10], or locally resolved charge carrier concentratidrig.

Sothe question arisehpw are we to measul propertiesat length sdas
comparable to or less than our probing wavelengths? This dissertation impléamnents
and neaffield microscopic techniqueandnewnearfield analysismethodgo explore
how the IR interacts with matter at and below the diffraction lifotlowing isan

outline of the following chapters.

1.2: QOutline

This thesis is organized in the following manr@napter 2ntroduce Fourier
transform infrared spectroscopy, and then moves oeowverour far-field microscog
implemenationand couphg to an infrared spectrometéihe sub diffraction limited
techniquescatteringtype neaffield infrared microscopyS-SNIM) isthenintroduced and
discussedThecoupledinfrared microscopés thenusedin chapter 3 tewharacterize
recluse spider silkRecluse silk has a very unigoerphology (ribbon cross section),
unlike any other known silk. The recluse silk is entirely composed of nanofit2jls
which have long been suggested acrdi | i ngredient to silkos na
strength. Although to date the structure of individual nanofibrils has not been fully
characterizell3]. We performed IR micro spectroscopy on single fibers of the recluse
silk, to identify and characterize the protein secondary structures present efemialy

Raman and XRD experiments corroborate our IR resthts.analysis presented will



guide researchemn the path to identify the structupeoperty relationships in silk for the

purpose of making artificial equivalents.

In chapter 4the temperature gendent properties of 1RuQ; are explored via
micro reflectance measurements,RuQ; (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 thougihbe fundamental to the evolution of LRO properties across
the phase transition. We report temperature dependent broadband (L0R6;600 cm
1) reflectance measurements on single crystals of toRfucidate structural and transport
properties. Spefically, the phonon and electronic properties of LR investigated
through the phase transition. We report that above the transition tempeFatue00 K),
the optical band gap closes for electrons indifely; orbitals, but thely electrons remai
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 discuses spatially dependent domainghich were identified via
polarized visible microscopy and thepS-SNIM imaging and broadband experimergs
SNIM can circumvent the diffraction limit and access the nanoscale through the interaction
between an illuminated atomic force microscope tipasample of interesBackscattered
fields provide information about the local interaction between the tip apex (~20 nm) and
sample. Althoughhow best to analye S-SNIM experimental is still an open question
Thereforein chapter 6ye reporthe development afovel numerial simulations of near

field infrared nanespectroscopy that consider, for the first time, detailed tip geometry and



have no free parameters. Our resute able tomatch published spectral shapes of
amplitude and phase measurements even for stronglgamtseurface phonepolariton
(SPhP) modes. Thayerealsoused toverify published absolute scattering amplitudes for
the first time. The methods welteenextended to describe multilayers, ultrathin materials,
nanostructuresand anisotropic materialdJsing the developed analysmethod, the
observed contrast in LRO was explored and discu§dsapter 7 wraps up tliéssertation

and providesnoutlook for future work.



Chapter 2 Micro- and Nano IRspectroscopy

2.1lInterferometry for spectroscopy (FTIR)

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

characterizing materials. FTIEsesa Michelson Morley type interferometer stsownin

Stationary Mirror
I |

Split Beam

l Delayed N .

Split Beam

Light Source

Beam
Splitter . -- —
Recombined <>
Beam Moving Mirror
|

«— —

Detector

Figure2.1: Michelson Morley type interferometer in transmission
configuratiornl4].

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 figue When the electric
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fields recombine at the beesplitter their phase has been modified by the path length

traversed, which can be writtéor a monochromatic sourees[15]
0 ®»0o zA (2.1)
0 ®0o zA (2.2)

Wherea encapsulates the effect of the beam splitter resp@nsds the incident
electric field,d is the path length between the stationary and moving mix@she
retardation distance of the moving mirforis theangular frequency of the incident field
5 ¢ MBwherefis the frequency in Hand’ is thescaledfrequency (crif) orinverse
wavelength of the incident field in free spaltés most convenient toonsider a scaled
frequency ( in units of cmt,”  "(Y) wheref is the frequency in Hz armiis the speed
of light in cm/s. Throughout this dissertatiofrequency A fwavelength{(i and
photonenergy (eV) are used interchangeably. Superimposing these fields at the beam

splitter the recombined field becomes
0 ¢i0O ATVo6 ¢’ AT O » (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, eq@aien
convoluted with the sample response and is passed onto a detecting elementeSince th

detector does not measure the electric field but instead the time averaged intefjsity (|E|

the intensity of the field in equatiéh3 can be written as

OCw O p AT &' W (2.4)



Where 'O is the intensity of the field, which is a convolution of the beam path
response (beam splitter, light source, mirrors) and the sample response. Ezjdation
contains a dc component and ac comparibatlatterepresents the interferogram and is
the critical ingredient in FTIRFor a polychromatic sourcee needo considerall the

frequencies in egn 2.40 thatthe interferogram is noyl5]
Yo -Om 0 Al © ' @’ (2.5)

Where’ is the highest frequency. In experiment nveasurehe
interferogramy(x), sowe can perform a Fourier transform to frequency space and obtain

a spectrunB ('
6’ _ OCwATO® ' @M (2.6)

Where S(x) and B( are Fourier transform pairSince equatio.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 reflectanceBy 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 theéwn 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 spescopy. By multiplexing we can measure the

spectrum of a broadband incident field simultaneously, as opposed to by individual

8



frequency. Of course, complications arise from experimental limitations in measuring
equation2.5. For one, we cannot retard tim@veable mirror an infinite distance. A finite
moveable range changes the limits of integration in equatirand directlyaffects the
spectral resolution obtainablez 3@ [16]. Since we arelso truncating the
integral in equatior2.5, this results in a convolution of the integrand with a box car
function. The Fourier transform of the box functiosis ‘@’ A, where haxis the
translation distance of the reference mirror. The sinc funstrongly 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 aitrspectrum.
Additionally the phaseof the cosinen equatior2.5 can be shifted hyor examplebeam
divergence or electronic noifE5]. Taking in these example considerations, it is
therefore extrenmg 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 moveabde im figure2.1 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 desicribgerometer
in a vacuum chamber and control software OPUS. OPUS allos&rdaausetup 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 relativegly amples (~ mm).
Thisresolutionis 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



reflective microscope to our FTIR spectromdtarstudy. In the following sectionae

will motivate farfield microscopy and how the instrumentation was implemented.

2.2:Diffraction in imaging

As discussedmany materials exist 4 length scales such as single crystals,
multilayered devices, or organic complexes. To characterize tfielthproperties of
these systems, our probing light field should be reduced to at least the size of our
materials being studied. If our probing ligteld 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 suifa 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 wavel&hgtie(
geometrical ptics 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 ~ mmé¥ssof magnitude larger than infrared or visible wavelengths. As the light

field is constricteddiffractive effects limit our obtainable resolution.

To visualize diffraction, it is best to evoke the Huygénasnel principle which

states that every pdion a wavefront at any given instant serves as a source of spherical

10



secondary wavelef47]. The superposition of the ampliidnd 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

considerationsall components which are not parallel to feedor 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.rReavelengths 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 ordethefincident 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 perttierical wave.

The two most common examples of diffraction @péicaltransmission 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 eegddftraction 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]

O Omi Qe i ey (2.7
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Where| —,1  — areunitless parametersfi 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 1(0). The geometry of the
aperture is shown in figuiz2a, along with the image plane in figl22b. The 2

dimensional rectangular diffraction pattern is plotted sewpin figure 22c, along with a

cross section through the central maximum. As one of or both of the aperture dimensions
(a,b) is reduced faa given wavelength, the intensity distribution along these directions

will broaden from diffraction.

(a) Aperture (©) Horizontal Cross Section
S)
A =
b
| |
s
(b) YA
PO
< >
Z
Image
Plane

Figure2.2: (a) Rectangular aperture with horizontal length a, and vertical length b. (b) Ima

plane,

with observation point P with coordinates (Y, Z). (d)2ensional intensity pattern

calculated from equatio®.7 with coordinates from (b), along with horizonal cross section | (
Z). Minima in the diffraction pattern coincide with the zeros of sine as displayed by vertica

dashed lines. Intensity plots are on a skgiscale.
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Perhaps the more famous example of diffraction is through a circular opening

which is displayed in figurg.3. The expected intensity distribution isepcally

symmetric and given bj17]
‘O— On (2.8)
Where I(0) is the intensity at the center of the intensity distributianthe wavevectog

is the radius of the aperture (figu28a), sin{— is defined byg/Rwhereq are the
coordinates of the point P on the image plane (fig@8k) and R is the distance to point

P, and dis the Bessel function of the first kind. The intensity distribupooduces the
(c) Horizontal Cross Section

Ny

51 . . f . - T
' =

(2) Aperture

1(0,2)

6.3E-02 4.0E-03 2.5E-04 1.6E-05 1.0E-06

10

(b) vA

-

~Y

-10

Image

Plane » -10 s 0
I(Y,Z)

5 10

Figure2.3: (a)Circular aperture with radius a. (b) Imaging plane, with observation point
coordinates (Y,Z). (c)-@2imensional intensity pattern (Airy disk) calculated from equ&2i8n
with coordinates from (b), along with horizonal cross section 1(0,Z). Minmirece with the

zeros of the Bessel function Intensity plots are on a seiioig scale.
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Airy disk pattern seen in figu23c, which is the main central maxima. The Airy disk
ends where the Bessel functisriirst zerooccurswhich corresponds © @ o0& o

TL

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 emtion2.8. The most convenient definition of the minimum resolvable
sepration (diffraction limit), corresponds to the maximum of one Airy disk occurring at

the first zero of the other Airy disk, or
3 p& CQFO (2.9

Where Qs the focal length of our imaging systems the wavelength and D is the
diameter of the aperture. The diffraction limit in €9, is referred to as the Rayleigh
criterion and is displayed in figu&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

() Fully Resolved (b)  Rayleigh Criterion (©)  Unresolvable

=+ Airy Disk

Total Intensity
\/,/

[
-
-
»

X
et =N NN o - —
- -

A

2.44/1/D 1.22//D

Figure2.4: (ac) Intensity vs lateral distance (x) for two identical circular apertures (diamett
being imaged at a focal lengi®d at wavelength (a) Two Airy disks which are fully resolvable
with their maxima at a distan@0 1 ¢& TQZO. (b) Lateraldistance attte Rayleigh
criterion which defines diffraction limited resolution. The minimum resoluti@a ( is when
the maximum of each Airy disk coincides with the first zero pfvhich iswd =1.22QZF0. (c)
When the distance betweéhe Airy disk maxima is reduced below the diffraction limit, the
individual Airy discs are no longer resolvable.
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larger object (figur@.4c). The strict dependencesxi  in equatior2.9 on_, is the
reason long waslength imaging is difficult in practice. Havinliscussegthe core
limitation in microscopyye will now discuss théntegrationof an infrared microscope

into ourspectrometemvhile alsodescribing its capabilities and limitations.

2.3:Increasing farfield spatial sensitivity

To increase the spatial resolution of our FTIR we have coupled-ezflatitive
type SpectraTechto the output of our Bruker Vertex 80v spectromeléis microscope
contains aHreflective optics to steer and focus/collimtdte beam and is ideal for
broadband micr@pectroscopyThe full beam path in both transmission and reflectance
geometries is shown in figug5. Coupling requires that the output beam from the
interferometer be guided to the input of our microscopes iBhilone via transition optics
which guide and resize the beam (20 to 10
entering the microscope, a series of reflections send the beam to a focus onto an upper
aperture. The size of the aperture sets the siteeafmaging 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 dispkrsion o
metals in the infrared is nearly constant over a wide range. We could use a lage off

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

15



Upper Transmission Geometry

Aperture

(a) DETECTOR ELLIPSE (b) Y

/ ¥ X
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1sua ]
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7
w up to det.
Lower - ellipse

Aperture 1
ﬂ SIDE VIEW BACKVIEW

Incident Field Transmitted Field TTrangr_nission
1pse

Reflection Geometry

Upper REFL. ELLIPSE
Aperture
() DETECTOR
. s @] ]
/ del. \ ‘
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Objective / -
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Schwarzschild k IR from
objectlve// be;ch
/
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ellipse
IRIN
_[:/ SIDE VIEW BACKVIEW

Incident Field Reflected Field

Figure2.5: (ab) Transmission geometry of infraredcroscopy. (a) Transmissio
beam path from perspective colinear to the incident FTIR field (Side view). (t
Transmission beam path perpendicular to the incident field (Backview). (c
Reflectance geometry of infrared microscope. (c) Reflectance bearfigrath
perspective colinear to incident FTIR field (Sideview). (d) Reflectance beam
from perspective perpendicular to incident field (Backview).

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

16



present. To correct fahese 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 aberrat{@83.

The Schwarzschild objective can be used in either micro reflectance or micro
transmittance measurements as shown in figeln boh 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 detectdte spotize 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 dgpdirdl5, where d is the spot size anghddurls the

diameter of the aperture. As the wavekbnigcreases relative to the aperfudiraction

a) b)
\ /Aperture

N4 A
\_/Aperture

re N
e/

14

\ Aperture
FooN
Figure2.6: (ab) Schwarzschild objectiveetupin either reflectancéa) or transmissiorib)

geometry. The blue rays are the incident field and redaisythe fieldsfter interaction
with sample(black line).

17



will begin to influence the size of the spot more strongly. To gestimatef the spot

size we can use the knife edge method to directly measure the beam diameter along a
cross sectioifil9]. 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

figure2.7.

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 setusgmall
deviations from normal incidence. As the sample gets sufficiently thick (>é& 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 aperturer@?fgyuto be shifted
upwards. To correct for this the lower conderdgectiveneeds 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 mateal 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,thatheasured 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 indicatebatthe highest intensity portion tfie beam

is getting back through the upper aperture.
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Both our sample and reference are mounted to a custitstage which is
connected to a-tlimensional piezo stage. The pietage is mounted to a coarse
adjustment 21 manual translation stage. The séeqgmsition 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 microstopkso equipped with a visual
objective. The visual objective allows the user to set the stage at the correct height (focus
of the Schwarzschild objectiyand laterally positiothe sample tabserve thareas of
interest After the field has interactealith the sample via either transmission or

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

Spot Size 0.25 mm aperture
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Figure2.7: Knife edge measurement for a 3 mm x 0.25 mm rectangular aperture, ¢
the 0.25 mm axifor a single apertureAs the wavelength gets longer diffractive effe

begin to increase beamagt. As defined the beam waist presented is the radius of t
incident beam at its smallest radius (i.e at the focus).
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For the FIR/MIR, strong atmospheric lines( CQ) limit quantitative analysis.
To remove these lines, we must purge the entire beam path in the microscope. Since the
volume of themicroscope 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 HO andCO- from atmosphere and supplying at high flow rates. We used a
Parker Balston [gectra 15 purge gas generator which can supply a flow rate of ~ 17 Ipm.
We use an output pressure of-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 ai purge in operation is shown in figu2ea. 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
concetration in the beam path chang@&ke 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

a ( :
( ) MIR Spectrum b) MIR 100 % Line
1.0 - Atmosphere 1.04 Atmosphere
’ Purged Atmosphere DAl Purged Atmosphere
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Figure2.8: (a) Representative MIR spectrum taken in the transmission geometry,
and without purge gas. (b) 100 % line with arithaut purge gas, taken in the
transmission geometry.
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decreases which leads to an increase ofi¢éivéation from 100%T his is illustrated by

the 100 % line in figur@.8b.

2.4: Detection & Sources

The spectral range of the microscope depends critically on the detectors and
sources availableMultiple 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 photodi®. We used an Infrared Laboraies Si Bolometer for FIR
wavelengths. In this detector a blackened diamond thermal absorber is attached to an Si
detecting element. A cylindrical cavifyVinston cone)s also employed to further
increase the absorbanceiméident radiation. This detector can be us&tth our
microscope for FIR measuremertto ~ 100f I wavelengthsSince at these energies

the thermal background ssgnificant kT ~O the detector must be cooled to

liquid helium temperatures.

The narrowband semiconducting detector (MCT) alsodlmndgap on the order
of ther mal excitations ~ 1060,abemeyWwithand mus

liquid N2, to suppress background thermal excitation to the conduction GandnGaAs
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andSi photodiode do not require cooling since the band ghpmnGaAs andsilicon 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 tAelometerwe setup transition optics which guided
the output beam to thepat of the Bolometer, which was mounted on a cudboiitt
adjustable stand. For the MCT/InGaAs/Si photodiode detectordjraehsional
translation stage was adapted such that these detectors could be mounted to and translated
via the stage to maximize avap with the output beam of the microscope. Coupling

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

——MCT — InGaAs — Si Photodiode
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Figure2.9: Normalized response and overlap from detectors and sources use
far-field microscopyexperiments. Artifacts are from residuaiHor CQ
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 dectors 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 lunt@gmoton sources. For
microscopy applicationsve 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 throyglialongthe beam path and use the brightest
sources available. For broadband measurements we must use thermal sources, since no
laser sources covesuch a broad spectral rande the FIR/MIR,we have mostly
employed avater coolediC globar,jn theNIR atungsten filamentandin theVIS/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 limitdetectable 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&- ~ 300 nm) The detector and source
spectral range in our microscope ispiiyed in figure 2.9To push our spatial sensitivity
further we require a nealassical imaging technique, this can be done by utilizing the

near field ofanelectromagnetic scatterer

2.5: Sub Diffraction limited imaging (SSNIM)
As discussedhr-field optics are limited in their achievable spatial sensitivities by
the diffraction limit For infrared wavelengths, this places a firm resolution classical limit

of ~A [8But there are many materials with interesting infrared physics angtron
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length scales, such as nano and microstructuréseterogenous compounds or

materials which exhibit phase coexistence. If we were to udeefdmicroscoe

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

would bean average over these large areas (< )yand thé &and nm scale contrast

would be lost in the average.

To circumvent diffraction we can escattering type scanning neald infrared

microscopy/spectroscopy{SNIM) which isshown in figure2.10 [20]. S SNIM couples

cantilever probe

scattered light incident beam

Infrared detector

Figure2.10: lllustration of the basic concept of SNIM experiment. Incident field
illuminates AFM probe which interacts and scatters lights containing local mat
informationthat depends on its optical constafmsks) [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 sha
strong electric fields are induced via the lightning rod effect at the tip apexrésults

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

with charges in the sample of interest. Thestynple interaction reorganizes the probe

charges, which scatter photons back into thdiédd. We can cokct 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 resotutepresents orders of magnitude

improvemenbverclassical faffield imaging techniques.

With the abovedescribed configuration, background interactions with the
incident field dominte the backscattered signaBackgroundcould include scattering
pro@essds that occur farther up the probe, s
multiple interactions with the sample before scattering into thieflak Since the area of
relevant scattering (400 rfiris significantly smaller than the total spot sifehe
incident field (~_ ), irrelevant scattering will domitathe measured signal. We
therefore need a way to isolate thedgmple interaction from these background
processes. This can be partly achieved if we operate the tip in tapping mods. This i
becausehe tipsample interaction is highly ndmearsinceas itoccusin the neaifield
where higher order terms of the multipole expansion cannot be neglected. In contrast, the
background field are relatively independent of thesample interaatin, andthey will
only be weakly modulated by the AFM tip tappi2d.]. When the tip tapghe scattered

fields arearemodulated at the resonance fueqcy of the cantileven{ so that they
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form a Fourier series with terms at integer multiples of the tapping frequency. Resonan

tappingf r equenci es

ar e

typically

o nterinshiretheor d e r

Fourier seriesghe background tersnbecome vanishingly small ancedominated by tip

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

chapter 6.

The measured nedield signal is quite low since it comes from the scattering

from a near point particle. The signal can be boosted by employingeai®iometric

scheme shown in figur211[21]. This can be illustrated by superimposing the electric

fields from the reference and sample arm seen by the detector

,~~ Common light sources
e
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Laser-driven
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High harmonic [ 2
generation

\ Synchrotron
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Michelson interferometer
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(2.10)

Atomic force

microscope (AFM)

Figure2.11: Typical SSNIM interferometric setup. Incident field comes from either
monochromatic source for imaging or broadband sources provided in the kguee taken

from ref21]
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Where ko is the total electric field, & is the electric field from the reference anfir is
the electric field from the thgample interaction andygs the electric field from the

scattering background. The detector measures intensitiie squarefoeqn2.10

z

O O s O O O © O © ¢Pp
All the terms which do not contaim&lisappeasince we are demodulating aack only
concerned with highesrderharmonic termgn >1), so eqr2.11 simplifies to
DL s O 0OTF TOo 0T OCTOo P C
If we expand k&, and kgin terms of their Fourier series
0O B &Q (2.13)
(] B w Q (2.19)

Wherec," , c,?9 are the nth complex Fourier coefficients of the Fourier series given in
egns 2.13-2.14) and is the angular frequency of the tapping(tip ¢“ m . Since the
background is weakly modulated, we can considesz®I 0 for n  p. Additionally
since Er << Erer,Eng We can neglect then term in eqn (2), leaving us with a detected

signal of
D s 0 dy T Oy 00 TR0, P U

Wheren 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 Eeris large, we get a large signal boost from the reference beam on theddetecte

demodulated signal which allows usactuallymeasure the higher harmonics.
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It is possible to remove the multiplicative background from2i, by
employing a pseudo heterodyne detection scheme which modulates the reference beam.
By modulating the ference beam, sidebands appear in the spectrom & 0where M
is the modulation frequency (M 9% of the reference beam as seen in figuie [22].
If we detect the signal at either the first or second sideband (M, 2M) frequency it has
been shown that a pure nded signal can be measured free of the multiplicative
background22]. This background suppression method is limited to monochromatic light

sources, so it is used fartifact free neafield imaging.

Since SSNIM uses a Michelson Morley type interferometee can also couple
in a broadband beam and perform napectroscopy. This relies on having a high
luminance broadband source. Our lab has employed both a d@B8kand laser
sustained24] plasma source for broadband nano spectroscopy. The laser sustained
source was used to obtain data presenteditatdrapters 5 & 6We will close out the
chapter by briefly discussingualitativemodeling of SSNIM which is thebasis for the

work in chapter 6.

20-1 20+1M
2Q0-2 ( 0Q+2M
2Q-3M 20+3M
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0

Figure2.12: Result of modulating reference mirror in fig@rgl. The measured signal pick
up sides bands which correspond to sum and differences of the demodulation frequent
By detecting at the side bantetmultiplicative background is completely removed from €
2.15. Figure taken from rg22).
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2.6: Qualitative scattering phenomenon in-SNIM

Modeling of the neafield interaction has previously been accomplished with a
simplification of the AFM probe geometry in which the probe is replaced with a sphere at
t he t i [R29.9n the plecttostatic approximati@< < inc,aherea 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 araic form. The scattered fielescais proportional to the

effective polarizability

o & p i | % (2.16)
(2.17)
where| 1“0 —,1 —,1 isthe Fresnel reflection coefficient of the sample for

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

Note that is the polarizability of an isolated sphere with complex dielectric functipn

and b is the response functi on o0fSintethe mat e
nearfield component of the scattered field is FAorear in the gap distancg one can

separate the nedield contribution to the scattered radiation from the background
contributions by modulating the gap distarj@®]. Demodulation at multiples of the probe
modulation frequency provides the ndi@id amplitude and phase. A resonance condition

can come from the sample and the sphere. When1 |, it forces the res
to a maximum and generatesample resonance. Candidate materials that have regions of
negativel] are metals/semimetals near their plasma resonance or polar dielectrics near the

optical phonons. Polar dielectrics exhibit mdiieé properties in regions called
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Reststrahlen bands ithe 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 surfac phonon pol aritons (SPhP&s). Furthe
be presented in chapter 6.

Quialitatively 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 chargehaetample 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 interactiadhasencoding of nedreld information
which is backscattered into the fieeld.

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

be calculated as explicitly §38]

cO a&'y I Y O i1 10
wn, Y _TQ0D 0 T0 oY
YO0z : %) G ] f_U - oY T"O] = QD P Y
Y T0 cO Y

Where R is the radius of the of the ellipsoid, L is the lengtis, the material response
function, H is the tippample distance, and g is a unitless parameter. We can immediately
identify the increase in complexity over equatibh7, and the introduabin of parameters
(L,g9) which are not physically present in the experiment. These parameters have loose
constraints but are largely tunable and thus allow for the fitting offreddidata. Although

tunable parameters become an issue when solution unggpueeonsidered. To date
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equation2.17, is the best closed form solution presented in the literatueloes wellat
reproduing the behavior ofsotropic bulk samples. Improvemeraser equation2.16
requires introdution of more complicatenethods whih are presented ichapte6. Further

discussion of the finite dipole model in the context of fitting is discussag@pendix 111.

2.7: Outlook on Subsequent Changes
Having described the instrumentation to increase spatial resolution in infrared
measurements in this chapter, the following chapters implement theldaiechniques
discussedo study a heterogenous organic polymesingle strandpider silk andh
highly correlated system in single crystabRuQs. The development of-SNIM
numerical analysis methods are then presented in the context of studying infrared

phenomena at nanometer length scales.

31



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 ultistrong light weight fabrics, biomedical
technologies such as biosensors, and optical applicafi®hddentifying the structure
property relationship in naturallsifibers 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
secondangtructures leads to a fiber that is a heterogenous compound of amorphous
(helical random turn) and crystalling ( O E A do@ponents. In silks with a circular
cross section, experiments suggest that this heterogenous concpatd@ssemble as a
matrix conposed of the amorphous secondary structures, with crystalline components
intersperse(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 Loxoscele®écluse) silk which hathe only known rectangular cross

section displayed different structfe,32]. Scanning electron microscopy (SEM)
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images shows the ribh like fibers of the Loxosceles silk in figure 3.4 f82]. The fiber
cross section is a pseudo 2D material with a width and thickness of ~10 um and ~50 nm
respectively and the fiber of this silk is comprised entirélyamofibrils, the cross

section of which resembles a cable buradishown in figure 3.1¢[12]. The question

Weak bonding
between nanofibrils =3

N\

Figure 3.1: (ec) Figure taken from reBp]. Scanning electron microscopy images of Loxosc
silk ribbons. Ribbon like morphology is much different than the circular cross sections in
other known silks. (d)Figure taken from Ef]. Loxosceles ribbons comprigentirely of
nanofibrils, with dimensions showathough the structure of individli of individual nanofibril:
is not well understood.
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then arises, whether tisamplistic structure of the Loxosceles silk points to a more
simplistic structurgproperty relationship in this silk. Although to date the internal
structure of individual nanofibrils is not well understdad]. It was therefore the aim of
this study to characterize the secondary structures presents itbrilmby 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 structypeoperty relationsip 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 structurabmponents with primary contributions being from the helical
(amorphous) and- sheet (crystalline) structures as irad figure 3.2g33]. These
vibrations are fundamental normal modes of the secondary structures present in the silk.
More informationof the vibrational modes will be discussed in the analysis section.
Expermentally we can access the vibrational modes through transm{gsj@pectra

which can be directly converted to the absorbdabg by using the relation
woi 119 (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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perpeadicular 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 @ir sign

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

5530000

o helix

(b)

| .
k)
N
Y

Figure 32: (a) Most common secondary structures present in silk fibemnsliceshave
amorphous structure wheré¢as sheets can form crystalline domdB®.(b) Experimental
polarization relative to fiber axis, parallel (||, Z) and perpendiculax). (c) 300 trn
multistrand sample. (d) single strand of Loxosceles silk.
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Transmission

spectrometer, discussed in chapter 2 on the multistrand samples with a spectral resolution

of3 tTA . Multistrand tansmission spectra are displayed in figure[343.

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-gxis values) for boteamples, large differences are present. This
is because thdensity of silk over the sample holder is different. From the-Basrbert
law which states that the absorbance is linearly dependent on the concentration of
chemical species present, and thépangth 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 sfpedtra

geometry as well as the intaity 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
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Figure 3.3: 300 turn & 100 turn polarized transmission spggiirand {) directions are indicate«
in figure 3.2b.

36



interactions wth the probing fieldAlso, any twisting or bending of an individual fiber

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

of every fiberdéds orientation and the inten
impractial 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, wewent on taconsider the absorbanspectrunof 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 x 3 mm
apertures. Wit 151 magni f i cat iléoum x 200 pm spot & theufecise s t o
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 sigrabise while

maintaining single strand precision.

We used a waterooled, high temperature blackboddbar) as the infrared (IR)
light source A polarizer consisting of a wargrid on KRS5 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 pol&ratar.

was taken between 1007 land 4@0 cm lwith a3’ =4 cm' Ispectral resolution using
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Absorbance (%)

a KBr beam splitter and a liquid nitrogen cootaedrcurycadmiumtelluride (MCT)
photodetector. For our analysis we are only concerned with the frequencies between 1000
cmit- 1800 cmt, since this range comprise the most commonly used absorbances to

characterize secondary structuf@s.

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

0.10 1.0

0.08

=
N

0.06

0.04

0.8

Transmission

0.02

0.7

0.00 !
1800

)
1000 1200

) )
1400 1600

Frequency (cm™)

Figure 3.4: Polarized transmission and absorbance spectraisingfie Loxosceles
ribbon. Arrows indicate yaxes for absorbance (bottom) and transmission (tppanc
(V) directions are indicated in figure 3.2b.
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ocaurs 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 spectralafange
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 backgrfraed

transmision spectrum. Since our fiber did not fill the entire aperture, we also had to
correct the measured spectrum. Thisesausesome of the light that was measured did

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

abolute transmission, we considered the following relation
Y 40 p 1 40 (3.2)

Wher¢g is the ratio of the area of the silk in view to the area of the aperture. Using a
T ¢ we calculated the absolute transmission spectrum using egn 3.2. The absolute
transmission spectrum was then converted to an absorbance spectrum via egn 3.1. The
polarized absolute transmission and absorbance of a single stilaoxbeteless

presentedn figure 3.4

3.4: Atomic Vibrations
To analyze the transmission spectra measured we need a way tatoadel
vibrations in a solid. Therefore, it is worth a brief review of the vibrational physics in

solids. In crystalline media, the normal mode vibrationstomiccenters are

phonond36]. In crystals, at the phonon frequency, if we neglect dampening mechanisms,
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all theatomswill vibrate at a particular normal mode frequency. For amorphous
materials, randoratomic placements and orientations remove any periodicity or notion
of a lattice.For these materials the normal mode oscillations araeuw#ssarilycoupled
together and the vibrational spectra will be have broad fed@ifgsAll of the vibrations
regardless of the media can be characterized as either IR or Raman active. The distinction
is IR active modes lead tochange in the net dipole moment whereas Raman active
modes lead to changm the polarizability. Two types of vibrational modes are displayed
in an examplevith alinear triatomic molecule in figure 3.5. It is important to note that

for crystalline mediavith an inversion center, IR and Raman active modes cannot
overlap in frequency. Thisck of overlaparises from symmetry considerations and is
calledthe mutual exclusion princip[87]. IR active modes can be probed with
transmission/reflectanacaeasurements. Whereas Raman active modes can be accessed
through inelastic scattering processes.

@ o/v\./\/\e (b) o/\/\./\/\e

—> — g «— Y
IR Active Raman Active

Figure 3.5: (éb) Example of an IR4) and Raman active mode of vibration in a linear triator
molecule. (a) asymmetric stretch. (b) symmetric stretch.

To describe an IR active mode, we cangider thesffect of applying an external

electric field to a solid via the damped harmonic oscillator
— = 711 -00 (3.3)

Wherei is theatomicdisplacement from equilibrium, encapsulates the different types

of dampening present, is the natural frequencq is theatomc chargemis the
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atomicmass andis the external electric field. Equation 3.3 has a solution in the form of

a Lorentzian given by

i1 ——" (3.4)

From theatomic 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 dalispnent of charge, the induced

dipole moment) from an external field is

ni 01 T (3.5)

which leads to a polarizability

| 1 n1 O] (3.6)

With the polarizability the net polarization is then

0] 0171 O] - .1 0O (3.7)

Where N is the total number of ions,is the vacuum dielectric functiand..] is the
electric susceptibility. The complex dielectric function can be related to the electrical

susceptibility using the following relation

-0 - p . (3.8)

Therefore using equations 3348, we can evaluates as

N I (3.9)
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Wherg — is the plasma frequency. From the complex dielectric function in eqn

3.9, the faifield transmissiorand 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 oscillatondo thecomplex dielectric functiorwe can thus

have a physically tevant model for our transmission dat&e model being physicé
important sinced is a complex linear response function that obeys causality, which
means that the real and imaginary parts of eqn 3.8 are related via the KiKaiomegs

relations[38].

-1 - B -0 —0 (3.10)

- —0 —0 (3.11)

Where P is the Cauchy principal value. Any line shape used to model the
dielectric function, must obey the Kraméfsonig relations or it will otherwised
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 eqgns 3-B)11 be satisfiedVe use the proprieta package
WVASE, which allows us tglace Kramerd<ronig consistent oscillators into the
dielectric function of anaterial andsimulate the transmission and reflectaotenaterial
with variable thickness. For the silk transmission presented in figureat4ndependent
models were fit for the (||) ant)Y directionsWe usel previously published vibrational
assignments to guide our placement of Lorentz oscillaitwes most prominent molecular

assignments of the vibrational modes occur within the Amide groups. The Amides are a
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Wavenumber [cm"’

general structure that includ@s=Cd N groups. TRy are amongst the characteristic
bands that are regularly found in the infrared spectra of proteins and polypeptides. For
our analysis the Amide I/Il/Ill were considered. The Amide | (~1608 tm1700 cm')
absorption is associated with stretching Milaras of C=0 bonds while the Amide |l
(~1500 cm' - ~1600 cmt) absorption is associated with bending vibrations of tHeHN
bond[39]. The Amide Ill is a relatively weak band (~1200tn+ 1300 crt) compared
to either the Amide 1 or Il band and is comprised &f C stretching, C==0 stretching,

Co N stretching, and 8 H bending[40]. Compkmentary polarized Raman data was
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Figure 3.6. Plot and legend taken from 48f[ Polarized FTIR (a,b) and polarized Raman |
spectra of singléoxoscelespider silk ribbons (thick grey lines) with polarizations<iandZ
directions, in the plane of the ribbon. Dashed, black line: fpehk fit; all constituting su
peaks showm colors Blue, purple, red, and yellow peaks are assignbesteeetp-turn, helica
and,random coilpeaks, repsectively. Green peaks represent amino acid residues with ¢
sidechain groups. Gray peaks are unassigned. The colored horizontabpagsent know
peaks from the literature, with colors matching the secondary structure assigRauewi
polarization states defined in the text.
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obtainedand analyzetby our collaborator as reported in Ré1]. 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 samplenédisurements were done with a
Leica 100x objective (0.90 N.A.). For the 5@000 cm! measurement, an exposure time

of 60 seconds was used. For the 115®0 cm® measurements, we increased the

exposure time to 900 seconds to reduce noise. To obtainltrezed 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 diffepaarization configuration®lotted in

figure 3.6&-d are theRaman spectra for thpolarization states (XX) and (Z4xhich

correspond to either both the laser and analyzer being aligned perpendicular or parallel to
the fiber axis respectively linearbackground was subtracted for some of the spectra
when needed. For the Raman spectra, a set gieal parameters were first estimated
according to our spectra and previous publications. The peak position, full width at half
maximum (FWHM), and content abrentzian lineshape were restricted to be identical

for the same peak across different spectra. The $gastres method was used for the

fitting and this process was carried out using MATLR]. Both the experimental and

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

in Appendix 12.

With both IR and Raman spectra, the mutual exclusion principle can be evoked to
confirm ou 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 thesheet oscillators in the Amide | and Amide llgrens 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
| (~1654 cmt) and Amide 1l ( ~ 1265 cm occur at nearly the same franey in both

IR and Raman spectra.

3.5: Transition Dipole Coupling (TDC)

From the IR spectra presented in figureadtthe Amide | bandhas twd -sheet
absorbance oscillators which both show inverse dichraigmch can be interpreted as a
bandsplitting since we only expect there to be one oscillatbese oscillations are
mainly due to the stretching of the C=0 bond with anaftihase CN component and
minor contribution from CCN deformatidad2]. The band splitting that is observed in
experiment can be plained by interacting C=0 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 thénteraction of a dipole moment in another difslelectric field (C=0

bonds) a$43]
W - O (3.12)
Wheresm is the dipole moment of dipole 1, ads the electric field of dipole 2, which

can be expressed as
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F i —— Cwm OP P =m (313)

Wherei is the distance between dipoles 1 & 2, anslthe dielectric constant of the
dipoleenvironmentPlugging eqn 3.13 into eqn 3.12 we find that the potential energy of

the interacting dipoles is

which acts as an external force and causes a frequency shift for modes thatadre
phaseThe frequency shift then depends on the strengialaé and their relative
orientations. It is also possible to alternatively expregsrmems of an effective
transition dipole moment . Using this formalis;mMoore and Krimm were able to
reproduce the observed splitting in the Amide | bgidd. The Amide | splitting from
TDC demonstrates the sensitivity of observed absorbances on the intramolecular

potentials.

3.6: Secondary Structur®ecomposition

In order tocalculate thé -sheet composition, we usaghseudeunpolarized
spectrum. The pseudmpolarized spectrum was calculated by averaging the
transmission spectra of the parallel and perpendicular dat@>§etZ|)/2 The pseudo
unpolarized spectra was thét via the same methedised for the polarized spectra. The
b-sheet composition was calculated for the Amide | band, by taking the ratio between the

area of t h eshaktosciiators tolthe ®tdl arba of the Amide | band
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absorbanceStructuralcomposition from the Amide II/1ll 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 axi$he thickness of the silk ribbon (Y direction) is about

50 rm 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

approximateds a quasiwo-dimensional material with pseudelayered structure for the

(a) Amide I Deconvolution

0.04 < e Experiment
e eModel

e o -Helix

B—Sheet Percentage
~41 %

Absorbance
o
S
[
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0.00
1600 1650 1700 1750
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Figure 37: IR deconvolution of the pseudo unpolarized Amide | absorbance bands
[ sheet parentage was calculated based on analysis in the text.
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purpose of IR measurements and analysis to obtain percentages of secondary structures.
Thesheet percentage c¢al c udheetcengpositionmthedXent s t
plane of the silk. This method of secondary structural composition calculasarften

been used in the literatuj46,47] 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 atalline composition from our (pseudo)unpolarized IR data
(~41%++5%) agrees well with XRD analysis (43.2%) which further justifies our method

of IR analysig48]. The deconvoluted Amide | IR band is shown in figure 3 e

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 Amidé tsheet compositiof9,50] Based on this analysis, the

Raman Amide 1 -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 thepolarized absorbance oscillatottse orientation of the secondary

structures can be studied. We can calcudd®ec-value, which can be written as

6 SSSS (315)

an
an
an
an

Where |Z] is the peak amplitude of the subpeak aligned alofipe¢n@xis, and |X]| is the
peak amplitude of the subpeak aligned perpendicular to the fiber axis.valBe of +f

1 indicates a perfectly oriented structure along either the || (£} Drdirections. If the
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Pzx value is zero, this indicates no diriect preference and an isotropic orientation in the
plane of the fibers. ThezR -values for the IR and Raman data are presented in figure
3.9[48]. Thef  sheet orientation is highly orientated predominantly along the fiber axis
with an average value of 0.6. The deviation from dus to the fact thahe crystals do

not have perfect alignment, but instead have an angular digirilaround 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.
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Figure 3.8 Plot and legend taken from réf]. Pzx-values calculated for each F1
(circles) and Raman (crosses) peak. Color assignments between eadndblempeal
and corresponding protein structure is same as Figure 2.Vertical bands indicate th
of FTIR (upper half) and Raman (lower hal§gks in corresponding colors, respectiy
The horizontal yellow, red, and blue dashed lines are locatBgxatO, 0.4, and 0.
respectively. Vertical error bars dR andRaman data points are standard deviatio
Pzx. Treatingb-sheet (44%) and asnphous (56%) fractions separately for the 13661
and 1450 cit peaks leads to splRzx values, one for each fraction, indicated by ari
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3.8: Conclusions

To review, polarized transmission measurements of single dtxudcelesilk
weresuccessfully madd-rom previous vibrational assignments we were able to identify
7 distinct structural groug@\ppendix 1.2) calculated the crystallinitytbe ~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 reseadoeveds
identifying the structurgoroperty 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 LLRuO;

4.1: Introduction

Competitiveinteractions 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 §&kes?],
interesting topological properti¢s3], massless Dirac fermions seen in grapl8heor
guasimolecular orbital formatidb4]. For some d and %l transition metal (TM)
compounds, the orbital degrees of freedom (DOF) can play a domifeairt tbe
formation of the ground state configuratii@®]. Competition between relative strengths
oftheelectrore | ect ron i nteraction, Hundbés couplin
neighboring sites can lead to electrons from different orbitals to decouple from each
other. This orbital selectivity has recently been connected to iron basetéhiglrature
supercondctors and heavy fermion systefd$i 58], 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 afRunki(LRO).

LRO forms a lattice of strong singlet dimer bopdsvalence bond crystal (VBC)
at ambient temperature and pres§688. The RuRu 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 2 Ol#but usually rquires external pressuf@0i 62]. The Ru

valence electrons in LRO that do not participate in the dimerization form mwelgcular
bonds and can be largely treated as site centered atomic d&8{alEhis is evidenced

by a reduced magnetic susceptibilityat temperatures, which is expected because of
the lack of spin contribution from singlet dimer formatj6d]. Furthermoregc transport
measuements do not display activation behavior in the insulating VBC phase, but instead
show variable range hoppif§9,65,66] In the insulating VBC phase, LRO is expected

to have a very small band gap due to weakly bound out of plane moleculaj®dnds
Interestingly, heat capacity measurements on both stoichiometric and disordered LRO,
find a linear contributin at low temperaturg$5]. This seems indicative of some
electronic behavior below the quenching temperature of the phonons. éfale\origin

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

(singlettriplet excitations]65].

The longrange ordering of dimers in the VBC state survives uf t0500 K.
Above this temperature, it has been suggested that LRO melts into a valence bond liquid
(VBL) following a structural transitiof64]. In the proposed VBL state, the dimer
patterns survive only locally and flow throughout the system via random thermal
fluctuations. This same stu@§4] found experimentally that dimers survive up 920
K, and they estimate that dimers may survive all the way ud&50 K. Accompanying
the structural trasition 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 thedaftplane orbital468].

Delocalizationmplies an orbital seléwity between the delocalized and valetmnded

52



electrons and would also explain the nearly free-8pmagnetic contribution to the
susceptibility at high temperaturg®] The drop in resistivity was initially described as a
transition to a correlated metallic phd6&]. Recent resistivity measurements and

density functional caldations (DFT) in the high temperature phase exfiblear

activation energy which has been ascribed to the existence of a baéélg&nce DFT

is a T=0 technique, it is difficulbtassess 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 (psdo)gap due to thermally activated dimers. Although to date, direct
measurements of thmthband gap antheenergy dependent conductivity to

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

In this chapter, we present broadband temperaturendept 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 electronittidrans the VBC
phase and to investigate the high temperature carrier dynamics in the VBL phase.
Additionally, we corroborate the expected higimperature structural transition through

the study of the infrared phonon spectra.

4.2: Experimental Methods

Single crystals oERO were grown from LiCl flux with proper molar ratio of 20Oz
and RuQ and then were slow cooled in the temperature range betweefCl@2d

85(°C. LRO single crystals form a triangular prism with about half millimeter length of
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the alge (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
scotchtape cleavage, followed by Aon milling, and studied using a JE€A010F TEM

at Rutgers University. The @gown surface is perpendicular to [101] of monoclP®/m

Figure4.1 (a) Optical microscope images of oupRuQGs (LRO) single crystals used for
reflectance measurements; [101] is perpendicular to the flat surfaces éioview of ab
plane for the room temperature monoclinici{R2space group) phaseth axes orientation
shown by the arrows. Red lines represent dimer bsister than black lines)nd black lines
are nondimerized bonds betweenRuw ions. Edge sharing RgOctahedra are contained in tl
grey shaded areadbove & 5 0 0 K age strocture & expacted to conform to a
monoclinic (C2/m space group, ndimerized structure). (c) The room temperature atomic
resolved HAADFSTEM image of LiRuG;s crystal along the [101] zone axis. Overlaid celor
coded ReRu dimers are defined by thiemtest ReRu atomic columns. (d) The selected are:
electron diffraction (SAED) pattern of ARuGs crystal along [101]. Red arrows indicate (hOl)
h=odd and (hkl) h+k=odd peaks, which are not allowed in the high symmetry C2/m and c
the P2/m structue of our crystals.
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structure [Ref. 10]. Higtangle annular darkeld (HAADF) scanning TEM imaging with
atomiccolumn resolution was carried out using a JEXAIDOF microscope equipped with
a spherical aberration €®rrector at National Taiwan University in Taiwan. The didti
feature of ReRu dimer as shown in HAADSTEM image of Fig.4.1(c) and the
appearance ohQl), h=odd andlfkl) h+k=0dd peaks along [101] (red arrows in Fd.(d))
confirm the P2:/m structure of our single crystals at room temperat\iexifying the
structure igmportant since single crystal LRO can form in 0¢ ¥& or C2n structure
at room temperatuf@0]. Note that those Bragg peaks (marked by red arrows in Fig.
4.1(d)) in the selected area electron diffraction pattern are forbiddenhigtier symmetry
(C2/m) structureThe crystal structurd®@:/m) of LRO in theab-plane at room temperature
is shown i figure4.1(b). Crystallographicxay diffraction (XRD) dat467] was used to
produce the crystal structure displayed in figurd(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 4Hi¢p)), t
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 spectrovaste
directed toward the microscope through an optically transparent window in the
spectrometerods | i ght o0 utnmwistdre cpatingtvasusadf Br wi
mid-infrared through visible spectral range, and a polypropylene window was ubed in t

far-infrared spectral range. To remove atmospheric absorbances from tuedfanid
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infrared spectra, the spectrometer was held in vacuum and the microscope was enclosed
in a dry air purge free of G@nd HO. 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 agrture 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
x15, and the aperture sizes used for each spectral range are listed id.Table

Reflectance spectra were obtained between 10bacd 26,000 crhin 100 K

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

minimize the timespent at elevated temperatures which ensured the intrinsic properties of
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Figure4.2. (a) Focusing optic employed in experiment. Blue arn@psesent the incident bear
from the FTIR interferometer. The incident beam is focused on either sample or reference
normal incidence using a Schwarzschild type objective. The reflected beam is collected b
same objective and sent to the dededib) Temperature dependent absolute reflectance on :
crystals of LRO. (c) Shows zoomed in perspective of reflectance in the spectral range'a5(
700 cmt. Black arrow indicates the large Ruphonon feature that is strongly modified by th
stuctur al transition at T & 500 K. (d) Shc
range (8000 cm-22,500 crt) with same legend as (c). The minimum in the high frequency
feature redshifts by a0.3 eV with increc
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our crystals were being captur&tle were unable to obtain reliable reflectance values
into the ultraviolet spectral range (frequency > 26,008)atie to low signato-noise.
Table4.1 also contains the frequency range, light source, detector, and reference material

used for each spectral range measured in the experiments.

LROsingle crystals were mounted to a hebuglt heating stage with Cotronics
950 FS metallic adhesive (2000/1366 K max temp). The heating stage was a small
brass block (~ 10 T 106 T 1i0) with a centra
heater and thermistor respectively. The heating stage was mounted with adjustable
standoffs on a piezo stage. The adjplgtatandoffs 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 matevas 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 measurens on the sample. The temperature of the stage was regulated
with a Lakeshore 335 temperature controller connected to a Pt tt@dmistor and 300
W Dalton cartridge heater. The heating stage was designed for use up to 600 K and the
temperature was maaithed 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 bavior 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 easpectral range in the infrared and visible, a pristine crystal
was mounted, cleaved and measured. Since the direction of theyighetry
monoclinicb-axis is in the plane of the crystal, we considered the possibility of
performing polarized reflectanceeamsurements with electric field polarized parallel and
perpendicular to thb-axis. However, since a pristine crystal was required for each
spectral range measured (total of four spectral ranges), it was not feasible to lobate the
axis for every crystallherefore, we used unpolarized incident light for all spectral
ranges. These measurements then correspond to the effegilaaéreflectance of the

surface plane perpendicular to the [101] lattice vector.

Far Infrared Mid Infrared Near Infrared  Visible
Frequency 1007 650 650-6000 60007 11,000 11,000
Range (cm') 26,000
Light Source Globar Globar Tungsten bulb| Xenon Bulb
(75W)
Detector Liquid helium cooled HgCdTe InGaAs Si Photodiode
bolometer
Spectral 4 4 80 120
Resolution (cm')
Aperture Size 24x15 1.5%x0.6 1.2x0.6 1.2x1.2
(mm)
Spot Sizelf, O 160 x 100 100 x 40 80 x 40 80 x 80
Beam Splitter Mylar KBr Cak Cak
Reference Gold Gold Gold Aluminum
Material

Table4.1: Experimental details for the differespectral 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 spectralwasghen 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, lasedmparing 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 caars is to assume a frozen lattice (i.e fixed ions).
In this picture electrons are free to move throughout the frozen lattidesan be thought
of as an electron gas. The equation of motion for this system when exposed to an external

frequency dependestectric field is[38]

—i 1= -0b (4.1)

Where is the dampening is the elementary electric chargeijs the electron mass and

Ois frequency dependent applied fidifjuation 4.1 isimply driven dampednotion

(i.,el =0in equation 3.3).

- p — (4.2
- = — 4.3
7
Wherg = —— is the pasma frequencin cgs unitaandtis 1/ . Free electrons

will therefore contribute in the DC limit and will have a contribution which is related to
the plasma frequengy] mnm — Tt
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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 casider whether the valence band maximum and conduction band minimum are
at the same momentum. When tlaegalignedwe 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 a indirect transition. In terms of the optical properties, we need a function which
satisfies the KrametKronig relations, while also capturing these physical parameters. A
TaucLorentz style oscillator was developed by[f&2], and can be applied to modeling
interband transitions in semiconducting compounds. The form of the dielectric function

for this model i72]
- O (4.9

-0 - B -0 —00 (45)

Where A is the amplitude olis the central oscillator energyg I8 the bandgap, and C is

the broadening.

4.4: Analysis

Temperature dependent reflectance spectra are presented irtfifbjeon a log
scale. Plotted on a linear scale in figd2(c) and 4.2(d) are the low (250 c700 cm?)

and high frequency (8000 chi 22,500 crt) absolute reflectance. To model the
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phonons in the reflectance spectra we used a superposition of Kit&raeirg consistent
Lorentz oscillators. For electronic interbagxtitations, we employed Tallorentz
oscillatorg[72] and for electronic, intraband excitations, we use a Drude fe@&ire

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 erdeggndent real

(- ) and maginary { ) 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
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Figure4.3: (a-d) The measured reflectance data and fits based antlgsis described in the
text. Inset shows low frequen¢y00 cm!-1000 cm') 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 Kramd€¢sonig analysig74] 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 tensothe optical conductivity tensor will have the same anisotropy

as described above for the dielectric tengoour measurements with unpolarized

incident light, we a 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 consistd of an LRQayer on top of an epoxy layer. We assuraad
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 gstal, are present in a limited range in the #ard mid
infrared spectra. The period of these interference oscillations depends on the optical
thickness of each crysté@ince different crystals were used for measurements in the far
and midinfrared spetral ranges, these regions were fit simultaneously but with different
thicknesses of the LRO crystal lay&€he thickness of each crystal was considered a
fitting parameter in our reflectance model and was constrained to a range of reasonable
thicknesses2b unm100 um). No interference fringes are present in the-imdéared 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 theafat midinfrared models,
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the thicknesses of the crystals used for measurements in these spectsalveregé8 um
and 36 um respectively. Since the thicknesses of the two crystals are not too different, the
impact on absolute reflectance spectra in the overlappingninaded and fainfrared

spectral range can be said to be marginal.

From 300 K to 400 K, the miohfrared 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 thenfraded to
change between 300 K and 400 K. In the 500 K and 600 K spectra,-thadanid
infrared interference fringes disappear and the absolute reflectance in these spectral
ranges increases thereby indicating a clear increase in the number of free ddmeiers
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+eahd imaginary parts of tle effective
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Figure44: (a) Real - and (b) imaginary- partsof the dielectric functiombtained from
the fits to the reflectance shown in Figdt8. The inset figures show the dielectric function
between 100 crhi 1000 cm?
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dielectric function that describe our reflectance data are displayed in 4iguvk large
change in the low frequency values-ofand- 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 fatinfrared interference fringes in both the 300 K and 400 K reflectance
spectra, possibly indicatirthe 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 thescarriers below the critical temperature would also

be consistent with previous specific heat measurenp@bitsResistivity
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Figure4.5: (a) Real part of the optical conductivity. Inset shows 1 in the frequency
range 100 cmi 1000 cm'. (b) Ground state electronic configuration of-Ru dimers
below transition temperature. Theodbitals are subject to crystal field splitting which
separates states by an enérgyDue to the large crystal field splitting, the system is in
the low spin configuration, filling the lowest statagtig* (bonding/antibonding) states
first. More discussion on thg/eg statedollows on page 6.7Electrons are shown with
up/down arrows
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measwementd59] 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 figuret.5(a) is the optical conductivity calculated from the complex
dielectric functiom displayed in figurd .4(b). The optical conductivity displayed in figure
45(a) is predominantly the averaged diagonal elements of the conductivity tensor as
discussed earlier. At room temperature and lower energies (< 16,000veenassign
transitionsfrom the weaker‘(l i * electrons to*(*h, * states displayed in figure
45(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 oyygshitals, whch
is supported by DFT calculations and sefeyy experimentf63,64] These details are

presented further in the discussion section.

For comparison with previowdc transport measurements, we extrapolated the
optical conductivity (figuret.5a) of our 600 K data down to zero frequency. We obtained
a, Comvalue npfA & whch translates to a resistivity value’of’ O 1=
0.033mA i ,which is consistent witprevious measured values of tle

resistivity [59,65,66] The high temperature Drude feature has a pldssgaency

~

— ¢ pM andscatteringrate — pp A

4.5: Discussion
We first discuss the infraregilctive phonons which corresponds to the prominent
features at frequencies x A . From group theory analysis the following modes
are expected at tleepoint (center of Brillouin zonein the low (P2/m) and high

tempeatures (C2/m) phases respectiviglg]
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Where A/Bg modes are Raman active andB\ are infrared active. The width
and overlap of phonon modes make individual phonon assignnitfitisitd The same
conclusion was made in a recent study on the Raman vibrational modes §71&JRO
Strong interference fringes between 100'camd 200 crit due to backside reflections
from the crystal in the 300 K and 400 K spectra are also likely obscuring additional
vi brational modes. The promi nenitshowsaubl e pe
strong dependence on increasing temperature. The vibrational frequencies of these modes
suggest they arise from Ribonds. Fof© 500 K, the doubl e peak
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 functiah is given by

Y — TR

Where A3, are the oscillator amplitude, broadening frand center
frequency (crt) respectively. The occurrence of the structural transition from the low
temperature, lower symnrg (P2:1/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 structur¢76]. Tabulated in tabld.2 are the Lorentz phonon parameters for T=
300 K and T=600 K respectively. Not all the allowed infraaetive 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 othérigquency 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 high relevant for describing the dimerization and transport
propertied59,63,64,66] Ru** has 4 electrons in itsdshell. These orbitals areféld
degenerate until they are subjected to an octahedral crystal field. This spli®lthe 5
degeneracy to two upper statgsand three lowerg states. Due to the large crystal field
splitting the electrons arrange in a low spin configuration offsdtes, bonding
occurs between thdy orbitals of neighboring Ru sites (figu4eés(a)), and is responsible
for dimerization. Suitable superposition of teanddx. orbitals results in weakly bound
“ (~dxz +dyz) and (~ dxz- dyz) bonds as seen in figuré$(b-c). Comparing previougl
calculated bondingntibonding splitting energies) petween these states we see that the
, bond (t> 2 eV), is much larger than eithert ~ 0.7 eV) of & ™A 6
bonds[64]. The large discrepancy in hopping energies between orbitals, forces the

electrons i or] bonds to act as largely site centered atomic orlj&ls

300 K (P2/m) 600 K (C2/m)
A 3 ' A 3 '
(cm?)  (cm?) (cm?)  (cmh)

0.3 450 700.0 1.8 150.0 640.0
54 258 5368 35 954 550.6

208 424 4696 36. 820 466.9
0

7.8 100.0 4558 14. 9438 355.7
7
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40 100.0 362.1 18. 113.2 227.4
2
21 10.0 360.8

Table4.2: Lorentz oscillator phonon parameters in the low (300 K) and high (600 K)
temperature phases.

The high frequency peak intbept i cal conductlbvi &y3atl &V:
at room temperature can be associated with the, * transition, which corresponds to
the disassociation of molecular dimeFbe width of the peak indicates a wieleergy
band of available statelSstablshing this transition, allows us to identify the existence of
dimers throughout the measured temperature rang&.>At the mean distance
between RtRu dimers increases, which reduces the average overlap,obtheds, thus
reducing the © , Wtranstion energy as seen by the red shift in this optical transition in
the optical conductivity data (Fig.5a) as well as the reflectance data (Bigd). We
would not expect they bands to shift by a significant amount, since their splitting from
thetog band arises from the crystal field splitti@y which is governed by the robust
RuQs octahedra. Therefore, we can conclude that the observed redshiff, iR thé&’
conductivity pak does not arise from optical transitions toefsates. It is important to
note that we also observe tfegture in the electronic structureTat 600 K, indicating
the survival of dimers. Thigehavioris contrary to what we see in the phonon regio
where the number of modes has decreased indicating on averageRlvedRoers have
vani shed. The persistence of dimers for te
transition to a higher symmetry phase is explained by temporal fluctuations arfniges di

indicating the existence of a VBL phase.
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ForT=300Kwe can identify an opticalThiband ge¢
bandgap comes from thg garametem our lowest energy Tatlocorentz oscillatorThe
presence of a narrow gap is expected and has been shown previously through DFT theory
calculationg63,67] All of the TaueLorentz oscillators in the micand nearinfrared are
gapped below the transition temperature. The gap parameter of theseoosdkateases

as the temperature is increased, andfor 5KDo0r data shows the optical band gap

dxy dx,+dy, dy-d,,
o-bond

Energy (eV
(d) prerey (e (¢)
E . T * T N T E . T € T X T
E e Electronic Contribution E
Dimer Electrons 1000
imer Electrons E
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Figure4.6: (a)(c) Molecular bonding picture of Ru dimers. Local coordinates are displayed for e
bonding arrangement, where the x arakgs are directed from Ru to O ions. Open circles represe
ruthenum ions, filled circles represent oxygen ligands, and dotted lines are the edges of RuO
octahedra. Double sided arrows represent orbital hopping between neighboring sites. Also not
presented are all the out of phase-botding arrangements ({ “h * , or hopping pathways to
oxygen ligands. (aJhe edge sharing nature of the Ruw@tahedra is such, that thepfane orbitals
(dxy) of neighboring Ru ions have a largeerlap andorm,, molecular bonds. (b(c) Bonds of* and|
symmetry can beanstructed by suitable superposition gfydorbitals. (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, lalsieed lines are non dimer electron
interband transitions and green dashed lines are intraband transitions. Results are plottetd log
highlight the low frequency contribution to the optical conductivity.
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vanishes. The gap vanishes only for the oscillators in theaniainearinfrared

(electrons irf | | “ bonds).

To illustrate the closing of band gapéotted in figure4.6d-e is the electronic
contribution (Taud_orentz, DrudeLorentz oscillators) to the optical conductivity for
T=300 K and T= 600 K respectively. The room temperature contribution has distinct
features in the midand neaiinfrared, whch are ascribed to transitions from electrons in
the*hh*bonds and oxygen |ligands to higher enece
meV, these transitions have zero contribution to the low energy optical conductivity.
Whereas the high energy contribution at room temperature is dominated,by the
transition. Almve the transition, at 600 K, the transitions broaden and shift to lower
energy. The gaps close for the migarinfrared oscillators. Although their low energy
contribution to the optical conductivity is small, with their collective contribution being

” p TLGH 2.8m A1l ,ascompared to the optical conductivity when

o

including the Drude contributiongof * p e & ®MIAI[I .The, ,°
transition stil]l has a sizeabl e bandgap i n
these elerons are still firmly in the molecular orbital pictuforTO 500 K, furt he
evidence of the gap closing can be clearly seen by the large increase irinfrarfad

reflectance for frequenciés< 400 cmt, and disappearance of interference fringés

large increase in reflectance is also seen in the optical conductivity @#&ag), which

indicates a large increase in intraband carriers that have to be modeled with a Drude

feature. Overall these changes in electronic behavior, signify antorsidanetal

transition for the electrons in thig, anddy; orbitals.The closing of the band gap can be

explained by the breaking df andl bonds, which results in delocalized electrons. Since
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the electrons from the brokénandl bonds are not gapped, yet molecyldyonds still
persist locally, the system exhibits orbital selective behd&®]r It is interesting that the
isoelectronic sister compound, Mai0; , is proposed to be a correlated metal at room
temperaturg¢77]. NaRuQ; lacks dimerization, which suggests the importancelthat

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 suspechat thermally activategl bond hopping is responsible. A similar
dimer hopping model was proposed [%8] and used to describe tisgort properties in
the intermediate phase ofsDy single crystal$79]. In this model, the single electron
spectra can be gapped while a continuum of strongly localizeeleetron (bipolaronic)
and twehole states exists dowa zero energy78]. As the temperature is increased,
thermal acti vat i o¥ofthdse bip8laroaivstatesl | & wis4 5h00 pcpm n g
across a perceived mobility gap to neighboring s[&3]]. The hopping represents a
transfer of bipolaronic states from low to high energy as the temperature is increased.
Since these bipolaronic states existlo® ¢continuum, a broad increase, inat higher
energy i s expected. An activation energy h
cml) in the high temperature state datransport measuremerjéb,66]. Although this
activation energy has been ascribed to a bandgap, we suspect that it represents thermally

activated hopyig processes.
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4 .5: Conclusions

To conclude, we have obtained temperature dependent, broadband infrared and
optical reflectance spectra on single crystals eRuOs; (LRO). Through analysis of the
reflectance data, we extracted the complex dielectric function and the optical conguctivit
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 ;& 500 K. The number of pHowthen modes
structural transition, indicating a transformation to a more symmetric crystal structure.
Even below the expected transition temperature, thersmallyced changes to the
electronic properties begin to modify our measured reflectance spedtra.High
temperature phase, the optical conductivity spectra support the picture of a valence bond
liquid phase originally proposd@4]. Additionally, we report direct evidence for orbital
selective metallicity in the higtemperature valence bond liquid phaBee optical band
gap closes for electrons not part of dimerized pairs, while the dimerized electrons are still
gapped locally. This vahee bond liquid state is therefore a matalulator hybrid, with

thermally activated dimer hopping coexisting with orbgelective 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 orthorhombit support
twin domaing80,81] Twins canarise when the crystatructurehas less symmetry than
the lattice point groupvhich is likely for low symmetry crystal structurés possible
twin in a monotinic crystal witha Qandf * p ¢’ a threefold symmetry about the b
axis which forms a three component pseudo merohedra[®2jnWherg is the angle
between th@ andc axes.Our LRO crystals satisfies these conditions of pseudo
merohedral twinso it would not be surprising if these twdlomainswere present in our
crystals To explore this, & performed polazed visible microscopy on freshly cleaved

crystals.

Polarized microscopy is a common tool to identify dom§Bi$, sincevisible
microsc@y can achievaigh resolutb n  ( ~  1ahdbrightwidilsle illumination is
readily availableAlthough the probing frequencies are at much higher energies (~1.5 eV
T ~ 3.3 eV)than the infrared sany contrast would highlight differences in the electronic
structurepresented in chapter 4. Visible microscopy was performed in the Applied
Research Center (ARC) at the William & Mary. The high resolution digitido
microscopy (HIROX) system was used with déigtd illumination. Two visible
polarizers were used, witmeadjustable polarizdveing before illumination ananother

fixed polarizerafter 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 crystals cleaved only some of the top surface is lifted off, and this process results in
a nonuniform surface. Additionally, any sections of the crystal which did not cleave,
contained residual adhesive from the tape used to cleave the cystaled in plarized

images of freshly cleaved LRO crystals are displayed in figlre 5.

The contrast that can be seen in the smooth sections of the polarized images is
what appears to be domains with spagients~ 10t [ . For all polarization states the
contrast is represented and was repeatable between different crystals. The domain
boundaries that were observed do not have rectilinear boundarialsaseem to have a
random distributionTheir existence or possibleigin 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 groj@d], and thus has not been fully characterized.

Therefore, therigin of domainsat presenis unknownin LRO. As pointed ouin chapter

20 pm

Figure5.1: Polarized visible microscopy on LRO crystal. From left to righ
the visible polarizers described in the text are becoming more cross pol
Present for every imagse contrast, which is evidence of domains. Similar
contrast was observed on different portions of the crystal, and other cry
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4 lithium plays a cruial role in formng the VBC state at room temperature. The sister
compound NgRuGQs is metallic at room temperature unlike LRDY]. It is likely that any
lithium depletion in LRO would change the observed properties. It has also been reported
that stacking fault§mperfect layeringpetween the Li rich and honeycomb layer is

possible in LR(85]. Stacking faults would cause the coupling between dimers

adjacent layers to be different whicbuldcause a difference in properti®ge first

chose to exploreow twinsin LRO would affectthe opticalcontrast To do sove can
calculatethe optical conductivity tensasf the untwinnegristineand twinned crystals

and compare

5.2:Possible Crystal Twins in LRO

The optical conductivitylielectric frameof a monoclinic crystal i§73]

" m o, Tt 81

Where the kaxis (, ) is the high symmetry axiE€quation 5.1 represents the optical
conductivity of a pristine untwinnedystal. 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, eq®.1 must be rotated to the standard filame coordinates (x,y inplane, z

out of plane) using
" Y —Z zY — UEQ

Where R(—,Y —, represent the rotation matrices, fersotation about the-bxis.
» 1S the optical conductity in the standard lab frame. Performing the rotation about a

general angle~ the optical conductivity tensor in the lab frame is given below

wE — , AIl©H60E+ , OER-— mn ., AITS0E+ , AT 6 , OEH~
m , m

Al 60E+ , OER-~ , AT ©m , OEL , . AITBOEL , Al &
Since there is very little out of plane polarized lighour visible microscopythe

dominantcomponents that can be measured atkarxy-plane

, , QE — , AITOB0E+ , OET (5.6)
; , (5.7)
, =. OE+~— , ., AIOBOE+ , Al & vy

Therefore the total measurezhl optical conductivitys an average of these components

z , 0 — , , AIT©OE+ , OE

If we assume the cross terms are small |, Ttthen
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; _ ., bE — , OEL , , Ai©OEL (5.10)

—can be determined¥ ¢ Y by the angle between the a & c aXes (p ¢ 1 [67]
and the orientation of the lattice vector [101] relative to the surface. Pluiggirg

¢ Yinto egn 5.10, therobedconductivityfor our pristineuntwinnedis then

, - g T®X . (5.11)

Therefore the optical conductivity measured has a contribution from all of the
components, although the largest contribution is from tiane (ab plane)
conductivity.As mentioned,he crystal structure in LRO could fulfill the requirements
for apseudanerohedral twinsince the a and ¢ axis lattice constants are similac
(within ~15 %) and * p ¢’t[67]. The rotation matrices for these twins, are given by

below[82]

p
m  (5.13)
Tt

4° 4
4° 43

T P p
T m (5.12) or T
P p p
Where eqn 5.12 & 5.13 are for clockwise and counterclockwise ratagepectively.
We can apply a clockwise rotation (e§ril2) to the optical conductivity tensor in egn
5.3, and calculate the measured optical conductivity as egn 5.11 was calculated. The
differencewill determine whether this type of twin is observalBlerforming the rotation
on eqgn 5.3, and assuming ttress terms are ~ 0 and plugging+# ¢ Y, has an

optical conductivity below

@ Y ™ m 18 ¢ ™ ¢
” T . T (5.14)
™ ¢ ™ ¢ T Ty @ Y
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Averaging the first two columns in equation 5.1 ogical conductivity of a potential

twin domain is

” - p& P T[& P ” (515)

Comparing egn 5.11 and 5.15, we see large relative difference in the measured
componentsTherefore, it is possible that the observed contrast isethdt of twinning.
However,these domains do not look like twissen ircrystals wiere twinsform with
more rectilinear boundaries. To elucidate infrared properties of these domains, we

performed neafield imaging and broadband SNIM (asoutlinedin chapter 2).

5.3: SSSNIM of LRO Domains

Domains were first identified via polarized microscopy, and thenfieder
imaging was performed over these exacts areas. We used a nanafM Ifip (more
discussion in chapter 6) which has a radiisurvature of ~60 nmyith aCO; laser
illumination at a wavelength of 10.8/ . The radius of curvature sets sjeatial
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 frguency 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 nedield amplitude/phase (n¥3mages of the domains in LRO are
displayed in figure 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 conttast the CQ wavelength we are above the
bandgap of LRO (~ 800 cf [86] which suggests this contrastimspartrelated to

electronic structure. For more spectral information about these domains, we then
performed broadband nefeld scans on either side of the domain boundary. These
spectra were taken using the laser sustained plasma source us¢g4h figfe laser
sustained source employed a ZnSe window which has a low frequency cutoff of ~ 500
cm. The window on the plasma source set the lowest detectable frequency in our scans.
The same AFM tip was used (NanoFTIR), and spectra was measimgd liquid

nitrogen cooled MCT with a KBr window. Broadbaachplitude and phassectra and

are shown in figure 2e-f.

In the broadband spectra present in figuges. we can see a large difference in
the low frequency amplitude spectra for thve tdomains. 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 frequécaslyze the
data from figures 2c-f, in a physicalf consistent way requires a modeling methodology,
which does not makthe simplifications made in the point dipole and finite dipole
models presented section 2.6We therefore set out to develop a numerical
methodology for analyzing-SNIM. The next chater will motivate SSNIM and why
better models are needifor 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.
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Figure5.2: (a) Visible polarized microscopy, circled is the region whe8N8M imaging and
spectroscopy were performed. (b) Topography of LRO crystal within circled region in (a). On
side of feature, the topography is flat. The circles indicated spots Wmuad@band measurements
wereperformedn (e)(f). (c-d) n=3 demodulated amplitude and phages- = 1 0 respeciivety
Clear contrast in both the amplitude and phase imagésn£® demodulated amplitude and pha:
respectively, at the positions indied in (b). The single line contrast in-(d) is also seen in the
spectra, with a large difference in the low frequency(Rieature. (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 nanoscalpt,87,88] Scatering typescanningnearfield 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 thgtapex (~20 nm) and sample. The spatial sensitivity SNEV
is independent of the incident wavelength, and only depends on the tip apex. In this
unique way, SSNIM can circumvent the diffraction limit, to provide a powerful lens in
studying nanescale penomena 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 resonand&9], nanowire§90], nan o a9l},2Dnn a 6 s
materialg92], and quantum do{®3]. Fully unpacking the complicated baclttered
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 thaniple mteraction to predict the

observable scattered ndald amplitude and phase measured8MIM. All together
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these models can be categorized into three major groups, anatyiesil analyticaland
numerical.

Analytical models rely on geometrical sififiigations to the tipsample system, such
as reducing the tip to either a sphere or ell[@8¢94] These approaches are fast since
they can representdtscattered fields as closed form solutions but have more limited
application due to their underlying assumptiohisy combination of strong surface
modes, multilayersjanostructureyr an anisotropic dielectric function, therefore,
becomes very diffictilto accommodate within these approaches. Improvements can be
gained in using quasianalytic models, which have numerically computed quantities which
fit into an analytical frameworf95,96]However, they also do not have universal
application. More recent modeling research has been focused on using purely numerical
methods to match experimental datacsithese approaches can in principle
accommodate any experimental situafib®,97,98]. Numerous additional studies have
also used numerical methods to study additional featuressdflBl such as probe
geometrie$99i 101], sharp material boundarig402,103] local field
distributions [104i 106] or scattering efficiencie$l07]. In practice getting numerical
results that directly agree thiexperiment has been difficult, especially in novel systems.
An important bottleneck is thérge computing requirements are necessary for realistic
probe and sample geometriaadwhich can be essential to include for a complete
description of experiental studies. This problem only gets amplified further when
broadband simulations are considered. For numerical approaches to become the universal
modeling methodology for-SNIM, repeated success in describing many different novel

systems is necessary.
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In the following sectionsve will describeour 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 polarit@xciting photon wavelengths. In this way, polaritors a
able to confine light to subwavelength regiofd7,108] The ability to control and
manipulate electromagnetic energy at the nanometer length scale has the potential for many
applications such as photonic computation, ramaging devices, and electrani
miniaturization [109 111]. In metals and semimetals, coupling to free charge carriers
produces plasmepolaritons. For metals the coupling occurs generally in theinfared
or visible spectral regions whereas the semimetal graphene has been shown to exhibit a
plasmon resonance that can tune through the emd farinfrared[27,87,108] The
challenge facing plasmonic applications is the high energy loss which limits plasmon
polariton lifetimes and weakens their resongddde]. In contrast, a lowoss polariton can
form in the infrared Reststrahlen band < 0) of polar dielectrics. Irhis 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 ppotasitons
(SPhPs). SPhPs provide an attractive alternative tolbgghphsmonpolaritons. In the
mid-infrared ( 500 cm' to 4000 crt), materials such as silicon carbide and boron nitride
exhibit SPhP resonances that have been studied witkfielemethodg488,89,113].

However, up to this point, SPhPs in theif#frared (M 500 cm') have been less explored
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with nearfield methods due to the lack of readily availablehtigsources and
detector§112].

Traditional infrared spectroscopy is constrained by the Abbe diffraction limit to a
mi ni mum attainable spatial resolution of
infrared regime, spatial resolution is thus severely limited by the probing wavelength.
Nearfield infrared microscopy and spectroscopy allows for circumvention of the
diffraction limit and provides a nedestructive method of nanometgrale spatial
resolution across the entire visible and infrared spectidh115] Scatteringtype
scanning neafield infrared microscopy (sSNIM) employs radiation scattered by the
scanning probe tip of an atomic force microscope (AFM). Strong near fields are induced
at the tip apexandinterad¢ with a sample underneath. The tip scatters radiation following
this neatfield interaction with the sample, and a detector measures the scattered radiation
in the farfield. The AFM tip is used in tapping mode to separate thefreddrinteraction
from background contributionN®4]. With this technique, nanometer scale optical
properties can be studied with spatialotedon that is only limited by the radius of
curvature of the tip apg¥,116 121]. As a result of the high field confinement, the tip can
provide the necessary momentum to resonantly excite SPhPs in die[@&tics

Extracting useful information from neéeld infrared experimental datan
materials with strong SPhP resonances requires numerical modeling because in this case
the neaffield infrared interaction between the tip and sample is too complicated to be
solved with a closefbrm solution. This is due in part to the vastly différiemgth scales
in the problem and the role of the probe shaft on the enhancement of tfieldesignal.

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 f@apanoximate equivalent
(either a sphere or an ellipsoid). Here we demonstrate a novel numerical technique to
accurately simulate nedéield amplitude and phase contrast for the preample system

that accounts for detailed probe geometry. Our numericddades indispensable when a
strong coupling between probe and sample ef@&is. 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;S8RNy, and singlecrystal SITiQ(STO). In STO, we
discover a strong SPhP resonant mode at incident wavelength m,2d addition to a
weaker one at ~ 1pm that has been reported in previous wga&12a 124]. We were

able to observe the strong SPi@Bonant mode at low infrared frequency with the use of
the ultrabroadband, tablop argon plasma light source developechause and by
employing a widéband Mercury Cadmium Telluride (MCT) photoconductive detector.
The plasma light source and MCT comégion along with a KRS beamsplitter allows us

to explore neafield spectra down to 400 chirequency (251 wavelength).

6.3: Simulation Methods

Here we introduce a fullvave numerical simulation that considers the probe in sufficient
geometric detail to explain the experimental data quantitati@ly numerical approach
in this work provides an alternative modeling method to the analytical andaqpagiical
methods discussed above. Our numerical approach does not rely on adjustable

phenomenological parameters, and can be used to model a variety-6éldemfrared
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data sets in different experimental conditioRsevious numerical studies did not exploit
their full capabilities[97,125 127] as they used truncated shaftdédrs in the assumed

probe geometries to reduce computational complexity. The shaft length which is ~ 15 um

a) d) z A
L///‘i 15
X/f\\j ;3 -
~ :""’} \
b) 50 pm c)
“ . €) NanoFTIR Model f) Arrow NcPt Model
| a ~ 60nm M S a ~ 25nm
400 nm 400 nm

Figure6.l. a) SEM image of the entire AFM naRd IR probe consisting of tip, shaft, ar
cantilever. b) Higher resolution SEM image of the nanoFTIR tip apex. ¢) High resolution
image of Arrow tip whose apex has a smaller radius of curvature compared to nanoF1
d) Tetrahedral shaft with fullrgler x ¢ Tibased on the SEM images which is used in t
probe models. The tip apex within the red circle is shown in panels (e) and (f). (e) Ge:
of the nanoFTIR tip apex with radius of curvature a ~ 60 nm. f) Geometry of the Arrow tig
with radius of curvatura ~ 25 nm.

for commonly available commercial AFM probes becomes a critical parameter in the
guantitative simulation of midand farinfrared sSNIM of SPhP reseances 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 cmt).

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.
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Our experimental probes are ~15 um tall tetrahkeshnafts from tip apex to the cantilever

arm and have an approximate front and side full angle-06 0 e . To properly
curvature at the tip apex, we obtained Scanning Electron Microscopy (SEM) images of the
probe and extracted a-[2 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 RatiSyallri

(NURBS) to form a closed surfacehi$ 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

z=1nm

Scattered

Figure6.2. a) A schematicrepresentation of the simulation showing the meshed AFM nan
probe, the samplend the incident and scattered electromagnetic fidldse s amp | €
function has real and imaginary paeisandez respectively. A fine mesh was used near th
apex and a coarse one far fronilihe total number of meshing elements ontifneisplayedwas
~5000 b) Front side schemataf the AFM probe near the tip apex over an infinite Au sampl
the computed electric field distribution. The probe shown in panblssaneshed as it was
simulations presented in this work. c) Plotlué computed electric field distribution as a func
of x-y spatial position at a fixed z position of 1 nm over an infinite Au sample with the pro
height of 10 nm above the sample. The electric field is computed at a frequency of <438
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because it has limited influence on the simulateesdgimple neafield interaction. We
generated two models both with the same tetrahedral shaft, but with differgrexigadii.

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 usedhfioroolets

which are displayed in figur@l. 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 thedipasfect
electrical conductor (PEC). We demonstrate later in the paper that using a PEC tip gives
nearly identical results when compared to simulations with a foetaéd silicon tip.

The simulation methods used were the method of moments (MoM) afatesu
equivalence principle (SEP) coupledwithatmlf anar / mul t i | ayered Gr e
MoM is well suited for solving radiation and scattering problefi29]. Only the
scattererds surface is meshed which great|
Finite Difference Time Domain (FDTD) or Finite Bent Method (FEM) solvers which
have volumetric meshes. The total induced current and charge is represented by these
surface mesh sites which determine the scatteredfi@8@ 132]. As compared to FDTD
method, the MoM eploys 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
mul tilayered Greends function which is an
nearfield contrastof 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 complexit82]. In the limit of a 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 halplana sample. A plane wave is incident @t 45 [ = 6(F and extends
throughout the solution space which isa 1 mm x 1 mm x 1 mm cube. The simulation setup
is illustrated in figures.2. Experiments generally employ a convergent incident beam with
an angular spread of abouR(%. Instead of a convergent beamané 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 experimentatapee 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
guantitatively describe the absolute scattering amplitudasatements of Amarie and
Keilmann[133], it is important to include detail
and we have impmented a convergent beam with a diffraction limited spot size.

To give an example, we have simulated the electric field distribution underneath our
model 6s tip apex above an infiniteasAu sub:
function of lateraposition, and these results are presented in figarel'he incident plane
wave hagp-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 establishethe
nearfield enhancement comes primarily from the electric field along the long axis of the
probe shaft[134,135] Our numerical simulations with-polarized light and-polarized

light confirm that the demodulatedSINIM signal is dominated by contributions frgm
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polarized light. The incident plane wave illuminates thesample 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 thediffesgnt 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 follagvparametrization is used to

mirror the fields in time in order to make them periodic.

a6 -p Qeip) (6.1

Herem = 2“" and’ is the tip oscillation frequency hE incident and scattered electric
fields have frequency dependericand 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

0O o B o’ 2z (6.2

Employing the Fourier transform method, one can solve for the complex valued

coefficients

~

o4 - O ouQ Qo (6.3

Where T= 2/mis the period of tip oscillation. From these coefficients one obtains the

field amplitude sand phasés that are sampled in the féeld

® QO H <sh% o0t (6.4)

For referencedearfield amplitude and phase contrast, the simulation is performed on
both a sample of interest and a reference material. This results in the followitfgeluear

contrasts
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A ) (6.9

Where the ratie——is the demodulated neéield amplitude contrast an@oo

%0 is the demodulated neéield phase contrast.

Computations were done primarily on the higinffprmance 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-sluister containing betweenI® cores/node
were used. The complexity depends on the nurobgp positions simulated and spectral
bandwidth. Generally, between 6 and 20 tip positions were simulated and the bandwidths
on the order of hundreds of @nfFor example, simulations on STO and Au, later presented
in the results section, we simulatedta from 300 crhi 1000 cmt at 12.5 crrt 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 (D&ptiplex 9020, processor: Intel-#790 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 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 scatteattifapar
field signals exhibit antenna resonanf®3. These resonances correspond to charge
oscillators of ei ther even or odd c h¥6,qgredaty mmet |
plasmonic in origin, coming fronhé 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 styd@7]. These aspects are further
discussed in Appendicéis2 andll.3.

With the spectral respse of the probe model characterized, we first use our method to
simulate the welbtudied phonotpolariton resonance in amorphous Si@m that we
experimentally measured in ouSHNIM setup. The sample is composed of a 100 nm layer
of thermally grown SD> over a bulk Si substrate. The real and imaginary parts of the
complex dielectric functions used to simulate £a@d Si are plotted iappendix L.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 figueboth the simulated data and
point dipole model match the experimental data well. This can be attributed to the relatively
weak SPhP in amorphous Siue to high damping, such that the calculatec Sg@ctra
when referenced to the calculated Si sfedre 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 witlbt®pic dielectric function. We used previously
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published sSNIM data obtained on amorphous S&hd amorphous Ny by other
groups, and-SNIM data measured on single crystal STO in our experimental setup. The
dielectric functions of these materials ahd gold reference are plottedAppendixIl.5.
The simulations took into account the experimental tapping amplitude and frequency of
the AFM tip. The numerical simulations are plotted in figaidealong with the point
dipole model calculations and the experimental data.

A broadband spectrum of bulk amorphous SMbich extends down to

~400cm? [137]is interesting because Si®upports an additional SPhP mode at
~450 cmt. The n = 2 amplitude measured in the experiment is plotted i6.4ig.along
with the simulated spectrum. Note that the experimental data iB4&was not
normalized to a reference material. Neverthel@ssasonably good match is seen
between the simulation and experiment. We next simulated the n=2 and n=3 amplitude
and phase for-SNIM data on another amorphous SEample[95]. The sample
consisted of 300 nm Si®n Si and the experimental data on 8Nas referenced to Si.

The NGPt tip model was used in the simulation which differednfithe tip used in the
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Figure6.3. a) The n = Zearfield amplitude spectrurand b) phase spectruoh 100 nm thicl
SiOz on Si normalized to the specwaSi. The experimental data is shown alonghaiesult
from the point dipole modeindnumericalFEKO simulations.
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experimen{95] . Nevertheless, the FEKO simulation providesasomable description
of the experimental data (fig4 b, c), although slightly overestimating the amplitude of
the SPhP. The point dipole model also provides a reasonable match to the experimental
data in figure$.4ac although it underestimates tamplitude of the SPhP resonance in
SiO2 when referenced to Si (fig6.4b,c).

Next, we simulatedbsolutescattering efficiencies of bulk, amorphous Si@ the
first time and compared to experimental absolute scattering efficiencies previously
published by Amarie and Keilmann in REf33] . The absolute scattering efficiency is

defined as
" — (6.6

where Escat is the scattered field amplitude from the tip dBet is the incident field
amplitude. By modulating the tip, is decomposed into Fourier components as shown
in equationss.2-4. We employeda halff | anar Gr eends »dJampeandi on
NC-Pt arrow tip model for the simulation. For computing the absolute scattering amplitude,
it is essential to use the di¢a probe geometry as well as the incident beam characteristics
consistent with experimental conditiofi883] . We used a converggrncident beamvith

a focusing half angle of d6The spot at the focus is diffraction limited and has a size ~10
um (beam waist) in the spectral range 1000'efi250 cm'. The backscattered field was
calculated over the collection halhgle of26]J and demodulated using equatio®.£-4.

The demodulated scattered field from the prelample system was then divided by the
incident field for each wavelength following the normalization procedure used in the
experiments. The experimental and simulated lt®sare plotted in figures.4d. It is

encouraging to see that the simulated absolute scattering amplitude for bothn=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
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Figure6.4. Experimental andimulated infrared nedreld spectra on amorphous Si(C
and amorphous @y. a) The n = 2 nedreld amplitude for bulk, amorphous SiOhe
experimental data is taken from R&8[] : b-c) The n = 2, 3 nedield amplitude and
phase of 300 nm amorphou$%bn Si referenced to Si. The experimental data is te
from Ref. P5]. d) Absolute n = 2, 3 nedield amplitude of bulk, amorphous SiO0C’he
experimental data is taken from Reff3B]. €) The n = 2 nediield amplitude of 40 nm
SixNy on Si substratelhe experimental data is taken from Ré&fd].
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peak. Absolute scattering has been calculated using the finite dipole model previously. The
finite dipole model gives good match to the experimental SPhP frequency but requires
the use of a scaling parameter to match the experimental SPhP peak[h8RjhiThe

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 SgQwe simulated a strong SPhP resonance in amorphghls. S8Ve
compared our simulation to the experimental data from a 40 xy fim reported in
Ref. [138]. The NCGPt tip model was used in this case. The n=2 amplitude from the
simulation is compared with experimental data in figue. The experimental data is not
referenced to a known sample like silicon or goleénkke, the simulation is in semi
guantitative agreement with experiment. In contrast, the point dipole model spectrum is
redshifted from experiment. The SPhP resonancexbly & less damped than the SPhP
modes in SiQ, thus the probe geometry becomes mimgortant for modeling purposes,
this can be seen in the dielectric function used fa¥yJlotted inAppendix 1.5. Note that
the low frequency detection limit of the experimental data in figure 4e is ~ 750Tdma
detector roHoff near 750 cnt 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. Ei§idrshows experimental amplitude
spectra of STO taken at the second, third, and fourth harmonics with 12.Spemtral
resolution. As reported previously, there is a broad ph@uoberiton resonance centered

at ~ 640 crit [23,122 124]. However, our data in this paper extends to lower frequencies
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Figure 6.5&f) Plots show thexperimentakesults numerical simulationgnc
point dipole modetalculations of the n = 2, 3, 4 nd@ld infrared amplitud
and phasef STO normalied to the spectra on gold. The phase is indetern
in the spectral regions depicted by the gray hatched areas because the ¢
amplitude from STO is negligibly small in these spectral regions.

compared to previous works. Hence, we discover a laggnant peak occurring at 425
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cmit 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=Hyriber indicates a nedield resonance
arising from surface confinement of the electric field because the higher harmonic orders
are more sensitive to the surf4t89,140].

We have applied our simulation method to quantitatively riissdhe 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 simulidted halfplanar
Greenbds f unct ifieldhamplifiderandiprease elada fan £T® referenced to Au
forn = 2, 3 and 4 are plotted in figuBes together with the experimental data and point
dipole model resultg-or 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 amplitet A=90 nm and tapping frequency250 kHz.

Our simulated data agrees well with the measured 425&hP mode in absolute height
for n = 2. At higher demodulation orders, the peak height of this SPhP mode in the
experimental data somewhat exceeds tkpheight 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 ¢nis 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 irAppendixIl.4.
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We observe that the experimental resonance position occurs at thaxstonéoth
SPhPs. However, the lower lying SPhP mode (~ 42%)dmas a factor of four lowe,
indicating lower damping. The SPhP resonances lead to significant structure in the phase
spectra as well (figuré.5). We see that the simulated phase is in googeagent 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 moded'in the n
demodulated nedield amplitude data. The linewidth of the giant mode centered at 425
cm! frequency decreases with increasing demodulation order and there is negligibly small

shift of the center frequency. This phenomenon has been previously repartedfo

Figure6.6. a) Multilayered model of the AFM probe. Blue region indicates silmane an
green region depicts the 50 nm thick Pt coating) Bimulated n = 2, 3, 4 amplitude (first rc
and phase (second row) of STO normalized to the spectra on gold for the multilayered t
and the PEC tip model are compared to experimentphhse is indeterminate in the spe:
regions depicted by the gray hatched areas because the scattering amplitude fror
negligibly small in these spectral regions.
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