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ABSTRACT OF THE DISSERTATION

Radiative, Chiroptical & Thermal effects at [lluminated Nanoprobes
By
Abid Anjum Sifat
Doctor of Philosophy in Electrical and Computer Engineering
University of California, Irvine, 2022

Professor Eric O. Potma, Chair

Light-based scanning-probe microscopy (SPM) uses a sharp tip with an apex of nanoscopic
dimensions for enabling probing at the nanoscale. The region near the tip’s apex is called
the nanoprobe. When the nanoprobe is brought in close proximity to the sample and it is
illuminated, several electrodynamics effects are at play in the tip-sample nanojunction, and
these effects can be used to unveil numerous physical and chemical properties of the sample.
Even in the absence of any target sample, the electromagnetic interaction at illuminated
nanoprobe can bring out interesting properties of the incident light at a scale that is beyond
the reach of conventional optical microscopy tools. Whereas the goal of nanoscopic probing
is to reveal properties of the sample, the intrinsic response of the nanoprobe itself can some-
times overwhelm the sample’s response. This dissertation highlights the above aspects by
studying several electrodynamic effects that take place near the illuminated nanoprobe. The
first part of the dissertation discusses the near-field enhancement and far-field radiation prop-
erties of nanoprobes in tip enhanced Raman spectroscopy (TERS). We numerically design
and optimize gold tips decorated with vertical grooves at the tip apex. The proposed designs
constitute a feasible route toward a tip fabrication process using focused ion beam (FIB)
milling that promises ~ 10 fold stronger TERS signal compared to a conventional TERS tip.
In the second part of the dissertation, we theoretically investigate the photo-induced force

on an illuminated nanoprobe with nonzero chirality above a bare glass substrate . We find

Xiv



the differential force due to left circularly polarized (LCP)/right circularly polarized (RCP)
is directly related to the chirality of the illuminating light, also known as the helicity density.
Under realistic experimental conditions, including the illumination intensity, tip dimension,
and the chirality parameter of the tip, we predict that force values can reach several hun-
dreds of N, just above the noise floor of common force-based SPM techniques, including
photo-induced force microscopy (PiFM). Our findings show that a direct characterization of
optical chirality at the nanoscale is possible, which may have implications for chiro-optical
applications such as enantiomer sorting. In the third and final part of the dissertation, we
investigate the thermal expansion of the illuminated nanoprobe and determine the expected
relaxation dynamics at the nanoprobe’s apex due to light modulation. Finally, we also ex-
plore the effect of the tip expansion in PiFM measurements. Our analysis provides important
information on the thermal response of the illuminated nanoprobe as well as its impact on

PiFM’s sensitivity to the thermal response of the sample.
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Chapter 1

Introduction

A nanoprobe is a small object of nanoscopic dimensions that, upon optical excitation, pro-
duces confined electromagnetic fields in the near zone. Such near-fields provide an oppor-
tunity to optically excite a sample, where the length scale of the excitation is defined by
the dimensions of the nanoprobe, thus providing a mechanism for achieving high-resolution
optical microscopy. When a nanoprobe is attached to a macroscopic structure, such as in
the case for an atomically sharp tip attached to a cantilever, then the structure’s apex can
be used as a local source of optical excitation in a scanning probe microscope (SPM). In
such an implementation, the nanoprobe (the tip’s apex) can be scanned across the sample,

thus enabling high-resolution optical imaging of a wide variety of samples.

The advent of nanotechnology and nanophotonic research has been successful in bringing out
novel photo-induced features in different nanostructured elements in the form of nanoanten-
nas |3, 4|, nano-cavities [5], nanoparticle assemblies [6, 7| i.e. dimer [8, 9|, trimer [10, 11]
etc, broken symmetry [5, 9] and chiral nanostructures [12, 13, 14|, to name just a few. These
studies emphasize that the near-field physics is rich and that numerous phenomena could

potentially be leveraged for generating signal contrast for nanoscopic imaging. This notion



applies in particular to SPM, which is not only suitable for mapping topographic features
at the nanoscale but is also capable of producing observable signals based on a wide range
of electrodynamic effects upon tip illumination. In light-based SPM, it is important to un-
derstand such effects, both for a better interpretation of photo-induced SPM contrast as
well as a deeper understanding of potential background signals. In this dissertation, we
highlight and discuss several notable electrodynamic effects that occur in the vicinity of il-
luminated nanoprobes. In particular, we study nanoprobe designs with enhanced near-field
and far-field properties, discuss the potential of imaging electromagnetic chirality with chiral
nanoprobes, and lastly, describe a quantitative measure of laser-induced thermal dynamics

at the nanoprobe’s apex.

Metallic cones with a sharp apex are the common choice for nanoprobes in SPM. Although
the use of gold nanoprobes is typical, other metals such as tungsten [15], silver [16, 17]
and even metal-coated dielectrics i.e. silver/gold coated silicon [18] are also regularly used.
Upon light illumination, the metallic cone introduces local field enhancement at the apex
due to the excitation of localized surface plasmon resonances. When a target molecule is
placed in the vicinity of the local evanescent field associated with the plasmon resonance,
the optical transition rate in the molecule can be significantly enhanced, which includes
electronic transitions and Raman transitions. Furthermore, the radiative properties of the
nanoprobe helps with coupling radiation from the molecule’s polarization into the far-field,
thereby increasing its radiative rate as well as steering radiation into a specific direction, thus
improving the collection efficiency of the signal. In fact, optimal nanoprobe design derives
from both effects: the near-field enhancement as well as the probe’s ability to couple the
ensuing radiation into a desired direction for collection. Interestingly, the radiative antenna
properties of the nanoprobe are typically overlooked in SPM applications. In the first part
of the dissertation, we propose a design of decorated gold tips with vertical grooves for tip-
enhanced Raman spectroscopy (TERS) [1], see Figure 1.1. For this purpose, we perform

numerical analysis using finite difference time domain (FDTD) methods for optimizing the



probe design, with an emphasis on the feasibility of fabrication based on focused ion beam
(FIB) milling. In Section 2.1 of Chapter 2, we present a brief introduction of TERS, followed
by a discussion on the details of the simulation model used for the FDTD simulations,
including the configuration for light excitation and signal detection. In Chapter 3, we provide
an detailed evaluation of the designed tip, showing its promise to increase the far-field TERS

intensity by at least an order of magnitude compared to a regular sharp tip.
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Figure 1.1: Illuminated nanoprobe (a) with enhanced near field and far field response , (b)
with non zero chirality (c) experiencing laser induced heating.

Cantilevered tips are commonly used in force-based SPM, such as in atomic force microscopy
(AFM) [19]. These tips also form the nanoprobe in light-based scan probe microscopy tech-
niques, with photo-induced force microscopy (PiFM) as the prime example [20]. Contrary
to emission /scattering based SPM techniques like TERS and apertureless (or scattering)
scanning nearfield optical microscopy (a-SNOM or s-SNOM) |21, 22|, PiFM measures the

cantilever dynamics to determine the forces acting on it. The observed force carries signatures



of tip-sample interactions as well as any photo-induced response of the sample underneath
the tip. In section 2.2 of Chapter 2, we present the operating principles of PiFM along with
a discussion on various contributions to the photoinduced force that can be manifest in a
PiFM experiment. The detected forces in PiFM derive from various mechanisms. Origi-
nally conceived for probing the instantaneous electromagnetic force between the tip and the
sample [20, 23] it has become clear that other contributions to the force play a role as well.
Among other forces, the one derived from light absorption by the sample or tip, and the
subsequent thermal expansion of the sample |2, 24, 25, 26, 27, 28| is of particular relevance

in this dissertation.

In PiFM, the nanoprobe itself plays significant role in manipulating the observed signal even
without the presence of any sample under it. For instance, using a scanning gold-coated
silicon probe over a bare glass slip, the electric field distribution of an incident focused light
field has been mapped with the PiFM principle [29, 30, 31]. In addition, the distribution
of the magnetic component of structured light near focus has been visualized with the aid
of a truncated silicon cone in the PiFM microscope [32, 33]. This indicates a potential
route for studying the hidden or otherwise invisible properties of light at the nanoscale. In
the second part of the dissertation, in Chapter 4, we theoretically investigate the photo-
induced force exerted on a chiral nanoprobe under differential illumination with either right
handed circularly polarized (RCP) or left handed circularly polarized (LCP) light. Using
image dipole theory, we have found a direct relation between the calculated differential force
and the chiral properties of the incident electromagnetic field, namely helicity density. We
further examine numerous design considerations modeling the chiral nanoprobe as a chiral
nanosphere using a Mie formalism and complement our dipole model with full-wave, finite

element method (FEM) simulations.

Over the years since 2010, PiFM has been used to detect electronic resonances [20] in the vis-

ible range to vibrational transitions in the mid-infrared range (24, 34, 35|, to probe nonlinear



polarizations in the sample, resulting in images based on stimulated Raman transitions [36]
and pump-probe transitions [37, 38]. In addition, depending on the sample’s absorption coef-
ficient, thermal diffusivity and the illuminated sample volume, PiFM experiments can detect
thermal effects related to sample expansion |2, 28|. A recent implementation of PiFM named
Fourier transform PiFM (FT-PiFM) has been shown to be sensitive to force dynamics on a
sub-us timescale due to the relaxation of the sample’s thermal expansion [39]. In these mea-
surements, along with the sample, the illuminated nanoprobe also undergoes laser-induced
heating and subsequent expansion. In general, the relevant nanoprobe expansion is consid-
ered negligible compared to the sample expansion. However, for tip sample distances of few
nanometers the nanoprobe expansion can still affect the distance-dependent force observed
in PiFM. In the third part of the dissertation, we numerically investigate the laser modula-
tion induced thermal expansion at the nanoprobe apex and subsequent relaxation dynamics.
Furthermore, we validate our numerical analysis with experimental measurements using the
FT-PiFM model. In Section 2.2.2 of Chapter 2, we introduce the principles of FT-PiFM
and also presented a simple model for extracting the relaxation time of the expanded sample
within a single cycle of the laser modulation. In Chapter 5, we present a numerical model
based on FEM to calculate the laser modulation induced thermal expansion and relaxation
dynamics at the nanoprobe’s apex for bare silicon and gold coated silicon tips. We perform
FT-PiFM measurements on the nanoprobes above a bare glass coverslip to determine the
relaxation time during typical measurement conditions, and show that these results corrob-
orate the simulations. Finally, we use the tip expansion parameters to study its implications
for the thermal contribution to the PiFM signal. While the tip’s effect barely changes the
PiFM response for a broad range of sample expansion lengths and relaxation times, we find
a noticeable impact of tip expansion on PiFM’s sensitivity when samples are studied that
are thin, below a threshold thickness which depends on the thermal properties of the sample,

and that exhibit a fast thermal relaxation time |2, 28].



Chapter 2

Nanoprobe-based Spectroscopy and

Microscopy - Methods & Principles

Scanning probe Microscopy (SPM) enables optical imaging with nanoscale resolution. When
combined with light, SPM makes it possible to perform optical probing at a spatial reso-
lution that is well beyond the diffraction limit. Among numerous light-based scan probe
techniques, two particular methods, namely tip enhanced Raman spectroscopy (TERS) and
photo-induced force microscopy (PiFM), are highlighted in this Chapter, as the topics dis-

cussed in the subsequent Chapters are directly related to these techniques.

In TERS, the inherently weak Raman scattering of molecular vibrational modes is enhanced
in the presence of the sharp tip. An illuminated sharp tip in the vicinity of a Raman active
molecule not only boosts the Raman polarization through local field enhancement, but also

works as a nanoantenna to efficiently couple the radiating polarization to the far field.

PiFM is an imaging technique based on raster-scanning a sharp tip across the sample. When
the tip is illuminated with light, it experiences an extra force due to the light-induced

interactions between the sample and probe. This so-called photo-induced force constitutes



the contrast mechanism in PiFM images.

This chapter provides an introductory description of both TERS and PiFM techniques. In
addition, a proposed simulation model of TERS is presented in section 2.1 that provides
insight into the near-field and far-field contributions to the TERS signal as well as a proper
comparison between free-space Raman and tip-enhanced Raman processes. In section 2.2,
several major physical origins of the photo-induced force are discussed along with a brief
description of a newly proposed Fourier transform PiFM that is capable of sensing force

dynamics on us time scales.

2.1 Tip enhanced Raman Spectroscopy (TERS)

A typical TERS configuration is illustrated in Fig. 2.1 where the sample containing the
Raman active bonds is placed underneath a sharp metallic tip. The tip or the sample stage
is scanned to produce an image with spectroscopic contrast and nanoscale resolution. Upon
light illumination, the localized surface plasmon at the tip apex introduces significant field
enhancement (E'F') near the sample location, which is an important indicator of TERS signal
enhancement compared to the regular Raman signal. Although the Figure shows that the
the light is incident from the bottom of the AFM based system, other configurations are
commonly used as well, including top or side illumination [40, 41|, excitation by surface
plasmon polaritons (SPP) [42] with either a scanning tunneling microscope (STM) tip [43]
or a tuning fork mounted tip [44]. In TERS, the Raman shifted signal from the vibrational
modes in the sample is re-scattered by the tip with enhanced directivity and eventually
captured by a collection lens before it is filtered and detected by a photo-detector. Since
a precise analytical modeling of the re-scattering is quite complicated, TERS enhancement
is conventionally described by an overall factor of (EF)*. However, this description does

not explicitly take the direction specific radiation properties of the tip antenna system into



account.|45]

incident light

Figure 2.1: Ilustration of an AFM-based TERS measurement system [1]

A proper numerical modelling of the TERS system would include the radiation aspect of the
tip. This can provide a better understanding of the overall TERS enhancement, capturing
both the localized near-field and radiating far-field action of the nanoprobe. In the following
subsections, a simplified numerical model of TERS, based on finite difference time domain
(FDTD) calculation, is presented and discussed. The results are compared with those of

regular Raman scattering.

2.1.1 Simulation methods in FDTD

Figure 2.2 shows the 3D schematics of a regular TERS simulation model. The incident light
is an z-polarized plane wave that is focused by a high numerical aperture (NA) objective
(NA = 1.2 oil, noy = 1.51) onto the sample surface. The substrate consists of a semi-infinite

glass substrate of 41056 = 2.25 and a 200 nm thick polymeric host medium of poly-methyl



methacrylate (PMMA) with ,,5s = 3. The molecular targets are modeled as point dipoles
that are placed atop the host medium. The gold tip is modeled as a cone with a cone
angle of 20°. The dielectric permittivity of gold is taken from reference [46] and fitted by
a Drude-Lorentz dispersion model. The simulation region is optimized by modeling the
tip shaft up to 10 pm to minimize reflection from the tip’s upper edge [47]. Note that
a sufficiently long shaft is needed in the simulation to suppress finite size effects at the
top of the tip’s cut-off [47, 48]. A perfectly matched layer (PML) of sufficient thickness is
imposed on the rectangular boundary to eliminate and reduce unwanted reflections from the
simulation domain boundary. All the material media including the tip, host layer and the
substrate extend into the PML region to mimic an infinitely extended system. As shown in
Fig. 2.2, three different tip geometries are considered: a) a sharp tip with a tip apex radius of
10 nm; b) a modified tip made from a blunt tip of 50 nm apex radius; ¢) a tip modified with
vertical grooves. The design details and performance evaluations are elaborately discussed

in Chapter 3 .

FDTD simulations are performed to determine the far-field intensity pattern radiated by the
light-induced dipole that is placed in the vicinity of the gold tip. Due to the azimuthal sym-
metry of the system under consideration, the simulations are preformed in two dimensions
(2D). A 1 nm separation between the tip and the molecule is assumed in all simulations.
Near the molecule and near sharp features, a small mesh size of 0.1 nm is used to avoid
discretization errors. The calculations are divided into two steps. First, the local fields in
the near-field are calculated in the time domain [E..(¢,7), Hi.(,7)] without the presence
of the molecule. A Fourier transform is performed to obtain the local fields in the frequency
domain [Ej..(w), Hioc(w)] at the location of the molecule. In the second step, the molecule
is placed at the desired location and its dipole moment is computed as p = aEy,., where «

is the (relative) Raman polarizability.

The far-field intensity profile 1(6) is calculated by a near-to-far-field projection method in
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Figure 2.2: Schematics of the simulation model. Linearly polarized incident light is focused
on the top surface of the host medium by an 1.2 NA objective. The radiated signal from the
tip-sample junction is collected in epi-mode and the normalized intensity is mapped in the
back focal plane. Three different types of gold tips (10 nm sharp tip, modified tip, vertically
grooved modified tip) are considered. The modified tip and vertically grooved modified tip
are discussed in detail in the later chapter.

the bottom-half plane. In this method, the field intensity on a hemispherical surface of
1 m radius is calculated as the angular spectrum of near zone data in the vicinity of the
scatterer in the simulation domain. The basis of the angular spectrum is a set of plane
waves that propagate at different angles and are weighted by the near-zone data [23|. See
reference |23, 49| for more details on the near-to-far-field projection method. Here, the near-
zone data is collected along a horizontal line (virtual detector) that is placed near the dipole
source in the glass substrate. The horizontal line is sufficiently long to capture the majority
of radiation in the bottom-half plane. The average far-field radiation is computed from
an ensemble of isotropically polarizable molecules in the focal plane, and use the resulting
response as a reference indicative of the signal measured in conventional Raman microscopy.
The normalized far-field Raman signal serves as an effective single molecule response in the

absence of the tip. To represent the TERS measurement, a tip is placed in the focal field and
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the far-field radiation is computed in a similar fashion. Furthermore, the 2D data is used to

reconstruct the intensity distribution in the back focal plane of the microscope objective.

The total detected intensity is obtained by integrating I(6) over the detection surface as:

Omax 21
Itot:/o /0 1(0) sin(0)dOdeo (2.1)

where 6., is the maximum collection angle of the objective lens and ¢ is the azimuthal

angle.

2.1.2 Bulk Raman response versus tip-enhanced Raman scattering

In this subsection, the distinctions between the near-field distribution and the far-field be-
havior is discussed for the processes of regular Raman and TERS. First, the excitation fields
in the near-field zone are considered for regular Raman excitation without the presence of a
tip. The incident light is a 650 nm z-polarized plane wave propagating in the y-direction and
focused by the objective lens, as shown in Figure 2.3(a). The profile of the incident beam’s
horizontal |E;,. | and vertical |Ej, | components in the simulation plane (zy) is shown in

Figure 2.3(b) and (c), which display the well-known focal fields of linearly polarized light|23].

For the tip-enhanced Raman process, a sharp gold tip with a 10 nm apex radius is placed
in the focal field, with a molecular dipole placed in the top layer of the dielectric host
medium, directly underneath the tip apex, as shown in Figure 2.3(d). To ensure efficient
enhancement along y, the tip apex is placed in the location of maximum |E;,c |, as indicated
by the white dashed line in Figure 2.3(c). Figures 2.3(e) and (f) show the magnitude of the
total, y-component and x-component of the local electric field enhancement along the lateral
dimension (black dashed line in Figure 2.3(d)) and axial dimension (green dashed line in

Figure 2.3(d)) starting from the tip edge. All the local field enhancements are normalized
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Figure 2.3: Near-field distribution in regular and tip-enhanced excitation schemes. (a)
Schematic of the excitation scheme without tip. (b) Magnitude of the z-polarized com-
ponent of the focal field |Eicx|. (¢) Magnitude of the y-polarized component of the focal
field |Eincy|. The white dotted lines denote the interfaces between air (upper), host (middle)
and glass (bottom) media. (d) Schematic of the excitation scheme in the presence of a tip
with 10 nm radius. The tip is placed at the point of maximum |Ej,y| indicated by the
white dashed line in panel (c). (e) Magnitude of the total (black), y-component (red) and
x-component (blue) of the local electric field enhancement along the black dashed line in
panel (d). (f) Magnitude of the total (green), y-component (red) and z-component (blue) of
the local electric field enhancement along the green dashed line in panel (d). The field en-
hancements in panel (e) and (f) are normalized relative to the maximum |E;,.y| component
of the incident focused field on the substrate surface shown in panel (c)

relative to the maximum |E;,. ;| component on the substrate surface. The field enhancement
under the tip apex in the top of the host layer displays a peak value of ~ 7 with a FWHM
of 6 nm in the lateral dimension. The right tail in Figure 2.3(e) exhibits a secondary bump
which traces the profile of the incident focal field. The field enhancement in the axial
direction shows a peak of ~ 11 right under the tip apex, reaching a value of ~ 7 on the
host surface and finally decays dramatically inside the host layer. It is evident from both
Figures 2.3(e) and 2.3(f) that the y-component is the dominant contribution in the local field

enhancement. Note that the current near-field enhancements are generally lower than what
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Figure 2.4: (a) Schematic of dipole radiation in conventional Raman microscopy. (b) The
normalized far-field intensity from an ensemble of dipoles radiated into the zy-bottom half
plane at 650 nm. (c) Intensity map of the Raman radiation in the back focal plane of the
objective lens. (d) Schematic of tip-enhanced point dipole radiation using a tip of 10 nm
radius. (e) The far-field intensity in the zy-bottom half plane relative to the maximum
intensity found for a vertical dipole at the same location without the tip. (f) The far-field
intensity in the back focal plane of the objective lens.

has been reported in previous simulations of TERS-type tips. We attribute this difference in
part to possible artifacts related to the finite tip size, which have been carefully suppressed

in the proposed simulation model.

We next calculate the Raman radiation profile of molecular targets that are placed in the
layer of the host medium in the absence of the tip. This situation corresponds to a conven-
tional Raman microscopy measurement. The geometry of the experiment is as sketched in
Figure 2.4(a). For this purpose, the molecular targets are assumed to exhibit an isotropic po-

larizability so that they are efficiently excited by the incident field. The simulation keeps the
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focal fields fixed while molecules are distributed at random positions along the x-dimension.
Possible near-field coupling among the dipoles is not considered in this calculation. The
resulting radiation from the molecular ensemble is averaged and normalized to its maximum
value, and displayed in Figure 2.4(b) for the 650 nm radiation wavelength. To note, the in-
cident wavelength in the study is set at 650 nm, thus ignoring the possible differences in E'F
at the excitation and radiation wavelengths [48|. These difference are small and do not affect
the general trends found. The averaged radiation pattern of the molecular ensemble shows
directional emission at angles above the critical angle of sin™!(1/ng.ss) = 41.81° [23], a direct
consequence of the presence of the substrate/air interface. The signal component at these
higher angles originates from dipoles that are driven in both the z- and the y-directions in
the near-field. In addition, at lower angles direct dipolar radiation is observed that is mostly
x-polarized. Figure 2.4(c) shows the calculated radiation in the back focal plane of the
objective lens. This plot emphasizes that in a regular Raman microscopy experiment with
randomly oriented molecules, a high numerical objective with a collection angle well above

the critical angle is needed to capture the majority of the radiation into the epi-direction.

We next simulate the far-field radiation pattern in the presence of the tip by placing a single
y-oriented molecular dipole directly underneath the tip apex, as shown in Figure 2.4(d). The
far-field radiation pattern in the xy-plane is shown in Figure 2.4(e). To determine the signal
enhancement, the tip-enhanced intensity is computed relative to the maximum intensity
found for a vertical molecular dipole at the same location without the tip. Compared to
the normalized intensity pattern of the ensemble average, the tip-enhanced far-field signal
displays a highly directional profile that peaks at an angle of +44°, in agreement with findings
previously reported [50]. This directional radiation reflects the strong enhancement of the
y-component of the focal field by the tip, resulting in enhanced radiation at angles near and
above the critical angle. Dipoles driven in the z-direction do not benefit from this directional
enhancement, which is reflected in the absence of a radiation contribution that resembles

that of z-polarized molecular dipoles.
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Besides altering the radiation direction, the tip also increases the signal intensity I,om (£44°)
by ~ 3,700 times compared to the single dipole signal without the tip. In addition, we
calculate the total normalized intensity detected by the 1.2 NA oil immersion objective
(Omax = 52.6°) using (2.1). It is helpful to relate the enhancement thus found to the typical
TERS enhancement factor of (EF)*. For this purpose, we may define the total intensity
relative to that of a single dipole without the tip (Ionn = I02 /110 "P) as I, = (EF)* x AE,
where FF' is the near-field enhancement factor, and AFE is an effective measure of the
antenna’s far-field radiation efficiency. For the 10 nm radius tip considered here we observe
EF =7 and AE is found to be 1.43. Figure 2.4(f) shows the intensity distribution in the
back focal plane. It is evident that the tip directs Raman scattered radiation into larger
collection angles, revealing a profile of azimuthal symmetry that differs markedly from the
light distribution seen in regular Raman microscopy, as in Figure 2.4(c). In Chapter 3, we
use the simulation model above to study the expected TERS signal for tips that are designed

to optimize both the near-field enhancement as well as the antenna’s radiation efficiency.

2.2 Photo-induced force Microscopy (PiFM)

In the most basic implementation, the PiFM system is a scan probe microscope based on
tapping-mode AFM [51]. Since the demonstration of PiFM in 2010 [20], amplitude modu-
lated PiIFM (AM-PiFM) is the most commonly used configuration of the technique, and the
layout of the AM-PiFM microscope is sketched in Figure 2.5. The main component of the
system is the cantilever beam which is equipped with a sharp tip. The latter is typically
gold-coated to increase the polarizability of the tip’s apex. The motions of the cantilever are
measured with high precision by illuminating its backside with a laser beam (feedback laser),
which is reflected off the cantilever’s surface and detected with a quadrant photodiode. The

sample is placed on a glass coverslip and is illuminated from below in an inverted microscope
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configuration, although side-on illumination schemes are also common. The tip is positioned
in close proximity to the sample and externally driven by a dithering piezoelectric element
to force an oscillatory motion of the cantilever beam. The driving frequency is chosen to
coincide with the mechanical resonance of the cantilever. In many PiFM measurements,
the second mechanical resonance of the cantilever at frequency f5 is chosen for recording
the topographic AFM signal, which implies that the driving frequency is tuned to fs. The
PiFM signal is then derived from the cantilever’s motions at its first mechanical resonance

at frequency f;. The roles of the f; and f5 frequency channels can be reversed.

The incident light is amplitude modulated at f,,, which can be accomplished with an acousto-
optic modulator (AOM). The light is subsequently focused at the tip-sample nano-junction
with a high numerical aperture lens from below or with an off-axis parabolic mirror from the
side. In the presence of photo-induced forces, the cantilever develops motions that depend on
fm, and these motions can be detected by analyzing the signal of the quadrant photodiode.
In a typical configuration, a lock-in amplifier is used to demodulate the photodiode signal
at pre-selected detection frequencies. To extract the photo-induced force in the AM-PiFM
instrument, the demodulation frequency is tuned near f;. There are two common detection
modes: homodyne and heterodyne. In the homodyne detection mode, also known as the
direct mode, f,, is adjusted to coincide with f;, i.e. f,, = fi. In this setting, the modulation
of the incident light produces a force that is directly manifest at the first mechanical resonance
of the cantilever. In the heterodyne detection mode, sometimes referred to as the sideband
detection mode, the laser modulation is performed at the difference frequency (f,, = |f1— f2|)
or sum frequency (f,, = |fi + f2|) of the cantilever resonance frequencies. Once again,
the signal is demodulated near mechanical resonance frequency f7, which now registers an
optically induced force at a sideband of the second mechanical resonance, i.e. f; = |fo+ finl-
While the homodyne mode is sensitive to the photo-induced force itself, the heterodyne

detection mode probes the gradient of the photo-induced force [31, 52].
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In the following Section, we describe the major physical mechanisms that contribute to the
photo-induced force, including the electromagnetic force and expansion forces. In Section
2.2.2, we also discuss a specific implementation of PiFM, namely a frequency domain version

of AM-PiFM, which is sensitive to force dynamics on us time scales in PiIFM measurements.

2.2.1 Physical origin of the photo-induced force

The physics of the illuminated tip-sample junction is complicated, and it comes as no sur-

prise that the detected forces in PiFM derive from various mechanisms. Depending on the
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geometry of the experiment, wavelength setting and properties of the material, the instan-
taneous electromagnetic force may be inferior to other photo-induced forces. Chiefly among
these are forces that are derived from light absorption by the sample or tip, and the thermal
expansion of the sample that follows [24, 25, 26, 27, 28|. In this subsection, some of the

major contributions to the force are discussed that can be manifest in a PiFM experiment.

Photo-induced electromagnetic force

When the cantilevered tip is illuminated, charge oscillations in the tip’s material produce an
induced polarization at the optical driving frequency. In most cases, this polarization can
be approximated well as an oscillating dipole in the form p; = o E, where oy = o) + i
is the polarizability of the tip and F is the optical driving field. For simplicity, the polar-
izaibility is assumed a scalar quantity. The oscillating dipole experiences a time-averaged,

electromagnetic force that is proportional to the gradient of the driving field as follows:
aj ) o \
(F) == Z Re{E;VE}+ Z Im{E'VE;} (2.2)

where i = {x,y, 2z} labels the Cartesian components. The first term in equation (2.2) is
proportional to the real part of the tip’s polarizability, and is a non-dissipative, conservative
force |23, 31]. This term is related to the so-called gradient force. The second term in
equation (2.2) is a dissipative, non-conservative force, which is proportional to the imaginary
part of ay. This force is related to the transfer of momentum of the scattered light and is

called the scattering force [23].

The first term in particular is sensitive to the gradient of the optical field in the vicinity of the
tip. A steeper gradient produces a stronger force. For instance, the force can be expected to
be strong when the tip is placed near the strong local fields associated with surface plasmon

resonances [53], which show a significant spatial dependence on the nanoscale, near objects
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that display localized surface plasmons [39, 54|, or material surfaces that support collective

modes such as phonon polaritons [55, 56].

The details of the local field also change when the tip is brought into close proximity to
the surface of dielectric substrates or objects, which in turn alters the photo-induced force.
The resulting force can be modeled conveniently with image dipole theory as illustrated in
Figure 2.6(a). Writing the image dipole as py with polarizability ay, and assuming that the
dominant polarization direction is along z, the distance-dependence force directed along the

z-axis can be expressed as [31]:

3Re{a:a,

(Fy). = Vg, (2.3)

4mepem 2t

where €, is the permittivity of the medium surrounding the tip. This force referred to as
the gradient force in this thesis, explicitly depends on the distance z between the tip and

image dipoles, and scales as z~%.

Therefore, the optical gradient force is strongest when
the tip-sample distance is small, whereas it falls off quickly when the tip is retracted. The
negative sign indicates that the force is attractive. Since the magnitude of the image dipole

depends on the permittivity of the substrate material, the magnitude of the photo-induced

force felt by the tip is sensitive to the properties of the material underneath it.

Figure 2.6: Illustration of (a) the image dipole force above the substrate, and (b) the dipole-
dipole interaction force between tip and sample. z is the average distance of the tip dipole
p¢ from the image dipoles p; in (a), and from the sample dipole ps in (b)
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Dipole-dipole interaction force

Consider a small object, such as a cluster of molecules, that is illuminated by a focused
light field. At the microscopic level the induced polarization of the sample is p, = a,F,
where o = o/, +ia/ is the polarizability of the sample. The real and imaginary parts of the
polarizability is considered to follow the lorentzian lineshape near a single optical resonance
of the sample [57]. The presence of p, affects the local field near the induced dipole of the
tip and thus has an effect on the electromagnetic force exerted on the tip [57|. Figure 2.6(b)
shows a schematic of the interaction between the oscillating dipoles as mediated by the local
electromagnetic field. This interaction is sometimes called the dipole-dipole force, and the

time averaged dipole-dipole gradient force can be written as:

_ 3Re{avar}

E,|? 2.4
47T€0€m24| | (2.4)

(Fy)s =~

which also displays a z=* dependence. The spectral response is proportional to Re{asa’} o

! ! ", n
{atas _I— at as

}. For a typical metal, o > o over the visible to infrared spectral range [25].
Under these conditions, the spectral response for the dipole-dipole gradient force assumes
a characteristic dispersive lineshape. The presence of a dispersive lineshape in the photo-
induced force near an optical resonance is thus an indication that the dipole-dipole force
is a prominent contribution to the PiIFM measurement. Calculations show that the optical
gradient force that can be expected between the tip and a small nanometer-sized structure,

such as a molecular cluster or quantum dot, is on the order of a pN [57]. Though small, such

forces can still be measured with confidence in the PiFM microscope.

Photo-thermal expansion force

Photo-thermal expansion forces follow from the sample expansion after light absorption,

shown schematically in Figure 2.7(a). The thermal expansion AL of the sample is related
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to the rise in temperature, AT, at the location of laser illumination. The expansion can be
modeled as AL ~ arhAT, where h is the sample thickness and «r is the linear thermal
expansion coefficient of the sample [28, 58, 59|. AT can be obtained by solving heat equation
with the incident light power as the heat source [28, 58|. Note that the photo-thermal
expansion is a direct function of the sample thickness whereas the dipole-dipole interaction
force is virtually insensitive to h [26]. For organic materials in the A ~ 1 — 100 nm range the

material expansion is typically very small, on the order of AL ~ 1 — 100 pm, which is often

o

smaller than the size of an atom!

A

.

Figure 2.7: Sketch of (a) the thermal expansion force in contact mode, and (b) the thermally
modulated van der Waals force contribution in non-contact PiFM. Modulation of the incident
light produces a modulation in tip-sample distance, AL. This in turn results in modulation
of van der Waals force (black arrow to red arrow) at f,.

F,
\

Nonetheless, such height variations can still be detected through changes in the force. In
general, even in the absence of light, the tip experiences an interaction force due to its
proximity to the sample. This tip-sample interaction force, Fis(z), is described well as the
sum of conservative and non-conservative forces given by Fi(z) = F.(z) — I'(2)Z, where
F, is the conservative force and I'(z) represents an effective damping coefficient of a given
dissapative process [31, 52]. The Fj strongly depends on the tip-sample distance and contains
attractive and repulsive contributions. Figure 2.8 shows F}, as a function of z. In the non-
contact zone, Fi, is dominated by attractive forces, such as the van der Waals (vdW) force,
whereas in the contact zone repulsive forces become the dominant force. At z = 0 and
shorter distances the tip is in full contact with the sample and F}, is exclusively repulsive.

Such forces are described well by the Derjaguin-Muller-Toporov (DMT) model.
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Figure 2.8: Effect of the thermal expansion AL on the tip-sample interaction force Fjs. Blue
curve shows F;, when the light is off, while red dashed curve shows F; when the light is
on. Red solid curve shows -0F;;/0z, which is proportional to the magnitude of the thermal
expansion force.|2]

Both vdW force and the DMT force depend on z. Sample expansion causes a change in the

tip-sample distance, and thus produces a difference in the force:

AF(2) = Fis(z — AL) — Fis(2) (2:5)

The effect of the light-induced sample expansion is given by the dashed red curve in Fig-
ure 2.8, which emphasizes that there is a periodic force difference due to a periodic modu-
lation of the light, both in the contact and non-contact zones. In the small oscillation limit,
the tip-sample force can be expanded in a Taylor series around the average position z., which

in the first-order approximation takes on the form:

aFts

5 (z —2¢) + ... (2.6)

Fts ~ Fts(zc) +

so that the force difference can be generally expressed as:

_aFts

AL 2.
5 (2.7)

AFtS(Z) ~

The magnitude of the force difference is thus related to the spatial derivative of the tip-

sample force, shown by the red curve in Figure 2.8. In the contact zone, using a DM'T model
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for Fi,, the thermal expansion force Fiy, can be written as:[59]

Fin(2) = AFs(2) = 2E*\/R(r, — z) - AL = C(2) - AL (2.8)

where E* is the reduced Young’s modulus of the material, R is the radius of the tip, r, is the
intermolecular distance in the material and r, — 2z is the indentation depth. The repulsive
expansion force depends linearly on AL. Since AL is modulated at f,, in a PiFM experiment,
the repulsive force Fiy, shows up as PiFM signal when operated in contact mode. Even for
small AL, Fiy, can be significant. For instance, for molecular monolayers, a value for C(z)
as high as ~ 40 N/m has been reported, so that the force measures 130 pN for a sample
expansion of only 3.2 pm [59]. Since the photothermal response depends on the absorption of
the sample, the force spectrum follows the dissipative part of the material response, resulting

in a non-dispersive resonance lineshape.

Thermally modulated van der Waals force

The discussion in this subsection discuss about the thermal expansion that gives rise to
a modulation of the tip-sample force in the non-contact zone|60], shown schematically in
Figure 2.7(b). Assuming that the force in this zone is described well by the attractive vdW

force, the photoinduced thermal expansion force can be obtained from equation (2.7) as:

HgR 1

Funlz) ~ = 6 23

AL (2.9)

where H.g is the effective Hamaker constant between the tip and the sample. In the non-

contact zone, this force is referred to as the thermally modulated vdW force Fyqw [28, 61].

The thermal expansion of the sample can be split into two parts and written as ALy, (z) =

ALy(z) + AL;. Here AL, is the thermal expansion due to the total illuminated sample
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volume, which is independent of the tip-sample distance. The thermal expansion due to the
heating right underneath the tip is described by AL, (z), which relies on the field enhancement
in the tip-sample junction and thus depends on the tip-sample distance [28]. For AL, the
heated volume is calculated from the beam radius and sample thickness, whereas for AL;(z)
the heated volume is related to the thermal diffusion length [, of the sample material |28, 60].
For a laser pulse duration of 7,, the diffusion length is defined as [, ~ \/D_Tp7 where D is
the thermal diffusivity of the sample [28, 62|. While the direct thermal expansion ALy is
linearly proportional to the sample thickness L up to the beam radius, the tip-enhanced
thermal expansion reaches a near constant value after a certain sample thickness, which is

related to [, [28].

Besides the thermally modulated vdW force, other mechanisms have been proposed to ex-
plain dissipative lineshapes in the PiFM. This includes the thermally induced photo-acoustic
force, which would introduce a near constant background on top of other force contributions
with steeper distance dependencies |26, 27|. Another mechanism that gives rise to dissipative

lineshapes is based on the photo-induced damping principle [27].

2.2.2 Fourier transform Photo-induced Force Microscopy (FT-PiFM)

In this section, we introduce the working principle of a frequency domain version of PiFM,
namely FT-PiFM. This method is based on direct mode (homodyne) detection of the PiFM
signal, where the force is commonly detected at the intensity modulation frequency w of the
incident laser light. Here, w (rads™') is the angular frequency that is related to frequency,
f(Hz) as w = 2nf. A strong PiFM response is obtained when the modulation frequency
is tuned to a mechanical resonance w, of the cantilever beam, i.e., w ~ w,. The effective
time resolution of the experiment can be improved by detecting the force also at overtones

of the modulation frequency, which can be achieved by tuning the modulation frequency
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such that w = w,/n where n is the nth overtone frequency of w. The time-varying periodic
force can be written in terms of Fourier coefficients. To describe the force, we first consider
the displacement z of the AFM tip, which can generally be described as a driven harmonic

oscillator model:

mz + bz + kz = Fy(t) (2.10)

where m, b, k are the effective mass, damping coefficient, and spring constant of the tip-
cantilever system, respectively. Because the force Fy(t) that drives the cantilever motion is

a time-periodic function, it can be expanded into a Fourier series, as follows

Fy(t) = Foy

% + mz:l [am cos(mwt) + by, sin(mwt)]] (2.11)
with the Fourier coefficients

27w
A = / Fy(t) cos(mwt) dt (2.12)
0

27w
by, = / Fy(t) sin(mwt) dt (2.13)
0

It is expected that the driving force can strongly couple to the cantilever when a specific nth
frequency component coincides with the cantilever’s resonance frequency (wp), i.e., wy = nw.
Under these conditions, only the nth component couples to the cantilever motion, whereas
other components (m # n) are off-resonant and cannot affect the cantilever motion. The
various n-components of the force can be tuned into resonance one-by-one by changing the

driving frequency w and fulfilling the condition w = wy/n. We can then rewrite the Fourier
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coeflicients as

2n7 /wo
an = / Fy(t) cos(wot) dt (2.14)
0

2n /wo
b, = / Fy(t) sin(wot) dt (2.15)
0

where n labels the specific Fourier coefficient of interest that is tuned into resonance with
the cantilever. With these definitions, we can rewrite the driving force and substitute the

resulting expression into the equation of motion
mZzZ + bz + kz = R,, cos(w,t — 6,,) (2.16)

where the amplitude of the time-dependent force is

Ry = Fo\/a2 + 12 (2.17)

and its phase is

6, = tan~! (b—") (2.18)

Qn

It is evident that the amplitude and phase of the force are fully defined by the Fourier
coefficients of the chosen nth order through eqs 2.16, 2.17 and 2.18. By measuring the
amplitude and phase of the force acting on the cantilever for different n, it is possible to
retrieve the Fourier coefficients and, using this frequency domain information, reconstruct
the time evolution of the force through eq 2.11. In principle, such a procedure would require
knowledge of the coefficients of all m orders. However, by using a priori knowledge of the
force evolution, such as an assumed exponential decay, it is possible to retrieve dynamic force
parameters with only a few Fourier coefficients namely n = 1 and n = 2 [39]. For example in

PiFM, the laser light is amplitude modulated with a square wave, producing a photoinduced
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force that is periodically modulated. The modulated force can be summarized as

F(t) = Fan(t) + Fin(t) + Foaw (1) (2.19)

where Fi,(t) is the electromagnetic force, Fyy(t) is the thermal expansion force, and Fiqw ()
is the thermally modulated van der Waals force. The electromagnetic force follows the
modulated laser light instantaneously and thus does not contribute to the measured force
during the interval when the light is switched off. The thermal expansion force displays
relaxation dynamics during the off interval, but its contribution is expected to be negligible
when operating in the noncontact or soft-contact tapping mode. We may, however, expect
a strong contribution from F,qw during the off interval due to the relaxation of the material
expansion, which is characterized by the cooling time 7.. We may approximate the modulated

force as:

Floaw 6_% O<t< %
F(t) = i (2.20)

dew(l—e Th ) %<t<T

where 75, is the characteristic time for the heat-induced expansion of the sample material.
In the case of PiFM, the heating and subsequent cooling of the sample do not necessarily
display the same dynamics.

Having defined the functional form for the time-periodic force, the Fourier coefficients defined

in eqgs 2.14 and 2.15 can be rewritten as

n = P () 4 () (221
s
Foaww?[ 1+1
by, = ;?;wo T + e f(7e) £ T f (Th) (2.22)
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where the function f is defined as

T+ e 7o)

) =— i (2.23)

In eqs 2.21-2.23, the plus-minus sign is designated as plus (minus) when n is an odd (even)
number. The two unknowns of interest are 7, and 7.. From the PiFM measurement, the
amplitude R, and phase 6, can be retrieved, allowing determination of the values for a,, and
b,. This allows us to write 7, and 7. in terms of experimentally accessible values. For this

purpose, we define two new variables, namely

Ry = — (2.24)
and

010 = 01 — O (2.25)

To obtain analytical expressions, we may further use the approximation , e 70 ~ 0 which
is reasonable when T /2 >> 7. With this approximation, we can write expressions for 7. in
terms of either Ry or 015, and the same for 7,. By equating the resulting expressions, i.e.,

Te(Ri2, ) = Te(012, 1), we can find the function 73, in terms of of Ry5 and 615 as

:|:2R12 + | COS<912)|
THh —

w0| sin(012)| (226>

where the plus sign is used when 615 > 0, and the minus sign is used when 05 < 0. We may

use a similar procedure to retrieve 7., which yields

2
-

_ _ 2.27
wo| tan(f1o)] " (2.27)
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To determine 75, and 7., Ri2 and 65 are measured experimentally. For this purpose, while
the cantilever motion is detected at fy, the laser light is sequentially modulated at f = f, to
determine Ry,0; and at f = f;/2 to obtain Ry, #5. Such technique would be useful primarily
in determining the presence of a photoinduced force after switching off the laser illumination

to ascertain the manifestation of thermal relaxation dynamics.

2.3 Summary

In this Chapter, we have briefly discussed the working principle of TERS, followed by a
discussion on our proposed numerical TERS model. The model is based on FDTD and pro-
vides a clear distinction between the near-field and far-field enhancement process in regular
Raman as well as in TERS. This model forms the basis of the analysis of tip designs that
are optimized for TERS, as presented in Chapter 3. Since the topics discussed in Chapters
4 and 5 are directly related to PiFM, we have introduced the operating principle of PiFM
and discussed the major origins of the photo-induced force in PiFM measurements, high-
lighting the electromagnetic and thermal contributions. Finally, we have presented a recent
development in PiFM, called FT-PiFM, which enables the measurement of force dynamics
on the us time scale. We use the FT-PiFM method for our studies on nanoprobe expansion

dynamics discussed in Chapter 5.
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Chapter 3

Optimizing Far-field and Near-field

Properties of TERS Nanoprobes

The nanoprobe/tip plays a central role in TERS, as the structure and dimensions of the tip
apex determine both the spatial resolution as well as the enhancement needed to lift the
weak Raman signal above the noise. Not surprisingly, much work in the TERS field has
been devoted to optimizing tip designs and fabrication protocols, including metal cones (63,
64], metal coated dielectric cones [65], a probe terminated with a single metal nanoparticle
[66, 67], and optical nanoantennas [68]. In addition, to enable better coupling between the
incident field and the near-field, tips have been decorated with gratings [63, 69, 70]. In
most studies, the design emphasis for TERS tips has been on optimizing the enhancement
of the local electric field. Whereas optimizing the electric field enhancement factor (EF =
|Eioc|/|Einc|) is indeed important for improving the light-matter interaction in the near-field,
another important aspect is the optimization of the far-field radiative properties of the tip-
antenna system. Fine-tuning of the far-field radiation efficiency and radiation direction of
the tip-antenna can boost the detected signal significantly. However, comparatively little

work has focused on the far-field radiative qualities of metal tips used in TERS.
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Previous work has shown that modifications of the tip for improving the coupling between the
near-field and the far-field in a desired direction can improve the magnitude of the detected
TERS signal notably. In particular, metal tips with periodic horizontal cuts in locations
away from the apex have been shown to alter the radiation profile markedly, exhibiting
highly directional radiation at angles of 11.6° [50, 71|. Such directional signals would greatly
improve the collection efficiency in practical TERS experiments. To fabricate tips with
horizontal grooves, focused ion beam (FIB) milling is the preferred method [16, 63, 72].
The proposed design demands ion bombardment while the tip is carefully rotated, a rather
difficult procedure that is time consuming. Such fabrication challenges have prevented the

actual implementation of tip designs with enhanced far-field radiation properties.

In this chapter, we propose an alternative design of a decorated metal tip, with an emphasis
on feasibility of fabrication with FIB milling. Our design is based on gold tips with vertical
grooves, a design strategy that has been used before in scan-probe microscopy and that is
compatible with FIB capabilities [73, 74]. We study both the near-field enhancement and
the far-field radiative properties of such tips in detail through our FDTD model as outlined
in section 2.1.1. To recall, we define the total intensity enhancement (oo, = I12 /11 "P) as
I = (EF)* x AE, where EF is the near-field enhancement factor, and AF is an effective

measure of the antenna’s far-field radiation efficiency. Finally, We present designs that

promise up to an 10-fold increase in detected far-field TERS intensity.

3.1 Sharp tip versus modified tip

The sharp metallic cone is the most commonly used probe in near-field scanning probe
microscopy, including in TERS. Electrochemical etching of metal nanowires is a low-cost,
simple and widely used method for nanotip preparation [75, 76, 77, 78, 79, 80]. However,

due to the presence of a large number of governing parameters, such as the nature and
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concentration of the electrolyte and solvent, the applied voltage frequency and amplitude,
etching time and immersion depth of the wire, it remains difficult to consistently produce
sharp tips with radii well below 50 nm. In this regard, FIB milling of etched tips can greatly
improve the tip parameters. In this section, we study the performance of a blunt tip that
has been modified with a relatively simple FIB milling procedure to produce a much sharper

feature at the tip’s apex.

20nm
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FIB milling 4
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Figure 3.1: (a) Tip modification by FIB milling. (b) Simulation setup for the modified tip.
(c) Magnitude of the local electric field enhancement along the dashed horizontal line in
panel (b). (d) Magnitude of the local electric field enhancement (green solid curve) along
the dashed vertical line in panel (b). The dashed curve in both panel (c¢) and (d) shows the
corresponding values obtained in the last section for a 10 nm radius sharp tip.

Figure 3.1(a) shows the modification of a blunt tip to a pillar-type structure (radius =
10 nm) at the tip’s apex, a structure related to one recently reported.|81] The simulation
setup is shown schematically in Figure 3.1(b). Our simulations indicate that a feature of
height 37 nm gives rise to good enhancement in the near-field as well as favorable far-field
radiation characteristics. The magnitude of the local electric field enhancement in the lateral
dimension (along black dashed line in panel 3.1(b)) is shown in Figure 3.1(c). It can be seen
that the pillar-type tip shows good near-field enhancement that compares well with the
performance of the ideal sharp 10 nm radius tip discussed in Figure 2.3, albeit that the

lateral resolution is lowered from 6 nm to 19 nm [82, 83]. The field enhancement along the

axial coordinate is shown in Figure 3.1(d), revealing performance comparable to the ideal
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sharp tip.

L
0 2000 4000 6000

Figure 3.2: (a) Schematic of the simulation setup with the modified tip. (b) Far-field intensity
of radiation from the tip-sample junction into the zy-bottom half plane, normalized to the
maximum intensity found for a vertical dipole without the tip. (¢) Far-field intensity in the
back focal plane of the objective.

The far-field radiation pattern of the modified tip is studied in Figure 3.2. Similar to the
far-field profile of the sharp tip discussed in Figure 2.4, the modified tip exhibits directional
emission at around +£44° with the added benefit of a maximum signal enhancement that
approaches ~ 6300 times that of the signal without the tip, as shown in panel 3.2(b). We
find that AE = 1.33 for the modified tip with a near-field enhancement EF = 8.2. Similar
to the radiation pattern of the sharp tip, the pillar-type tip shows azimuthal symmetry in
the back focal plane. It should be noted that relative to the ideal sharp tip, the modified tip
shows reduced performance at wavelengths over ~ 700 nm with lower relative AE factors.
In addition, the formation of ridges and imperfect pillars can affect its performance|84].

Nonetheless, these results show that relatively simple FIB sculpting of blunt tips can result
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in tip performance that approaches that of ideal conical tips.

3.2 Enhanced directional radiation with vertical grooves

at the tip apex

The improved tip performance obtained through FIB-milling of a relatively simple structure
suggest that additional improvements in the antenna’s radiation properties can be achieved
with more advanced designs. Here we explore a design that is based on the same structure
discussed in the previous Section with additional patterning away from the apex. After
rigorous tuning of the simulation parameters, we find excellent performance with a design
that includes vertical grooves on the shaft. This design exhibits four identical grooves of
height 170 nm and depth 50 nm with a horizontal spacing between the two grooves of

70 nm, as shown in Figure 3.3(a).

Previous work on FIB-based tip modification includes introducing horizontal grooving around
the tip surface at locations that are comparatively far away from the tip apex [50, 63, 71, 72,
85]. Applying horizontal symmetric grooves azimuthally around the tip’s shaft requires FIB
milling in a number of steps with precise mechanical rotation, shown schematically in Figure
3.3(b). A simpler fabrication procedure is obtained for the proposed vertical grooves, which
would require a single scanning pattern that obviates mechanical rotation, as illustrated in
Figure 3.3(c). Note that the design resolution is well above the practical resolution (~ 20 nm)
of most FIB-SEM tools [86]. Previous studies have demonstrated successful fabrication of
similar vertical groves on nanotips |73, 74]. We note that the ridges (rather than a perfect

staircase) in our design are intentional, as discussed below.

Figure 3.4(a) shows the schematic for simulating the near-field distribution in the vicinity of

the grooved tip. Figure 3.4(b) and (c) show the magnitude of the total, the x-component and
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Figure 3.3: (a) 3D Schematic of the proposed vertically grooved tip. (b) Simplified diagram
showing the process for making a horizontal cylindrical cut on the tip surface by FIB milling,
requiring mechanical rotation for symmetrical pattern. (c¢) Simplified diagram showing the
process for making a vertical cylindrical cut around the tip apex by FIB milling with no
requirement for sample rotation.

the y-component of the local electric field enhancement, as measured along the dashed lines
in panel (a). The maximum field enhancement reaches ~ 15 at the substrate surface, which
is 2 times and 1.7 times better than for the ideal 10 nm radius tip and the pillar-type tip,
respectively. The lateral and axial FWHM are comparable to the performance of the pillar-
type tip. Figures 3.4(b) and (c) underline that the vertical field component is the dominant
contributor to the local field enhancement. These simulations show that the proposed tip

exhibits excellent near-field enhancement properties for TERS measurements.

The far-field response of the vertically grooved tip is shown in Figure 3.5. Figure 3.5(b)
and (c) show the far field intensity patterns in the bottom-half zy-plane at the wavelengths
650 nm and 700 nm. We find an almost 4 times increase in Iy, (£44°) compared to the
pillar-type tip. In addition to the directional radiation at £44°, we observe the appearance

of significant inner lobes at £17.3°. For the vertically grooved tip we find AE = 0.65. The
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Figure 3.4: (a) Schematic of the simulation setup with the vertically grooved tip. (b) Mag-
nitude of the total (black solid curve), z-component (blue dashed) and y-component (red
dashed) of the local electric field enhancement. (c) Magnitude of the total (green solid
curve), z-component (blue dashed) and y-component (red dashed) of the local electric field
enhancement. Profiles in (b) and (c) are measured along the black and green dashed lines
in (a).

smaller AF value suggests a measured intensity that is less than what would be expected
based on the (EF)* factor. This underlines the approximate nature of the (E'F)?* near-field
metric [45, 87|, which does not take far-field radiative properties of the antenna explicitly into
account. For comparison, we also calculate the total relative intensity I.,, when detection is
carried out at a lower detection angle of 6., = 17.5°, which would correspond to a detection
NA of 0.3 in air. In this case AE = 6.58, implying a significant enhancement of detected
signal at smaller detection angles relative to the signal measured with the unmodified tip.

This enhancement is a direct consequence of the appearance of the inner lobe for the vertically

grooved tip. We also note that the tip’s radiation profile shows a marked spectral dependence.
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Figure 3.5(c), which shows the radiation profile at 700 nm, reveals that, in addition to an
overall decrease in Iom(6), the strength of the +44° lobes decreases more relative to that
of the inner lobes. In addition, the angle of the inner lobe decreases to ~ £16°. We note
that for wavelengths shorter than 650 nm, a similar decrease in overall signal strength is
observed, although the shape of the radiation profile remains relatively constant as Figure

3.5(b).
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Figure 3.5: (a) Schematic of the simulation of the far-field radiation by a dipole with the
presence of the vertically grooved tip. (b) The normalized far-field intensity in the bottom-
half zy-plane at 650 nm. (c) Similar simulation for radiation at 700 nm. The arrows inside
the lobes show the relative strength and the pattern of the signal change with wavelength.
The curved arrow in the inner lobe shows peak movement. (d) Total intensity /i, captured by
a NA = 1.2 oil (black curve) and a NA = 0.3 dry (red curve) objective lens for the wavelength
range 600 nm-700 nm. The dotted boundaries in both curves show the wavelength range
where the output total intensity stays within 75% of its maximum.

The spectral changes of the radiation profile are reflected in the efficiency of capturing the
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radiated Raman signal in the epi-direction. Using the 1.2 NA oil immersion objective, we see
that the total I traces a spectral profile with a clear maximum at 650 nm, our optimization
wavelength. As shown by the black line in Figure 3.5d, the 75% signal mark ranges from
630 nm to 660 nm, emphasizing that a relatively broad spectral range can be intercepted
with high efficiency in this detection scheme. When a lower NA lens is used, such as the
0.3 NA dry lens, the lobes at higher angles are not detected, lowering the overall signal, as
evidenced by the red line in Figure 3.5d. However, the relative insensitivity of the inner
lobes ensures that the spectral dependence of the detection efficiency of the lower NA is less
pronounced. The 75% signal mark now spans 630 nm to 680 nm. Despite the lower signal of
the 0.3 NA system, the use of the improved tip gives rise to a higher maximum normalized
intensity (~ 11,500) compared to the bare 10 nm tip (~ 3,700). Other than slight changes
in the local field enhancement [48|, the whole system response and operation is expected to

be relatively unaffected by the incident wavelength tuning.

3.3 Design details and underlying physics

The periodic structure of the vertically grooved tip shows similarity with the flat “bull’s eye”
antenna [88|. Each symmetrical circular sub-wavelength groove effectively functions as a
magnetic dipole-like point source, which is likely responsible for the directional radiation at

angles lower than the critical angle emission for a single emitter.

The ridges around the grooves are an intentional part of the design, as they are likely to
appear in the practical fabrication of vertical grooves. These ridges have a favorable effect
on the magnitude of the signal. As shown in Figure 3.6(b), a vertically grooved tip produced
without any ridges (green) displays a lower signal overall compared to a tip with ridges (red).
However, the ridges do not alter the spatial phase of the radiation, as directional radiation

is seen at identical angles for both tips. The lower signal for the tip without ridges is related
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to a decrease in the value of the local field enhancement as shown in Figure 3.6(c). This
indicates that the ridges play a role in coupling energy from the far-field to the near-field

region near the tip apex and vice versa.
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Figure 3.6: (a) Schematic of the simulation model for a vertically grooved tip without ridges.
(b) Far-field radiation profile of the tip with (red) and without (green) ridges. (c) Near-field
distribution of the vertically grooved tip without ridges.

Note that the vertically grooved tip is specifically designed and optimized for a bottom
illumination/detection TERS system. Such vertical grooving is not expected to provide
optimum response for side illumination TERS which requires different design criteria to be

satisfied [71].
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3.4 Total normalized far-field intensity distribution: ver-

tically grooved tip vs sharp tip

Finally, we calculate the distribution of the total detected signal enhancement for different
tips and different objective lenses, namely the 1.2 NA oil objective and the 0.3 NA dry
objective. In our calculations, symmetry in the azimuthal dimension has been assumed for
simplicity, which could provide some overestimation for the off-centered dipole. However,
The results are shown in

this should not have any impact on the typical performance.

Figure 3.7 as a function the lateral position of the molecular dipole.

In Figure 3.7(a), we show the results for an optimized vertically grooved tip when the signal
is detected with the 1.2 NA oil objective lens. The results are compared with the signals
observed for the unmodified 10 nm radius tip shown in Figure 3.7(b). The total far-field
intensity enhancement is indicated in red and the TERS enhancement factor (EF)? is shown
in blue. The plots reveal that the modified tip shows an increase in total intensity enhance-
ment I, namely the TERS signal enhancement by 10 times relative to the ideal sharp tip.

The Iy, follows the general trend of (EF)* and the apparent difference in value between

can be understood as the antenna efficiency factor AF.

4 x10* x10% 4 x10° x10%
(a) 5 (b) 4
< ~ < <~
0 J \\ 0
-100 0 100 -100 0 100
X'[nm] X'[nm]

Figure 3.7: Total far-field intensity captured through a high NA 1.2 oil immersion objective
lens for a dipole positioned under (a) the proposed vertically grooved tip and (b) under
10 nm sharp tip. The intensity is plotted as a function of the dipole’s lateral distance from
the tip apex (red solid curve, left axis). The blue solid curve in each figure shows the (EF)*
factor (right axis).
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The lateral dependence of the signal in panel 3.7(a) resembles a Gaussian like-shape that is
centered around the tip’s apex and exhibits a FWHM of 17 nm. This implies that the tip
is mostly effective in radiating signal that originates from molecules within a 8.5 nm radius
from the center of the tip apex, i.e. molecules father away do not contribute to the signal.
The FWHM for the 10 nm sharp tip is more confined, at the expense of weaker signals, as
shown in panel (b). For detection at detection angles below § = £44°, the signal is expected
to be much weaker. Nonetheless, for the vertically grooved tip, radiation intensity is found
in the inner lobes as well, a feature that is absent for the ideal sharp tip. For instance, when
detecting with a detection cone afforded by a 0.3 NA lens, we find a total enhancement of
Inn ~ 3% 107 for a dipole under the vertically grooved tip. For comparison, the enhancement
under the same conditions for the 10 nm sharp tip is Iy, ~ 2x103. Consequently, the relative
detection efficiency (intensity) with the 0.3 NA lens is dramatically improved by a relative
factor of 150 for the modified tip relative to the ideal sharp tip. This translates into a 150

times stronger TERS signal when the modified tip is used.

3.5 Summary

In this chapter, we have proposed a set of realistic modifications to gold tips to improve the
magnitude of the signal detected in a bottom-illuminated TERS microscope. Other than
focusing solely on the near-field enhancement, we have performed simulations that seek to
improve the overall far-field signal from the tip-sample system. Through detailed FDTD
simulations we have found that relatively simple modifications to the metal tip can produce
marked changes in the far-field radiation from the tip antenna. In particular, using feasible
FIB procedures, a blunt tip can be converted into a pillar-type tip that exhibits excellent
near-field enhancement of EF' = 8.2 as well as an antenna efficiency of AE = 1.33 when a 1.2

NA oil immersion lens is used for excitation and detection. These properties can be further
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improved by applying vertical grooves through FIB milling. The application of four periodic
grooves in the shaft results in a higher near-field enhancement of FF = 15. Relative to
an ideal (unmodified) tip of 10 nm radius, the vertically grooved tips studied here produce
~ 10 fold stronger TERS signals at the detector when a high numerical aperture lens is
used. This antenna system also redirect a portion of the signal into smaller angles, which
facilitates signal collection when a lower NA lens is used. For instance, for detection angles
that coincide with that of a 0.3 NA lens, we find an antenna efficiency factor of AE = 6.58.
This work shows that a significant increase in the detected TERS signal can be attained
through optimization of both the near-field enhancement and far-field radiative properties
of the tip. We have paid special attention to the feasibility of fabricating improved tips
with FIB. We expect that the designs presented in this work can be realistically fabricated,
starting from blunt r ~ 50 nm tips that are regularly produced through chemical tip etching.
These procedures are expected to be reproducible and may thus contribute to a more routine

implementation of TERS.

42



Chapter 4

Photo-induced Forces on Chiral

Nanoprobes

Light-matter interactions are commonly dominated by the material’s response to the electric
component of the electromagnetic field. In most PiFM experiments, the detected force is
also dominated by the electric field. This has allowed detailed PiFM mapping of electric field
distributions of focused Gaussian [30, 31] as well as vector beams [29] through the optical
force exerted on it. However, under certain conditions, forces related to the tip’s interaction
with the magnetic component of light can also become important. For instance, the use of
a especially designed silicon nanoprobe has made it possible to generate PiFM maps of the
magnetic field distribution of focused vector beams [32]. Magnetic fields also play a role of
the detected force is sensitive to the chirality of the electromagnetic field. In this Chapter,
we show that by imposing a chiral feature on a regular achiral nanoprobe, a conventional
PiFM measurement can bring out the chiral properties of the incident beam, a property

known as the helicity density [89].

Light can exist in a chiral state that is related to the curled character of the electric and
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magnetic fields. The quantity commonly used for quantifying this ‘degree of curliness’ is the
time-averaged helicity density [90, 91, 92|, which is defined as h = 5=Im(E - H*), where
E and H are the phasor electric and magnetic field at angular frequency w, and ¢ is the
speed of light (* denotes complex conjugation) [93, 94|. The helicity density is a time-
even, pseudo-scalar conserved quantity and the flux of the helicity density, i.e. the chiral
momentum density, is related to the spin angular momentum of the beam [90, 95]. The
latter quantity is a time-odd, pseudo-vector quantity [91] and its density is defined as o =
—i2(ExE*) — £2(H x H*), where £y and p are the absolute permittivity and permeability
of free space |91, 96], respectively. Although both quantities describe angular momentum
associated with the polarization state of light [90], only the time-averaged helicity density

is classified as a conserved property of the electromagnetic field [97, 98], and, therefore,

considered to be the proper descriptor of optical chirality.

The chiral property of light makes it possible to study chiral objects, such as molecules and
nanostructures, in an optical manner 98, 99, 100, 101, 102, 103|. In common applications, the
specimen is illuminated sequentially with left-handed and right-handed circularly polarized
light (LCP and RCP), and the chiral information is inferred from the differential response
of the material. The chiral state of circularly polarized light is well understood, which fa-
cilitates the analysis of such measurements. However, performing similar measurements at
dimensions beyond the diffraction limit can be challenging [92, 104, 105|, because the chiral
state of light in the near zone cannot always be assessed with far-field measurements. Now,
the question arises whether a quantity like the helicity density can be properly measured at
dimensions beyond the diffraction limit of light. Although near-field and scanning nanopar-
ticle methods have been used to probe the electric and magnetic components of vector fields
at sub-diffraction limited resolution [32, 106, 107, 108, 109], a direct measurement of the
helicity density in the near-field of tightly focused laser fields has so far remained out of

reach.
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In this chapter, we theoretically investigate the connection between the photo-induced forces
felt by a chiral tip under differential RCP /LCP illumination and the chiral state of light at the
nanoscale. Using image dipole theory, we have found a direct relation between the measured
differential force and the chiral properties of the incident electromagnetic field in terms
of the time-averaged helicity density and spin-angular momentum density. The exp(—iwt)
time notation is implicitly assumed in analysis throughout the chapter. We further model
the chiral tip as an isotropic chiral sphere to examine several design considerations and
validate our dipole model with full-wave, finite element method (FEM) simulations. Finally,
we present force map of helcity density of chiral beams and finish with a discussion on the

error tolerance of the proposed technique due to beam imperfection.

4.1 Theoretical Analysis

(a) (b)
cantilever ‘ /
<— tip dipole
chiral tipy —mm@ % y
flllzllassstrate ; x <—image dipole
Emci Hm('i Eim + ) "/m'i

Figure 4.1: (a) Schematic of the PiFM system with a chiral tip with illumination from the
bottom. (b) Photo-induced chiral tip dipole and image dipole according to image dipole
theory.

In this section, we determine the mechanical force that acts on the chiral tip due to the
presence of the electromagnetic field, as shown schematically in Figure 4.1(a). We can model

the tip as particle and write the time-averaged force exerted on this particle as [23, 25]

(F) = %Re{/ |:€(E N)E* + (B -n)B* — % (e|E]* + ' BJ?) n} ds} (4.1)
S
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where the integration is over the arbitrary surface S that encloses the tip-particle of volume
V', nis the unit vector normal to this surface, and E and B are the phasors of the total electric
field and magnetic flux density, which include both the incident light and the scattered light
contributions. It is assumed that the particle is embedded in a non-dissipative medium with
permittivity € and permeability p. To simplify this expression, we next assume that the tip
can be described as a dipolar particle with an electric and magnetic dipole moment in free
space, written as py;, (Cm) and my;, (Am?), respectively. The phasors of the dipole moments
are defined as py, = [rp(r)dV and my;, = 5 [[r x J(r)]dV, where p(r) and J(r) are the
induced charge and current densities in the particle. Assuming the tip-particle’s response is
dominated by its electric and magnetic dipole moments, the expression for the time-averaged

electromagnetic force reduces to [110, 111]

cpok?

1 * oc *
(F) = §Re{(VEloc(rtip)) Prp + (VH(r135)) " - promys, — or

(Prip ¥ m;p)} (4.2)

where E"°¢(r;;,) and H"¢(r,;,) are the local electric and magnetic field at the tip dipole
position. Here, VE and VH are the gradient of electric and magnetic field vectors. This
is of dyadic form and defined as VE = 7,3 g—g:ﬁi@ where ¢ and j stands for x, y and
z components of cartesian coordinates [112]. Note that sometimes in the literature the puq
factor in the second and third term of equation (4.2) is included in the definition of the
magnetic dipole moment (my;,) [113, 114, 115]. The notation used here is the same as that
in Refs. [33, 105, 92, 94, 32]|. The time-averaged force has three distinct contributions: the
first term on the right hand side of equation (4.2) is recognized as the electric dipolar force
(Fe), the second term is known as the magnetic dipolar force (F,,), and the last term is

called the interaction force (F,;).

To calculate the force, we require expressions for the induced electric and magnetic dipole

moments. Assuming that the tip is an isotropic and reciprocal chiral object, the dipole
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moments can be related to the local fields through polarizabilities as [116]

ptip = O-/eeEloc(rtip) + aemHlOC(rtip) (43)

mtip = _MalaemElOC(rtip) + ammHlOC(rtip) (44)

where e, Qnm and ag,, are the electric, magnetic and electro-magnetic polarizabilities,
respectively. We have considered that a,,. = —pq ' Qem because of reciprocity. The local
fields at the tip dipole position can be obtained from image dipole theory [20, 23, 117]. We
model the effect of the substrate by substituting the substrate response by the image of
the photo-induced (chiral) dipole in the tip, written as pjimn, and m;,,, and shown in Figure

4.1(b). The local electric and magnetic fields at the tip position can then be expressed as

Eloc(rtip) =E™ (reip) + Efﬁ?g—)tip(rtip> (4.5)
H(ry3) = H"™ (1) + Hirey i, (Tiip) (4.6)

where E™¢(r,;,), H"(r;;,) are the incident electric and magnetic field at the tip dipole

location, and Ej% . (ry,), H

Fmg—stip o stip(Trip) are the scattered electric and magnetic field by

the image dipoles at the tip dipole location.

The scattered fields, which include nearfields, are defined through the image dipole moments

and their Green’s functions as [23, 117

B gt (Teip) = G*(Trip — Timg) * Pimg T G (Vtip — Timg) - Mimg (4.7)
Hff:g%tip(rtip) = gme(rtip - rz’mg) * Pimg + gmm(rtip - rimg) *Mymg (48)

where G(r) = G, %%+ G,y¥ + G.Z% is the dyadic Green’s function in Cartesian coordinates.

The Green’s functions that appear in equations (4.7) and (4.8) are approximated in the
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nearfield as [118]

G*(r) = 47T50|r|3(3rr—1) (4.9)
mm _ 1 an
G™(r) = 47T|r|3(3rr I) (4.10)
em _ 1 mm
G (r) = iweov x G™™(r) (4.11)
1
G™(r) = iwuov x G*(r) (4.12)

where I is unit dyad (tensor) and  is the unit vector from the source point to the point of

observation.

In the same fashion, we can also define the image dipole moments and the local fields at
the image location. Our goal is to obtain self-consistent approximate expressions for the
local fields at the tip location and for the dipole moments in terms of the incident light
components. To achieve this, consistent with the nearfield approximation of the Green’s
function, we first ignore any phase retardation effects in the fields between the tip and image
dipole position. Second, we will only consider terms in the polarizability up to second order
(full derivation is provided in Appendix A). With these assumptions, we may use equations

(4.3)-(4.6) to determine the longitudinal (z) component of the time-averaged force in the
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dipole approximation as written as

<Fz,gmd> = <Fz,e> + <Fz7m>

3 1 |O‘ee|2 -1 2 2
— - o om ZTLC ElTLC
s |3~ 2+ sl el ) 1P + (B2
1 |a€m|2 inc nc
e +uo|amm|2)(%| 2+ )
€0
aeeaZm * mnc inck nc inck
— Re{ <— + OémmOéem) ( [ I + Ez . Hz )}]
€0
+6—w 2wRe QccCler, (o], — 2wRe{ qemars,, o]
k2| z|? €0 E e J
— 21m{(|aem|2 - ﬂo@eea;m)[sinc]z}]
(4.13)
Ck4 * inc incx
<F2,imf> = - E Re{ - aemaee}R‘e{[ Il X [ ]Z}
+ Re{ﬂoa:nmaem}Re{[ inc % Hznc*]z}
. (4.14)
aemaee mnc * mce
+ 4wIm{ — —}[ . + 4wIm{ - ammaeTn}[UH ]2
€0

+ 2Re{azmaem [Smc*] i } + 2Re{/10afnmozee [Smc] B }

where Eﬂ"c = E"%x + BV, H‘Z‘"C = H"%X + H;"y and EJ* = B!z, H" = H"°% are
the transverse and longitudinal components of the incident fields at the tip dipole location,
the notation (ry;,) has been avoided here for brevity; S = 1E™¢ x (H™¢)* is the Poynting
vector of the incident field; o%¢ and o%}¢ are the electric and magnetic parts of the time-
averaged total spin angular momentum density of the incident light; and z is the vertical
distance between the tip dipole and its image. See the Appendix A for a detailed derivation
of equations (4.13) and (4.14).
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Equation (4.13) describes the force due to the combined electric and magnetic dipolar re-
sponse of the tip. This force shows a distance dependence on the tip-sample distance which

4 similar to the distance dependence of the gradient force that is typically mea-

scales as z~
sured in PiFM [23, 31]. The first two lines of equation (4.13) are recognized as the purely
electric and purely magnetic dipolar force contributions to the gradient force, whereas the
third line describes the force that arises from a nonzero scalar product of the electric and
magnetic fields, i.e. the helicity density. In addition, this force also exhibits a 2~ distance
dependence, expressed in the last two lines of equation (4.13). This part carries information

about the longitudinal component of the spin angular momentum density and the Poynting

vector of the incident light.

Equation (4.14) accounts for the interaction force, which lacks a direct dependence on the
tip-sample distance. In addition to the purely electric and magnetic contributions to the
interaction force, described by the first two lines in equation (4.14), the latter two lines add
force contributions that scale with the longitudinal component of the spin angular momentum
density and with the Poynting vector. Because these latter terms depend on the momentum

of the incoming field, the interaction force shows similarity with the scattering force |23, 31|

in PiFM.

We are interested in using the force as a way to measure the helicity density h"* of an
incident beam. To measure this quantity, we will use a second incident beam that is similar
to the original beam but is of opposite handedness. Hence, if we define the helicity density
of the original beam as h"¢ = hi"“* then the helicity density of the auxiliary beam is
given as h™~. For this purpose, we assume two states for the incident light, indicated
by Eet H™t and E"¢~, H"™~, describing the input fields of different handedness. The
two illumination states have the same energy densities, |[E™T|? = |E™*~|? and [H™|? =
|[H™<~|2, but exhibit opposite helicity densities, Im(E™¢t . H"™*) = —Im(E™*~ - H™*™*), i.e.

hinet = —pine= Note that the longitudinal spin angular momentum density components are
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related as [o'2t], = —[o'“7], and [ot], = —[o“].. We also find that S™"¢t = Sine
and that the following relations hold
Re{ {Eznc+ Eznc+*]z} Re{ [Eznc Eznc *]z}

H : (4.15)

Re{[H’"C+ x Hﬁm**]z} Re{[HmC x Hi™ *]z}
We next determine the differential force, obtained by measuring the force under illumination
with incident light of (4+) and (—) handedness, and taking the difference. Under these con-
ditions, the differential gradient force A(F, j04) = (Fs grad) T — (F: graq)~ and the differential
interaction force A(F, int) = (Fint)T — (FLint)” can be obtained from equations (4.13) and
(4.14) as

6wc o
A<Fz,g7"ad> = W—Im{ﬂ<@ee - ammg(])} (2 ine h;nc)

24w? QeeOCF, ine e (4.16)
+7[—k2|z|5 Re Eo [UE ] Re {ammaem} [ ]
2wck* Qe Yt ine e
A(F, i) = - [Im{%}[a .+ Im{amma }[O'H ] } (4.17)

where A" = ﬁlm{Emc H’”C*} and A" = ;LIm {E?°. HI*} are the tangential and
longitudinal helicity density, respectively. We find that the differential force is proportional
to the difference in helicity density between the incident light and the auxiliary beam, i.e.
hinet — pine= — 2h"¢ - Since we had defined A" = hi"“*T, we observe that the differential
gradient force measured in this procedure is directly proportional to the desired h"*¢ of the
incident chiral light. From equation (4.16) we see that the differential gradient force depends
on the helicity density of the incident light, whereas (4.17) predicts that the differential

interaction force carries only information on the spin angular momentum of the incident light.

When using optimally chiral light|94] satisfying the relation E = +inoH with ny = /p0/<0,
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inc inc

the two spin angular momentum densities are such that %} = o'%°. Note that circularly

polarized light is a particular case of optimally chiral light.

When analyzing the first and the second terms in equation (4.16), we note that the pre-
factor containing z~® grows larger than the corresponding z=* pre-factor for sub-wavelength
distances. The magnitude of the two contributions to the differential gradient force are,
however, also determined by the material polarizabilities. In this context, we must observe
that for nanoparticles made of low loss materials like silicon, the values for the polarizabilities
Qee and v, are mainly real when the particle is much smaller than the optical wavelength
(i.e., at the quasistatic limit). Assuming the same particle has chirality, we also observe
that o, is mainly imaginary (see for example the expression (9) in Ref. [114] or (7) in
Ref.[115]). Therefore, when the chiral tip is made of a low-loss material and much smaller
than the optical wavelength, the term Im {a..},,} is larger than the term Re {ae.a},,}.
Similarly, we find that Im {a,mal,,} > Re{ammal,,}. Taken together, even though the
considered tip size is not deeply sub-wavelength, we find that for practical sizes and material
properties of the tip, as shown in Section 4.3 (see also Appendix A section 4), the first term
in equation (4.16) is dominant over the second term. For this reason, we may approximate

the differential gradient force as

*

6wc « . .
A<Fz’grad> ~ —Im{ ;;n (aee - Oémmgo)} (% ﬁnc 4 h;nc> (418)

mlzlt

and the validity of such approximation will be confirmed by the numerical results. It is clear
that the strength and sign of the differential gradient force depends on «,, and thus relies on
the chiral properties of the tip. For small tip-sample distances, the differential gradient force
is expected to constitute the dominant contribution to the measured force, thus offering a
means of experimentally extracting information about the helicity density. Unless otherwise

stated, we will use equation (4.18) to determine the differential force in the follwoing sections.
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4.2 Mie Scattering Formalism

We next study the characteristics of the differential gradient force. We see from equation
(4.18) that A(F, 4qa) depends on the polarizability of the tip material, including the electro-
magnetic polarizability. To model the tip polarizability, we assume that the tip can be de-
scribed as a spherical chiral nanoparticle (NP). We also assume that the following constitutive
relations hold for the chiral NP: D = gog, E+1i/eoporH and B = pop, H—1i,/ZopoxE, where
e, and p, are the relative permittivity and relative permeability, respectively |94, 116]. The
chirality parameter k is an empirical quantity that provides the chiral strength of the material
under consideration. We can next relate the electric, magnetic and electro-magnetic polar-
izabilities through the material parameters by using Mie scattering theory as [94, 114, 119]:
Qee = —6migoby /K3, Q= —6miay /k3 and v, = 6mic; /(ckd) where c is the free space speed
of light, k¢ is the wavenumber in free space and by, a;, ¢; are the Mie coefficients. In our
calculations, the material parameters of the isotropic chiral NP such as €, and pu, are those

of crystalline silicon [120] with p, = 1.

We next place the sphere (i.e., the tip) just above a flat and transparent dielectric substrate
such that the distance between the sphere’s surface and the substrate surface is 5 nm. The
system is subsequently illuminated from the bottom with a plane wave of field strength
1.5 x 105 Vm ™' (incident intensity of 3.0 mW/um?) that is either in the LCP (E™¢t =
E™ex + iE™y) or RCP (E™¢~ = E™% — i E"°3) state, and which propagates through the
transparent dielectric material toward the sphere. The CP wave induces an electric and
magnetic dipole in the chiral sphere, and the presence of the substrate can subsequently
be modeled by including an image of the induced electric and magnetic dipoles [29, 32|,
analogous to the procedure used for the point dipole model in section 4.1. For simplicity, it
is assumed that the image dipole strength is identical to the induced dipole in the sphere.
In the current configuration, the distance between the location of the dipole and its image is

2(ryp + 5 nm), where ryp is the radius of the sphere. We calculate the differential gradient
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Figure 4.2: (a) Differential gradient force spectrum in pN. (b) Normalized magnitude spec-
trum of ae — g, for different radii of the chiral NP. The material properties of the chiral
NP, ¢, and pu, are considered the same as silicon with p, = 1 and k = 0.1. In all calculations,
the tip-image dipole center-center distance is |z| = 2ryp+10 nm. Black dashed lines indicate
resonance condition of ¢; and white dashed lines indicate the local minima in the plot, which
approach the Kerker condition.

force spectrum with the aid of equation (4.18) and plot it as a function of sphere radius and
excitation wavelength in Fig. 4.2(a). In all calculations, the value of the bulk chirality x of
the sphere is considered real and set to 0.1 [121, 122|. It is clear that nonzero A(F} 4.qa) is
achieved under certain experimental conditions. In particular, the maxima are seen to co-
localize with the resonant spectral position of the electro-magnetic Mie coefficient ¢; of the
chiral NP. The black dotted lines show the location of the peak values of Im(c;). Changing
k does not alter the spectral resonances, but instead changes the sign and magnitude of the

differential force proportionally.

A careful inspection of equation (4.18) suggests that, for any chosen ryp and x of the
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tip, A(F), graq) may approach zero when the first Kerker condition of the chiral NP is
met, irrespective of helicity density of the incident light. The Kerker condition is a.. =
£00mm [105, 123, 124], and the magnitude of the quantity aee — €gtmm, is plotted in log scale
in Figure 4.2(b) as a function of radius and excitation wavelength, while « is fixed at 0.1.
The white dotted lines depict the conditions where the logarithm of |aee — €9mm| (normal-
ized to maximum) has a value below -1.5 and the relation a.. = goayn, is approximately
satisfied whereas the black dotted lines show the resonant position of electro-magnetic Mie
coefficient ¢; as found in panel (a). The finite separation between the two curves assures
that the Kerker condition is less likely to have any impact on helicity density measurements

if the force difference measurement is properly maximized.

4.3 Full Wave Simulations

To further validate our analytical findings, we perform 3D full wave simulations to determine
the force exerted on a chiral tip when it is placed above a dielectric substrate. We use the
finite element method implemented in COMSOL Multiphysics. In the simulation, the tip
is modeled as an isotropic chiral sphere [25, 125, 126] with the same material parameters
as used above in Mie scattering formalism. Indeed, e, and p, of the sphere are same as
that of silicon with p, = 1 and the bulk chirality parameter is x = 0.1. As shown in figure
4.3(a), the sphere is placed above a semi-infinite glass substrate (n = 1.5) and the distance
between the glass surface and the sphere surface is 5 nm. The system is then sequentially
illuminated by LCP and RCP plane waves of field strength 1.5 x 105 V™', corresponding to
3.0 mW /um?, in the bottom illumination scheme. The force exerted on the chiral sphere is
determined by integrating the Maxwell’s stress tensor over the outer surface of the tip (i.e.,

the sphere) [25]

Figures 4.3(b), (c), and (d) show the time averaged-force difference spectrum for spheres of
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Figure 4.3: (a) Schematic of the chiral tip sphere above a glass substrate (n = 1.5) with
radius ryp and tip-surface and glass surface distance of 5 nm used in the FEM simulation.
The material properties of the sphere, ¢, and u, are the same as silicon, with g, = 1 and
k = 0.1. The system is illuminated by an incoming plane wave (first LCP then RCP) from
below. Time-averaged differential gradient force from analytical calculation using equation
4.18 (blue solid) and equation 4.16 (blue dotted) and total force from full-wave simulations
(black solid curve), for a chiral NP radius with radius (b) ryp = 50 nm, (¢) ryp = 60 nm,
and (d) ryp = 70 nm.

radius of 50 nm, 60 nm, and 70 nm, respectively. The blue solid and dotted curves show
the analytical result using equation (4.18) and equation (4.16), whereas the full-wave FEM
result is indicated by the black solid line. For all three cases, the FEM simulation closely
follows the analytical result obtained for the main dipolar mode, which is found at the longer
wavelength and peaks with the Mie resonance of the ¢; coefficient. On resonance, the dipolar
differential gradient force (blue curves) constitutes the dominant contribution to the total
force difference (black curve). The dominance of the dipolar contribution grows more obvious
as the radius is increased. The difference between the FEM simulation and the analytical

results can be attributed to higher order multipole contributions, which are not considered

in the dipolar approximation. The small difference between the solid and dotted blue curves
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is due to the contribution of z~° distance dependent force term in equation (4.16). This
term does not carry any information on the helicity density and its significance decreases for
larger radii, as is evident in Figures 4.3(b)-(d). Near resonance, the differential force is of
the order of 0.25 pN for the 80 nm radius tip (k = 0.1). Although such forces are near the
noise floor of a typical PiFM microscope, sensitive experiments are likely able to resolve the

targeted differental force under optimized conditions [127].

The dip at lower wavelengths (black curve) for the 70 nm and 80 nm radius tips in Figure
4.3(c) and (d) is attributed to the differential interaction force, as defined in equation (4.17).
This is because, equation (4.18) is positive-valued whereas (4.17) and the 27> dependent
term of equation (4.16) are negative-valued in the considered wavelength range. In the same
lower wavelength region, the magnitude of A(F) 4.qq) is comparatively much smaller than

the magnitude of A(F, ;,;) for the 70 nm and 80 nm radius tips.

4.4 Force Map of Helicity Density

Finally, we present the differential force map of the helicity density for a focused chiral beam,
a scenario of direct relevance to microscopy applications. The situation is schematically
shown in Figure 4.4(a) where an isotropic chiral sphere of radius ryp = 80 nm is scanned
over the focal region of the incident beams above glass substrate. We assume a circularly
polarized Gaussian beam of 2 mW average power at a wavelength of A = 641 nm as the
incident light source, which is focused by a 1.4 NA oil (n = 1.518) objective lens. The
focal plane electric and magnetic field components used in the simulation are obtained from
reference [32|, page 62. We first calculate the normalized helicity density distribution at
the focal plane for a focused LCP beam, which is shown in 4.4(b). We next calculate the
differential force A(F, ;,4q4) using equation (4.18). In Figure 4.4(c), A(F} grqq) is shown for

the case of a tip of radius ryp = 80 nm. As equation (4.18) suggests, the force difference
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has the same spatial dependence as the non-zero helicity density of the focused LCP beam

shown in Figure 4.4(Db).

Lastly, we consider a chiral nanoprobe with properties as those of a helical carving of regular
achiral tips [13]. Such chiral tips display dominant longitudinal chirality [128| and in the

dipolar approximation this is reflected in the polarizabilty tensors as [116, 128§]

& = O 27
22 55

Qpm = Q22 (419>
2z

gem - O{emZZ

Here we have ignored the non-diagonal components of the polarizability tensors for brevity.
Such an approximation is reasonable as long as the helical axis is aligned along the main
propagation axis. We note that even though the finite number of helical turns introduces
non-zero elements of the polarizability tensor, such contributions are negligible compared to
the dominant diagonal elements [128]|. Under these conditions, the differential gradient force

for the helical-shaped tip turns out be

Zz*
em

6
wce Im{a

A(F graa) ~ (aZi — o 50)}@”0 (4.20)
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The details of the derivation can be found in Appendix A section A.5. Interestingly, the
differential gradient force for the helical-shaped tip is only sensitive to the longitudinal
component of the helicity density. In contrast, the isotropic chiral tip measures both the
transverse and longitudinal components in the differential force measurement, as expressed

in equation (4.18).

To demonstrate these features, we consider a helical-shaped tip that is placed above a glass
substrate, and subsequently scanned over the focal region as sketched in Figure 4.4(d).

Figure 4.4(e) shows the calculated longitudinal component of the helicity density, revealing a
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donut shaped profile. Next, to calculate the differential force we use the same polarizability
values of the isotropic chiral sphere in Figure 4.4(a) for o2, oZ7,, and «Z2,. The map of
A(F, 4rqa) for the helical-shaped tip is depicted in figure 4.4(f), showing the expected donut
profile that replicates the longitudinal component of the helicity density of the incident LCP
beam. In Appendix C, we also present the helicity density maps determined through the
differential force of a focused azimuthally radially polarized beam (ARPB) [105, 94, 115]. We
note that in principle, a proper design of the nanoprobe should also allow for mapping the
transverse components of the helicity density. This would require a probe with polarizability

elements a* # 0 and/or oY # 0 with oZ?, = 0, which can be accomplished if the chiral

probe exhibits a helical current path in the transverse direction.
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Figure 4.4: (a) Sketch of an isotropic chiral scatterer being horizontally scanned over a glass
substrate through the focus of a circularly polarized (LCP/RCP) beam. (b) The focal plane
distribution of total normalized helicity density (A" = ;=Im{E™ . H"™*}) of the incident
circularly polarized (LCP) light focused by a 1.4 NA oil objective. (c¢) The differential force
map, A(F} 4qq) at the focal plane for a chiral isotropic tip of radius ryp = 80 nm. (d)
Sketch of a helical-shaped tip in the same configuration as in (a). (e) Spatial dependence of
the longitudinal component of the normalized helicity density ("¢ = ;-Im{E™H"™*}) in

(b). (f) Differential force map for the helical-shaped tip. The polarizability strength of the
isotropic and helical-shaped tip has been set to the same value.
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4.5 Effect of beam imperfection

In our proposed technique, the beam of interest and the auxiliary beam of opposite hand-
edness require to have equal energy densities, namely |E™T|> = |E™"|> and [H™"|> =
|[H™<~ |2 to obtain the differential force in the form of equation 18. Here, we investigate the
effect of deviation from this perfect condition for a representative case. In this case study,
we assume a perfect LCP beam, but a non-ideal RCP auxiliary beam. This scenario may
correspond to an actual experimental situation in which the RCP beam is slightly elliptical.
To model this, we introduce an error € in the auxiliary beam as |E}"*"| = | E}*(1 — €)| and
|H | = |H"(1 — €)| where |E**| = |E)"| and |H**| = |H;"¢|. Under these condi-
tions, we retrieve the original formulation for the differential force, plus an additional force

contribution that originates from the error term. This extra term is given below.
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To obtain an impression of the magnitude of this additional force, we calculate A(F, jrq4)error
for a chiral scatterer (tip) of £ = 0.1 and 80 nm radius under LCP/RCP illumination of field

strength 1.5 x 10° V™! (incident intensity of 3.0 mW /um?) at wavelength of 641 nm. Here,

we introduce the error, € in the RCP light. Fig. 4.5 shows the variation of A(F, grad)error
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strength for increasing magnitude of the error parameter. The Figure shows that the ad-
ditional force, A(F, grad)error increases with e and remains below the noise floor ~ 0.08 pN
for maximum error of ¢ = 0.03. Thus, we may conclude that up to an amplitude variation
of ~ 3% (e = 0.03) the error force is below the detection limit and is unlikely to affect the

actual measurement in a significant way.
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Figure 4.5: The additional force A(F} jrad)error as a function of error parameter e in the
auxiliary beam (RCP) for an isotropic chiral scatterer (tip) of radius ryp = 80 nm and
x = 0.1. The incident illumination is assumed to be plane wave LCP /RCP with electric field
strength 1.5 x 10° Vm ™! at a wavelength of 641 nm.

4.6 Summary

In this Chapter, we have studied the information contained in the photo-induced force ex-
erted on a chiral tip (modeled as a chiral nanosphere) when it is illuminated by chiral light.
Our theoretical analysis reveals that the differential force is directly sensitive to the chiral
properties of light. In particular, the dominant component to the differential gradient force
is directly proportional to the helicity density of the incident chiral light, whereas the dif-

ferential scattering force is sensitive solely to the spin angular momentum of the applied
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light. Using realistic values for the illumination intensity, tip dimension, and the chirality
parameter of the tip, we find that the differential force can reach detectable values of sev-
eral hundreds of fN, just above the noise floor of common scan probe microscopy systems.
Finally, we provided an error tolerance of our proposed measurement method based on the
auxiliary beam imperfections. These findings are significant because a direct characterization
of optical chirality at the nanoscale has hitherto been challenging. The observation that the
differential gradient force can map out the local helicity density of the light is relevant for
applications where knowledge of the chiral state of light at sub-diffraction-limited dimensions

is important, including for sorting of chiral enantiomers with spatially confined light.
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Chapter 5

Thermal dynamics of nanoprobe

Upon light illumination, the tip of a nanoprobe can absorb part of the incident energy, while
scattering the rest. Light absorption eventually increases the local temperature at the tip
apex, which gives subsequently rise to thermal expansion of the material. In a typical PiFM
experiment, the light is amplitude modulated, which means that the thermal expansion
of the material is a dynamic process. The dynamic behavior depends on several material
properties, which include the absorption coefficient, thermal expansion coefficient, thermal
diffusivity, heat capacity, and effective thermal conductivity [28, 39]. Whereas the thermal
dissipation in a typical bulk metal is very fast and not likely to play a role in PiFM, the
local small expansion at the tip’s apex may display dynamic behavior that can be observed

in the PiFM experiment.

In PiFM experiments with light modulation frequencies on the order of 100 kHz, the illumi-
nation time is in the ~ 10 us range, whereas the thermal expansion dynamics of the sample
or tip can unfold on the sub-us to us timescale. In this scenario, the light-induced heating
of the material cannot be considered instantaneous. During the illumination period, we may

expect heating of the tip/sample by the source in conjunction with dissipation dynamics.
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Heat dissipation away from the illuminated area is driven by heat diffusion and radiation
into the surrounding environment. The exact heating/cooling dynamics can be rather com-
plex, especially for three-dimensional objects placed on substrates where interfacial heat
transport is important. However, FT-PiFM experiments can retrieve effective parameters
(1n/7c) of the temperature evolution in the sample of the form T'(¢) = 1 — exp —t/7;, [during
light on| and T'(t) = exp —t/7. [during light off| where 73, /7. are the heating/cooling times
that effectively captures the dynamics during the on/off illumination periods [39]. In such
sub-us dynamic measurements, the nanotip expansion dynamics can be expected to play a
significant role. Although the nanotip expansion is usually assumed to be too small to have

a noticeable effect, the validity of this assumption has not been systematically examined.

In this chapter, we numerically analyze the expansion of the nanotip and its relaxation dy-
namics during laser light modulation. In section 5.1 we present and discuss a simulation
model used for numerical evaluation. We subsequently determine the steady state expansion
amplitude and its dynamic behavior, i.e. relaxation time t. for two commonly used tips,
namely a gold-coated silicon tip and a bare silicon tip. Furthermore, we verify the t. found
from simulation with experimental measurements using the FT-PiFM model discussed in sec-
tion 2.2.2. Finally, we evaluate the effect of tip expansion under regular PiFM experimental

conditions and expand on the validity of FT-PiFM model.

5.1 Numerical model and simulation setup

We are interested in determining nanotip expansion and relaxation dynamics due to laser
modulation. To gain insight in the thermal dynamics of the tip, we perform time-dependent
simulations using the Heat Transfer in Solids and Solid Mechanics modules in COMSOL
Multiphysics. When considering laser-induced heating during on and off times, the Heat

Transfer in Solids module provides the temporal rise/fall of the local temperature in the
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vicinity the tip apex. Using the time-dependent temperature of the material, we then com-
pute the thermal expansion/relaxation of the material and determine the thermal stress
profile in the Solid Mechanics module to find the displacement at the tip apex as a function

of time.

Figure 5.1: Finite element method (FEM) simulation of the cantilevered tip system upon
laser illuminationm, using a modulation frequency of f,,. Detailed dimensions of the ACL
type cantilever are indicated. The tetrahedral blocks represent the finite elements. A marks
the rear end of the cantilever beam.

We perform simulations on two different tips: 1) a bare silicon tip, and 2) a silicon tip coated
with a 40 nm gold layer. The relevant geometry of the cantilevered tip is shown in Fig. 5.1.
The Heat Transfer in Solids module solves the following heat diffusion equation [58, 60] as
a function of time.

T
,008

vy — vV (WVT) = Qin (5.1)

where, p, C,, T and k are the density, heat capacity, temperature, thermal conductivity
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of the tip material and @Q;, (Wm™3) is the volumetric heat source inside the tip. In our
situation, the laser illumination is the source of heating at the tip apex. We assume that the
incident laser has a Gaussian profile with beam waist 0, = 0, = 0.3 pm that is modulated at
fm- The modulated laser illumination gives rise to laser-induced heating of the tip material
near the apex. In the current model model, we define the laser induced volumetric heat, Q);,
as [129]:

)

A, _lpzyey (v
Qin = Qu(1 — Ry)——S e HEH G el (5.2)

O L0y

where @), is the input power of the laser beam, A. and R, are the absorption coefficient and
reflection coefficient of the tip material, respectively. The gold-coated silicon tip is imple-
mented by employing a thin film coating of gold near the solid Si tip with coating thickness
of 40 nm. We use the optical properties A. and R, of Si and gold from refs. [130] and [131].
We obtain the thermal properties, for example heat capacity and thermal conductivity, from
refs. [132] and [133] for Si, and from refs. [134] and [135] for gold. In addition, the simu-
lation requires several temperature-dependent physical properties for both silicon and gold,
namely the density [132, 136], the Young’s modulus [137, 138], the thermal expansion coef-
ficient {139, 140] and the Poisson’s ratio [141, 142]. The exact form of the volumetric heat
input are slightly different from equation 5.2, particularly at locations away from the tip
apex and for the gold-coated silicon tip, as discussed in the Appendix D. An input laser
power of Qg = 1 mW and a laser wavelength of A = 0.8 um is chosen for all simulations.
In addition, for the heat transfer simulation, the rear side of the cantilever (A) is fixed at
300 K and the effect of heat loss into the surrounding medium (air) is assumed to be small

and has been ignored in the present simulations.

We are interested in analyzing the nanoprobe’s thermal contribution to PiFM experiments
that are typically performed in the spectral range that stretches from the near-IR (~ 0.8 um)

to the mid-IR(~ 8 pum). The absorption coefficient a. of the tip material plays a significant
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role in determining the tip expansion. a. decreases considerably with wavelength for sili-
con [130] while it monotonically increases for gold [131], albeit at a rather slow rate. However,
the overall response from a 40 nm gold-coated Si tip is effectively dominated by the Si ma-
terial, thus showing smaller tip expansion for both the bare Si and the gold-coated Si tips as
the wavelength is increased from 0.8 pum toward the mid-IR. In the studies that follow, we
have chosen the excitation wavelength as A = 0.8 pum, for which the thermal tip expansion is
expected to be relatively high. For this setting, we examine the effect of thermal expansion

on PiFM measurements under experimental practical conditions.

We use Mutliphysics features like temperature coupling and thermal expansion to determine
the thermal expansion from the calculated temperature profile and input the results into
the Solid Mechanics module. This provides the required thermal stress needed for the Solid
Mechanics module to perform a time-dependent study by solving the following equation of

motion [143]

Pz = Vi S+Fy (5.3)

where p is the density of the tip material, u is the displacement vector, F, represents the
volume forces like gravity or centrifugal forces, S is the thermal stress tensor with elements
Si; where i = z,y,2 and j = X,Y, Z and the divergence operator V; refers to the 274 index
of the tensor. The A side of the cantilever is kept fixed/stationary (boundary condition).
Note that we are only interested in the vertical displacement of the tip apex. Thus, we
choose the tip apex to be the center of the coordinate system illustrated in Fig. 5.1. In this
case, and the vertical displacement retrieved from the simulation represents the required tip
apex expansion /relaxation dynamics. The simulation results are discussed in the following

section.
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5.2 Simulation results

In this section, we discuss the simulation results obtained from the coupled Multiphysics
model discussed in section 5.1. Figure 5.2 shows the temporal evolution of the temperature
near the tip apex and the resultant tip apex displacement up to 60 pus when the laser light
is modulated at a frequency of f,,, = 270 kHz. The dashed pulse train in Fig.5.2 (a) and (b)
represents the modulated laser light. Note that we use the average temperature of a finite
volume near the tip apex as a representative of the tip apex temperature. We observe a
periodic, exponential-like rise and fall of the temperature for both silicon and gold-coated
silicon tips, as shown by the solid red and blue lines in Fig. 5.2(a) and (b). However, the
maximum temperature rise in silicon is almost ~ 20 times as high as that in gold-coated
silicon, reaching ~ 306 K under the conditions studied. This may be expected since the
gold-coated silicon tip is exposed to lower heating compared to the bare silicon tip, while
also enjoying a lower thermal relaxation time within thin gold layer. The higher temperature
rise in the bare silicon tip results in a higher displacement of the apex compared to the gold-
coated silicon tip, as is evident from Fig. 5.2(c) and (d). Similar to the temperature profile,
the tip apex displacement also shows exponential-like rise and fall as a function of time,

gradually rising to ~ 160 pm for bare silicon and to ~ 4 pm for the gold-coated silicon tip.

In this study, we are particularly interested in the oscillation amplitude of the tip apex (shown
as the dashed line range in Fig. 5.2(c) and (d)) and its dynamic behavior within a single
cycle. Figure 5.3 (a) shows the tip expansion ALy, calculated for a modulation frequency
fm ranging from 100 kHz to 1800 kHz. The red line in Fig. 5.3 (a) shows the tip expansion
for the bare silicon tip, which is seen to remain significant over the relevant frequency range.
On the other hand, the tip expansion for the gold-coated silicon system (blue) is shown to
be at least 15 times less compared to that of the bare silicon tip. Interestingly, the thermal

expansion is higher for lower f,, and decreases as f,, increases. This trend is present in both
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Figure 5.2: Local temperature variation profile at the tip apex region with respect to time
for a (a) bare silicon and (b) gold coated silicon nano probes. The black dotted pulse train in
the background represents the on-off time of the laser illumination. The resultant tip apex
displacement with respect to time for (c) bare silicon and (d) gold coated silicon tips. The
range shown by the dotted line in (¢) and (d) is the tip expansion amplitude for silicon and
gold coated silicon probe. A laser modulation frequency of 270 kHz is used in this simulation.

bare silicon and gold-coated silicon tips and can be explained with the graphical illustration
in Fig. 5.3(b). Two periods of the laser modulation are shown in Fig. 5.3(b) for lower f,, in
red (top) and for higher f,, in blue (bottom). As the laser on-off duration become shorter,
the possible expansion of the tip apex gets smaller due to the earlier start of the heating and

cooling cycle at higher f,,.

Since we aim to detect the dynamic behavior of the tip apex displacement, we also calculate
the time required for the tip apex to relax during the laser-off half cycle. We name this time
as the apparent cooling time, ¢, and define it as the time required for tip apex to relax to e™*

or 36.8% of the maximum peak displacement in a cycle. In the following section we show

the calculated apparent cooling time along with experimentally determined ¢, values from
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Figure 5.3: (a)Changes in laser induced tip apex expansion with laser modulation frequency,
fm, for a bare silicon tip shown in red curve and for a gold-coated silicon tip shown by the
blue curve. The expansion length for the gold-coated silicon is multiplied by 15 times for
better comparison. (b) Illustrations describing the decreasing trend of the tip expansion
with increasing f,,,. Red curve shows the oscillation trend for lower f,,, and blue curve shows
the trend for higher f,,. A decrease in the expansion for both the rising and falling edges is
observed in the bottom plot of (b) when f,, is increased.

FT-PiFM model.

5.3 Apparent cooling time: simulation vs experiment

The FT-PiFM model is capable of quantifying the light-induced thermal relaxation dynam-
ics in materials by recording the time-dependent force exerted on the tip. The FT-PiFM
method has previously been demonstrated for registering the sub-us dynamics of polystyrene
(PS) layers (thickness of several hundreds of nm) and layers of silicon naphthalocyanine
(SiINC) [39]. However, in this previous work, the potential expansion of the gold-coated Si
tip and its dynamics were not considered in the analysis. In this section, we aim to em-
ploy the FT-PiFM method to determine the apparent cooling time t. for bare silicon and

gold-coated silicon tips.

The PiFM measurements are performed on an atomic force microscope (AFM) platform
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coupled to an inverted optical microscope. For our measurements, we use a pulsed light
source that consists of a Ti:sapphire-pumped optical parametric oscillator (Inspire OPO,
Radiantis), delivering 200 fs pulses at 80 MHz. We use the idler beam at A = 809 nm from
the OPO for all the measurements. The beam is modulated by an acoustic optic modulator
at frequency f,, with a 50% duty cycle. The modulated laser beam is directed to a scan
probe microscope (Vistascope, Molecular Vista), as shown in Fig. 5.4(a), which includes an
oil objective lens (NA = 1.42, Olympus) mounted on an inverted optical microscope. The
laser beam is focused onto a borosilicate glass slide (0.17 mm thickness). The microscope is
operated in non-contact/tapping mode with a gold-coated Si cantilever (ACLGG, Applied
NanoStructures inc) as well as an uncoated Si cantilever (ACT, Applied NanoStructures
inc). The gold-coated Si cantilever used in the experiments has its first (f1) and second (f5)
resonance frequency at ~ 250 kHz and ~ 1500 kHz, respectively, while the Si cantilever has

resonance frequencies at ~ 270 kHz and ~ 1750 kHz.

We perform an objective scan while keeping the glass slip and cantilevered tip fixed in
place. Such a scan provides detectable signals at the position where the tip and the focused
beam are aligned, while producing undetectable noise at all other positions. As discussed in
section 2.2.2, the magnitude R; and phase #; of the measured force at f = fy, along with
the magnitude Ry and phase 0y at f = fy/2, are required for retrieving the t. values from
equations 2.26-2.27. Thus, we take two sequential measurements with the same objective
scan range, either with laser modulation frequency f,, = f, or with f,, = f,/2, where f,
can be chosen as either f; or fo. Figure 5.4(b) and (d) show the magnitude Ry = |F| in uV
and phase #; = /F' in degrees for an objective scan of 8 um x 8 um area. Here, the force is
measured on a gold-coated silicon tip using a laser modulation at f,,, = f; = 248 kHz. We
can clearly locate the area in 5.4(b), marked by a black dotted line, where the tip apex and
the focused spot of the beam are closely aligned. Similarly, we re-scan the objective over

the same area with f,, = f1/2 = 124 kHz and record the magnitude Ry = |F| (¢V) and
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Figure 5.4: Frequency domain PiFM experiment. (a) Schematic of the experiment. The
809nm laser beam is modulated with an acoustic optic modulator and focused at the glass
substrate by an 1.42 NA oil objective. The photo-induced force on a bare silicon or gold
coated silicon tip is measured while the objective is scanned over a finite area. The magnitude,
|F|(1V) and phase, /F(deg) of the measures force at (b, d) f,, = f, and (¢, d) f, = f,/2
over a scan area of 8um x 8um where f, is chosen either f;, the 1st mechanical resonance
or fs, the 2nd mechanical resonance frequency of the cantilever.

phase 6y = /F (deg) response shown in fig. 5.4(c) and (e). As indicated by the blue dotted
boxes in 5.4(d) and (e), our measurement shows a detectable force at the 1% overtone of the
fundamental resonance, a direct reflection of the presence of force dynamics during the “off”

period.

We have performed similar scans for different tips of gold-coated silicon and bare silicon using
both f; and f, as the light modulation frequency. Next, we calculate the apparent cooling
time t. of an illuminated nanoprobe in a real experimental situation by plugging the average
magnitude and average phase values of the force marked by dotted square in fig. 5.4(b)-(e)
into equations 2.26 and 2.27. In addition, we also calculate the apparent cooling time from
our simulation result as illustrated in the inset of fig. 5.5(a) where we have plotted the
normalized profile of a single cycle of tip apex expansion for the bare silicon tip when using

light modulation at f,, = 270 kHz. We have shifted the time axis to align t = 0 exactly at the
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peak of the displacement and determine the time when A Ly, reaches the value of e~ or 0.368,
corresponding to the apparent cooling time, t.. The solid red line in fig. 5.5(a) shows the
calculated t. for a range of modulation frequencies. Interestingly, we observe a declining trend
of t. with increasing f,,. We also obtain a similar trend for the gold-coated silicon tip as shown
by the blue solid curve in fig. 5.5(b). The data points in fig. 5.5(a) (red) and in fig. 5.5(b)
(blue) show the t. obtained from FT-PiFM measurements on bare silicon and gold-coated
silicon tips, respectively. The experimental evaluations also show the declining trajectory,
corroborating the trend revealed in the simulation. We attribute this to the inherently
chosen exponential model for predicting dynamic behavior under any f,,. However, the close
correspondence between measurement and simulation provides clear evidence of existence of

nanotip expansion dynamics under regular PiFM operation conditions.
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Figure 5.5: The inset in (a) shows the normalized ALy, in a single period with the time axis
shifted to align ¢ = 0 at the peak. The intersection of the dotted lines shows the time t.
required for ALy, to fall to 0.368 of its maximum value. The solid red curve in (a) and blue
curve in (b) show the calculated trends of ¢. from simulation with increasing f,, for (a) bare
silicon and (b) gold-coated silicon tips respectively. The data points in (a) (red) and in (b)
(blue) show the ¢, retrieved from the measured force magnitude and phase using FT-PiFM.

74



5.4 Thermal effects of tip in PiFM measurement

In this section, we aim to study the impact of finite tip expansion and relaxation dynamics
in PiFM measurements of photo-thermal expansion of sample. In the simple model of PiFM
in non contact mode, it is assumed that the changes in the tip-sample distance z(t) due
to thermal expansion are linearly proportional to the changes in the photo-induced force.
However, the van der Waals force, which is the relevant interaction force considered here,

depends on the tip-sample distance in a nonlinear fashion:

 HuR
1222

Fiaw(z) = (5.4)

where H.g is the effective Hamaker constant and R is the tip radius. The magnitude of
Fyaw is modulated because z(t) is modulated by the expansion and relaxation of the sample,
as well as by the expansion dynamics of the tip, i.e. z(t) = zo + AL(t), with AL(t) =
ALg(t) + ALyjp(t), where zy is the equilibrium tip-sample distance, AL4(t) is the height
variation of the sample due to expansion of the sample and ALy;,(t) is the height variation
of the tip due to thermal expansion. Note that in this formulation, AL,(t) and ALy,(t)) are
negative in case of a positive expansion of the sample and tip. In the PiFM experiment, the
homodyne detection method is sensitive to the change in the interaction force [28]. In the
small oscillation limit, the interaction force can be written as a Taylor expansion, and the
experiment is sensitive to the first-order term in the expansion. Under these conditions, the

quantity reflected in the experiment is: [28, 31|

AFqw(t) ~ (aﬁjw) AL(t) (5.5)

Hence, within this description, we may expect that the assumption AF,qw(t) oc AL(t) is
reasonable. Here, we wish to study the validity of these assumptions for the experimental

conditions relevant to the FT-PiFM measurements.
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Figure 5.6: Temporal dynamics of the sample expansion (solid blue lines) and the van der
Waals force (solid red lines). (a) Dynamics in the absence of tip expansion. (b) Dynamics
in the presence of a maximum tip expansion ALy, = 3.20 pm with tip heating and cooling
times set at t;, = t. = 0.5us. Dotted blue line indicates the expansion dynamics of the tip.
Modulation frequency f = 250 kHz and the maximum sample expansion is AL, = 350 pm.
The sample heating and cooling times are set at 7, = 7. = 0.5us

In Figure 5.6(a), we show the dynamics of z(t) and Fyqw(t) during one cycle of the modulation
in the absence of tip expansion, i.e. AL, = 0. Here the heating and cooling dynamics
are modeled as exponential functions, and the force is calculated from equation 5.4. The
modulation frequency is chosen as f = 250 kHz, the tip radius is R = 30 nm, the equilibrium
tip-sample distance is set to zp = 4 nm, and we consider the sample heating and cooling

times of 7, = 7. = 0.5 pus. The Hamaker constant is modeled as Hog = vV HauvVHs =

V20 x 107294/6.5 x 10—20. To examine an extreme case, we choose the maximum expansion
of the sample as AL; = 350 pm. Figure 5.6(a) reveals that for a very large expansion of the
sample, the assumption that AFqw(t) o< AL(t) essentially holds. Note that the magnitude
of the force changes during one cycle is approximately 7 pN under these conditions. In
Figure 5.6(b), we show the same dynamics with the tip expansion included. We have used
a maximum tip expansion of AL, = 3.20 pm and the heating/cooling times for the tip are
chosen as t;, = t. = 0.5 us, which are obtained from our calculations and measurements for a
gold-coated silicon tip at f,,, = 250 kHz under the current illumination conditions. Since the

tip expansion is much less than the sample expansion, the addition of the tip dynamics barely
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influences the experiment. However, the effect of the tip can be more substantial for smaller
expansion AL, of the sample. For instance, for a PS layer with a thickness up to 500nm
the estimated ALy ranges from 20 nm to 60 nm [28|, and in these cases the tip expansion

may contribute to the measured photo-induced force. To study the effect of tip expansion
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Figure 5.7: Calculated error ¢ between the sample expansion and the simulated van der
Waals force in the (a) absence and (b) presence of tip expansion (max ALy, = 3.20pm) as a
function of the maximum sample expansion and the sample cooling time. The dotted lines
demarcate the area where the error is less than +15%

in addition to the effects of sample expansion for different cooling times, we determine the
error € between the AL, dynamics (using a simple exponential function) and the simulated

force dynamics as registered in the experiment. Specifically, we define the error as ¢ =

TALs(t) " TAF,

L aw® 5 100% where 7o L) is the actual cooling time for sample expansion AL (t)

and Ta g,y (1) 18 the observed cooling time from the calculated force dynamics, AFqw(t). In
Figure 5.7, we plot € as a function of AL,(¢) and the cooling time 7. in the absence (a) and
presence (b) of tip expansion (max ALy, = 3.20 pm). The dotted lines demarcate the area
where the error is less than +15%. As can be seen, in the absence of tip expansion, the error is
relatively low over a wide range of experimental parameters. In the presence of tip expansion,
the area contracts for lower expansions and shorter cooling times. This indicates some
noticeable impact of the tip expansion and its subsequent dynamics, especially for samples

that are thinner, exhibit smaller thermal expansion, and feature faster relaxation times.

7



Nonetheless, the error remains low for a broad range of relevant experimental parameters.

The magnitude of thermal expansion depends not only on the sample thickness but also on
the thermal properties of the material. The total expansion, AL, of a sample is related to

the maximum temperature rise in the sample, ATy ,,,, and the thickness, d as: 2, 28]

AL, ~ 0dAT, pas (5.6)

Pabs

SO Te Here p and C

where o is the linear thermal expansion coefficient and AT} 00 =
are the density and heat capacity of the sample. P, is the absorbed power which is related
to the absorption coefficient a,ps, intensity I;,. of the incident beam and the heated volume
Vieat Of the sample as P, = f AapsLine@Vieat- Line can be derived from the incident beam
power and the beam waist. In addition, the sample cooling time 7, is related to the thickness
of the sample, d and its thermal diffusivity D, as 7. = d?/D [2, 39]. From Figure 5.7(b) we
can infer that for any AL, and 7. at the region below the black dotted line in the lower left
zone, the thermal effect of the finite tip expansion is no longer negligible. Approximating

the dotted line as a straight line, we can denote the region below the line by the following

condition:
d2
AL,[2.63 x 10°(m™)] + =[5 x 10°(s™")] <= 1.763 (5.7)

If we further assume that the field distribution is uniform over the heated volume, then we
can write AT oz ~ a“”;—gmdg. Using the approximate expression of AT} 4, in equation 5.6

we obtain:

2
Qabs ]inc d_

pC D

ALs ~ od (5.8)

We can now calculate I;,. for the beam power of ImW and waist of 0.3um, employing the

same parameters as used Section 5.1. We can rewrite the above condition in 5.7 for the
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vis/NIR illumination condition at ~ 0.8 pm as:

O abs 20 -3 6/ —1 d_2 _
[ & 186 X 10 (Wan )] d + [5 x 10°(s ]| <= 1763 (5.9)

The above equality provides an empirical relation between the physical and thermal proper-
ties of the sample, and can be used to predict if the effect of finite tip expansion is likely neg-
ligible under a given experimental condition. For instance, if we consider a generic material
with the representative thermal properties as D = 2.5x 107" m?/s, p = 1.05x 10 kgm 2 and
C = 1200 J/kg.K, and we assume the specific values of aqs = 700 cm ™ and o = 70x 1075 /K,
then the above condition is satisfied for any thickness lower than d = 162 nm. This indicates
that the thermal effect of the tip is no longer negligible for a thickness below 160 nm for this
material. For organic materials, differences in threshold thickness are strongly determined
by aus and o. For example, if aqs (or o) increases by a factor of 4 times, then the thickness
threshold decreases to 109 nm. In a similar manner, the thickness threshold increases to

220 nm if aqs (or o) is decreased by a factor of 4.

We note that the relation in (5.9) is effective for illumination at ~ 0.8um and provides
a meaningful estimation of the thickness threshold for materials exhibiting an absorptive
response around vis/NIR, such as naphthalocyanines [39]. We conclude that above this
threshold thickness, the tip effect on the measured PiFM signal is too small to have a

significant impact and can thus be safely ignored.

5.5 Summary

In this chapter, we have investigated the laser-induced thermal expansion of a nanoprobe
and its subsequent relaxation dynamics. We have performed simulations to determine the

rise/fall dynamics of the local temperature at the tip apex and the resulting tip apex ex-
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pansion dynamics. Assuming a simple exponential model, we have calculated the apparent
cooling time, t. for the bare silicon and gold-coated silicon nanoprobes. Furthermore, we have
complemented our numerically determined ¢, with experimental values using the FT-PiFM
model. The simulations and analysis predict a tip expansion of several pm and a sub-us cool-
ing time for a gold-coated silicon tip. We have used the estimated tip expansion parameters
to evaluate the effect of light-induced tip expansion on PiFM measurements particularly it’s
dynamic response. We have found that for thicker samples, the tip expansion delivers no
meaningful contribution to the PiFM measurement, as the response is dominated by sample
expansion. On the other hand, for thinner samples, the expected thermal expansion of the
sample may approach the length scale of the tip expansion, in which case tip expansion can
affect the PiFM measurement. In addition, we have provided an empirical relation among
the thermal and physical properties of the sample that predicts a threshold thickness beyond
which the tip expansion effect can be safely ignored. In general, for a gold-coated tip, the
expected expansion is on the order of a few pm, which is generally below the detection limit

if the thermal contribution is governed by the thermally modulated van der Waals force.
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Appendix A

Detailed derivation of Eq. 4.16 and 4.17

A.1 Image theorem for a chiral object in dipole approx-

imation

In the dipole approximation, we can model the chiral tip in terms of an electric and magnetic
dipole. The moments of the point dipoles are defined in equations A.1 and A.2. The term
Qem provides the relation between the electric dipole and the inducing magnetic field, as
well as the magnetic dipole and the inducing electric field. In addition, a.,, provides a
microscopic measure of the chirality of the nano object and its given handedness.|94] Since
we can assume that the chiral tip is nonmagnetic (as a good approximation), the magnetic
dipole is produced by a circulating displacement current, which is on the macroscopic level
made possible by the structural chiral feature of the object (i.e., the tip).[32, 13] We also
assume that, for simplicity, the image principle provided by the substrate is the same as that

of an electric mirror.
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We consider now a chiral object described in terms of its electric and magnetic dipoles,

ptip = O-/eeEloc(rtip) + aemHlOC(rtip) (A]-)

mtip = _MalaemElOC(rtip) + ammHloc(rtip) (AQ)

Since, the dipoles are induced dipole, the image dipole moments can be found by apply-
ing the reflection rules for the electric and magnetic field components. Besides, the chiral
dipole moments have contributions from terms proportional to «.,,, which, as stated above,
is a microscopic measure of the object’s chirality. Since the mirror image of a chiral ob-
ject is the same object of opposite handedness, these terms must thus reflect according to
Q™ — —qu, [144, 145, 146]. Thus using the proper reflections of the field components
as equations [147] EX(rimg) = —E°(ryp), El(Cimg) = —E(Ciip), EX(Timg) = EX(rp),

HY(vimg) = HY(ryp), Hé"c(rimg) = Hé"c(rtip) and H!°(r;n,) = —H!(r;;,) along with

al™ = —aq,,,, we get the image dipole moments as equations (A.3-A.8)
Dimg,z = aeeElxoc(rimg) — a/emHioc(rimg) (A.3)
Pimgy = Oee By (Timg) — QemH, (Timg) (A.4)
Dimg,z = aeeEioc(rimg) — aemHioc(rimg) (A.5)
Mimge = 1 Cem B (Eing) + s L (K1) (A.6)
Mimg,y = UalaemEéoc(rimg> + O‘mmHgl/oc(rimg) (A7)
Mimae = 15 Qe B (i) + s B (Finy) (A8)

To simplify, same magnitude of the polarizabilities has been used for the image and tip
dipole. Upon comparison of the image dipole moments with the tip dipole moments and
considering the relation between the field components at the two positions (ry, and rin,)
through reflections, we find Pimg,e = —DPtipxs Pimg,y = —Ptip,y> Pimg,z = Ptip,z> Mimgxz = Mip,x,

Mimgy = Mtipy aNd Mimg > = —Mip .. These relations comply with the image rules for the
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conventional electric and magnetic dipole where the image of a vertical electric dipole or
a tangential magnetic dipole is identical to the dipole moment of the original [29] and the
image of a tangential electric dipole or a vertical magnetic dipole, is similar in magnitude to

its original but displays opposite polarity[32].

A.2 Derivation

$ m[ip

- i
N

tip dipole

image dipole

$ mg,,

+
T Ping

)

inct inct
E JH

Figure A.1: Substituting the effect of substrate by image dipole theory with electric and
magnetic dipole moment having proper sign.

According to image dipole theory, we replaced the effect of substrate by an image dipole
as shown in figure A.1. As discussed in section A.1, the image dipole follow particular
sign convention for tangential and vertical orientations. The local electric and magnetic
field at the tip location, E"*(ry,) and H'**(r;;,) can be expressed in terms of incident
field(E™¢(ry;,), H™(r4;)), image dipole moments(Pjmg, Minmy) and green’s function(G*(r),
G (r), G™(r), G™™(r)) as shown in chapter 4. We start by defining the image dipole

moments as equations A.9 and A.10.

Pimg = aeeEloc(rimg) + aemHZOC(rimg) (Ag)

mimg = _MalaemEloc(rimg) + ammHlOc(rimg) (AlO)
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First, we need to find the expressions of all six components of p;,, and m;,, in terms
of incident beam and polarizabilities of the tip. To do that, we figure out the six linear
equations relating all these six components. At first, let’s work on pj,,,, We can rewrite Eq.

A.9 using the explicit form of E!°¢ and H!*° as:

Pimg = Qlee [Emc(rimg) + Eff;%img(rimg)] T+ Qem [Hmc(rimg) + Hffﬁﬁimg (Timg)]

pimg = aeeEmC(rimg) + aeege€<rimg - rtip) ' ptip + aeegem(rimg - rtip) ' mtip

Now using A.1 and A.2 we can rewrite the above equation as shown below.

Pimg = aeeEinc(rimg) + OéemHmC(I'img)
+ e G (Timg — Tip) (e B (Trip) + e H' (11))
+ e G (Timg — Tuip) * (=115 e B (T1ip) + A H (1155)) (A.11)
+ e G (Timg — Tiip) * (e B (Tyip) + Qe H (T43))

+ aemgmm (rimg - rtip) . (_ﬂalaemEloc<rtip) + ammHloc<rtip))

96



Pimg = @eeEinc(rimg> + aemHmc<rimg)
+ Oégegee (rimg - rtip) - ,U/alaema’eegem (rimg - rtip)

+ aeeaemgme (rimg - rtip) - Malagmgmm (rimg - rtip):| : Einc(rtip)

+ :aeeaemgee(rimg — Tiip) + Qeemm G (Timg — Tip)

+ Oﬁmgm (rimg — Typ) + aemo‘mmgmm(rimg - rtip)] : Hmc(rtip) (A.12)
+ [aﬁegee (Timg — Trip) — Mo 1aemaeegem(rimg — Tyip)

+ QeeQemG™ (Timg = Trip) — 1y 0oy G (Timg — rm-p)} By tip (Teip)

+ [aeeaemgee(rimg — Ttip) + UeeQnm G (Timg — Tiip)

2 me mm sca
+ aemg (rimg - rtip) + aem&mmg (rimg - rtip)] ' Himg—)tip(rtip))
Now if we assume,
e 2 ee —1 em me
A = Oéeeg (rimg - rtip) - ,uo aemaeeg (rimg - rtip) + aeeaemg (rimg - rtip)
-1 2 mm
— Mo aemg (rimg - rtip)

Be = aeeaemgee (rimg - rtip) + aeeammgem<rimg - rtip) + O‘zmgnw(rimg - rtip)

mm
+ O‘emammg (rimg - rtip)

we can rewrite the above equation as below.

[1 - Ae : gee(rtip - rimg) - Be : gme(rtip - rimg)] . pimg
- [Ae : gem (rtip - rimg) + Ee ' gmm<rtip - rimg)] * Mymg (A13)

— OéeeEinc(rimg) 4 &emHinc(rimg) +Ae . Einc(rtip) +Be X Hinc<rtip)
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Now, if we redefine,

Qe = Ae : gee(rtip - rimg) + Be : gme(rtip - rimg)

De = Ae : gem(rtip - rimg) + Be : Qmm (rtip - rimg)

we get the above equation as:

[1 - Qe} . pimg - De : mimg = aeeEmc(rimg) + aemHinc(rimg)

(A.14)
+ Ae . Elnc(rtip) + Be X Hznc(rtip)
Similarly, working on m;,,, in Eq. A.10 we get:
[1 - gm} . mimg - Dm . pimg = _NalaemEinc(rimg) + CmeHmc(rimg)
(A.15)

+ Bm R Emc<rtip) _|_ Am . Hmc(rtip)

where,
m -1 2 ee -1 em
A = —Hy Oéemg (rimg - rtip) — Mo aemammg (rimg - rtip)
me 2 mm
+ ammaemg (rimg - rtip) + ammg (rimg - rtip)
m -1 ee -2 2 em
B = —lo Oéemaeeg (rimg - rtip) + Ho aemg (rimg - rtip)

+ ammaeegme(rimg - rt'ip) - Halgemammgmm(rimg - rtip)
gm = Am : gmm(rtip - rimg) + Bm : gem<rtip - rimg)

Qm = Am : gme<rtip - rimg) + Bm : gee(rtip - rimg)

In our configuration the dipole and the image are located along "z" axis. So, we can write
the green’s functions as stated below.[118, 117, 23]
gee(rtip - rimg) = gee(rimg - rtip) = m(?)ii - 1)7

em _ em _ twlo 32z—1\ _ 3Biwpo [ X=Xy \.
g (rtip - rimg) - g (rimg - rtip) - 47rk2v< |z|3 ) — 4xnk2 \z|4 )
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G""™(riip — Timg) = G™" (Timg — Tuip) = ﬁ@ii —1);

me R _ (me (... o) 3w [ YR-XY
G"™(viip — Timg) = G (Timg — Tiip) = 47rk2< EE >

Now, we determine the explicit form of the eight dydas (A°, B¢, C¢ D¢ A™ B™, C™, D™)

using the form of electric and magnetic dyadic green’s functions defined above.

. ol o’ 1 /3221 Jiw (X — Xy
A = ( - )_<—> — Qeellem < )
£0 po “Am\ |23 27k? |z|4
QeeOlem 1 /322 —1 Jiw (§yX — Xy
B = (—— mm&em _<—_> ee¥mm — 2 ( >
B = (55 T mmaen) 2o (T ) + (odestimm = ) 305 (T
o? a? 1 32z — 1 Qee¥ Jiw Xy — X
Ce — ee _ em < —) + O{mma{em _ ee~em ( >
- ( €0 Mo ) 1671'280 |Z|6 ( o ) 1672k2 |Z|7
- (Moaeeamm - 042 ) % (yy ha ii)
“mI16m2 kA |2|®
Qe 1 32z -1
D = mm&em e ( _>
D* = (ammatem + €0 ) 1672\ |z|6
o 202 Jiwpy (XY —§X WPy (TY + XX
( + Qmm ee) ( ) — Qeellem ( >
€0 Lo 1672k? |z|” 8m2k4 |2]®
~1 9 PN . ~A A PPN
1 32z —1 Jiw (¥X —X§
Am - 2 - Ho Cem _< _> - Cmmem < >
A" = (o — ) BB QmmQem o k2 \ ™ ||
-1 PN . PPN PPN
m o CeeQlem  CmmQemy 1 (3zz —1) 1 9 3w (yx — xy)
B" = — \ T2 — UeeUXmm
- ( £0 * Lo )47r |2|3 (o e — xecc )47rk2 | 2|4
1.2 55 . SO O
m Mo oz, 1 322 —1 QeeQlem\  Jlw (XY — §X
C - 2 - < ) — (3 mmem ( )
- (i €0 ) 16m2\ |26 (Betmmrem + £0 ) 1672k? |2|”
w? /7Y +RX
2 JR—
+ (aem Moaeeamm) ]_677'2]{?4 < |Z|8 )
-1 PN
m — Ko CeeOem 1 3zz — l
D" = — 1Ofmm()fem + ( >
- (1o £0 ) 167m2e9 \ |26
245 a2 9 3iw (f{jf — yfc) 9w? <yy + fcfc)
+ €0 U = Cmmce) 16m2k? | 2|7 T Cmm em 82kt \ |28

At this point, we will determine ‘x’, 'y’ and ‘z’ components of pj,,, and m;,,, from Eqgs. A.14
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and A.15. Equating ‘x’, ’y’ and ‘z’ components on both sides of Eq. A.14 we get:

- (ozze azm) 1 N ( ) ) 9w?
img,x - QeeOmm — gy ) T 5747 12
Pimg, €0 o 16m2eg|2(6 Ho 167m2k4| 2|8
— Dimgy (oo lom — aeeozem) Jiw
QeeClem 1 9w g
—l—mimg’x |:(ammaem -+ £ ) 167T2|Z|6 + QeeQem 87T2]€4|Z|8
o? 2a2 3iwpio (A
ee em ks S 16)
—Mimg, y( 1o + ammaee) 1672k2| 2|7
OéeeExmc(rimg> + OéemH;nc(riMQ)
o2 a? 1 3w
—(=-= Eznc 7 eetem Eznc 7
( o )47r\ 3 (Ttip) + et 22|zt Y (Tuip)
Qoo Qe 1 Siw
- mmem Hznc 7 eeltmm Hznc 7
( o + Q@ )4 B (Teip) — (Moa o )47rk2| |47 (Teip)

aeeaem) 3w
g0 16m2k2|z|7

a?, agm) 1 N ( ) ) 9w?
- QeeOUmpm — Oéem
£0 po 7 16m2eg|2[6 Ho 16m2k4| 2|8

DPimg,x (ammaem -

+pimg,y |:]- + (

2 2
o, 2oz

+mimg,x ( £ -

m 3iWM0
Lo + Cmmree) 16m2k2| 2|7

Aeellem 1 9(")2”0 (A 17)
+mzmg,y [(ammaem + £o ) 167T2|Z|6 + aeeaemm] -

Qe E;nc (rimg) + Aem ngnc (rimg)

Jiw o o
el E;nc 2) — ee  “Yem Finc .

31w Qe
2 inc ee—rem
‘H 1 mm=tem
)47rk:2| B (rip) = ( £ + Qmm )4 23 Y

+ (/‘LO OleeOmm — Hmc(rtw)

2 2
Qg 2

em aeeaem ) 2

— Mimg,z (ammaem +

img,z 11—
Pimg, (so o/ 16m2e0|2[6 g’ 1672|z|0

aeeEznc(rimg) + OéemHsz<rimg) (A].S)

2 2 ) 2
B (ryy) + (22 4 o)

+(aee O“/em) 2
£0 po 4w z]3 €0 4r|z]3

Hjnc(rtip)
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() I¢,)

Similarly, equating ‘x’, 'y’ and ‘z’ components on both sides of Eq. A.15 we get:

Pimgaa | \Gmm 7 "o Gem 1 6raggl2f  CmmYem g r2pa 48
2#510427;1 2 Jiw
-1 2 2
2 Ho Cepy 1 2 9w
+Mimg |:1 + (amm o ) 167T2|Z|6 - (aem - Moaeeamm) W]
«Q 3w
im, 3 mm — emI A o519 17 <A19>
FMimgy (3mm + 2o )a 1672K2[ 27
- /I’alaemE;nc(rimg> + ammHénC<rimg)
1 i
Ko CeeOem AmmOem 1 inc 1 2 3w inc
+( £0 + Lo )4ﬂ_| |3E (rtzp) (MO Qe — aeeamm) Arn ]{32| |4 Ey (rtip)
—1 2 .
2 Ho Cem 1 inc 3iw inc
_(amm o )47T| |3H (rtzp)+ammaem2 ]{32| |4Hy (rtip>
» (2;[1 aZ, 0L, — Gomee) Jiw
—Pi (a + Cee ) ; + G —QW2
pzmg,y mm :uo em 167T260|Z|6 mmYUem 87T2]€4|Z|8
Qlee 3tw
"mg,T 3 mm em>T A o919 |7
— Mimg, ( @ + €0 )Oz 167T2k’2|2|7
+ My, 1+ (CYQ MO em) ! - (Oé2 - /Loaeeamm) 9w2 = <A20>
& mm = T ) o2 \Yem 1672KA] 2"

_Nalo‘emE;nc(rimg> + ammHafnc(rimg)

. -1
Jiw Py OeeQem ammaem) 1

-1 _2 inc inc
- tleemm E ) E %
+(:u0 Qem — QeeX )47T]€2‘Z’4 T (rt p) + ( £ 1o 47T| ‘3 y (rt P)
3w . o ta? 1
— QU Clem [ inc ) — 2 o Yem Hmc ;
«Q «Q 27T]€2|Z|4 T (rt P) (amm £0 ) 47T| |3 y (rt p)
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—1
Pimgs (Cmm + O;—Ze)uglaemm + Mimg = [1— (a2, — 20 ;;gm) 16W§’z’6 =
— 115 Qe B (Timmg) + Qi H (i) (A.21)
1 —1
(et Qo) 2 ) 4 (a7, - 100 2 e
Now, we define some parameters for convenience as mentioned below.
o= (2 - S L = a3~ 0 L
b1 = (ot — 02) oo 1 = (G = %) o
di = (amm + Oéze)aemi; dy = (3amm + i—?)aem%
3w 3w
e = aeeaemﬁ; €4 = ammaemm
, —1
fi= (O;—O - Q(Zj—om F o) o= (2 Ogoazm e — ) e
Pile) =1+ s - 4i2a2j|bzl|8; Pale) = (7
Mi(z) = éJc7ra|l1z|6 B i’;blig|oz(3|;; Mo(2) = |i%
P = e S P = L
S R

Eefpuyp(2) = O‘eeE;m(rimg) + O‘emngm(rimg>

- ﬂEim(rtip) + iEmC(I‘tz'p)

Efi 2|

EeffWQ(Z) - aeeE;nc(rimg) + aemH;m(rimg>

€1 ;
_ WEzmc(rtip) — |Z|4 y

P

dl inc bl inc
H,"(rip) — WHZ, (Ttip);

by dy

ar ‘ '
_1Emc<rtip> + —Hmc(rtip) _ _H%nc(rtip)

|2 2|



Eeppoys(2) = _NalaemE;m(rimg) + ammHém(rimg)

po 'y

El 2|

Eefpaya(2) = _NalaemEgjnc(rimg) + O‘mmngnc(rimg)

+ 3[{mc( tzp) + _Hmc( tzp)

Emc( Tiip) + 2[4 Ezinc(rtip) |24

M bl inc Ho dl inc inc aq inc
‘OZ‘ E ( tzp) + ’D ’ E ( tzp) | ‘3 H ( tzp) | ’4 H (rtlp)
inc inc 2&1 inc 2d1 inc
Eeppa1(2) = Qe B (Timg) + Qem H,"(Timg) + E ’3E (Teip) + E F,H (Ttip)
— inc inc 21“ d inc 2a A4 1rinc
Eefyoa(2) = =15 Cem B (Vimg) + Qmn H"(Timg) — BE E (reip) + E ’3H (Teip)

Rewriting the Eqs. A.16-A.21 in terms of the above parameters, we get:

Pl (Z)pimg,x - PQ(z)pimg,y + Ml(z)mimg,r - MZ(Z)mimg,y = Eeffxyl(z)
Py (2)Pimgx + P1(2)Dimg,y + Ma(2) Mgz + M1(2) Mgy = Eefpay2(2)
2@1 2d1
l——F img,z — | 16 Thm, z:Ee z
[ = Grcglap) Pima ~ G Mimo= = Besra(2)
_PS(Z)pimg,x - P4(Z)pimg,y + MS(Z)mimg,x + M4(Z)mimg,y = Eeffzy?)(z)
Py(2)pimge — P3(2)Pimg,y — Ma(2)Mimg e + M3(2) Mg,y = Eefraya(2)
2d1/$0 2(14
| e lPimg,z l—-—F img,z — Leffz
Are|z |6p gz T [ 47T|Z|6}m g, ri2(2)

Solving Eqs.A.24 and A.27, we find pjmg. and myn,, . as equations A.28 and A.29.

NS
Dimg,z = Arz]® 4reg|z|8)  dme|z|6 4| 2|6
2a4 2d;
1— —— | Eerps By :|
“ 47T|Z|6} rr1(z) + dr|z[6 rs2(2)
e = [[1 - o] [ - ] - 2 2
img,z = Ar|z[6 Amreg| 2| 47r50| |6 dmr|z|

2&1 2d1,u
1_— E@ z —E€ z :|
I Treglap) Do) = g o B (2)
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Solving Eqs. A.22, A.23, A.25 and A.26, we get Dimg.z, Dimgys Mimgz aNd Mg, as:

—1
pimg,x = |:MP1<Z)2 + MP2(2)2:|

{MPl(z) [(Mz(Z)Q + My(2)?) (M1(2) Eegoy1 (2) + Ma(2) Ecgpaya(2))

= (Mi(=2? + Ma(2)?) (= Ma(2) Eeppoa(2) + Ms(2) Eeppmp(2))| - (430)
+ MPy(2) | (My(2)® + Ma(2)2) (M1 (2) Begpane(2) = Ma(2) Beg g (2)
(VR + Male’) (= Male) Eugpa(2) = o) Eugpaal )|
Pimg.y = [MPl(z)Q + MPQ(ZV} h
[MPI(Z) | (M3(2)? 4+ Mi(2)?) (M (2) Begegal2) — Ma(2) Eeg g (2))
(A.31)

+ (My(2)? + My(2)?) (= M3(2) Eefpaya(2) — M4(Z)Eeffxys(2))]
— MPy(2) [(M:a(z)2 + My(2)?) (M1(2) Eegoy1 (2) + Ma(2) Ecg paya(2))

— (My(2)? 4+ My(2)%) (= Mu(2) Ecgpaya(2) + Ma(Z)Eeffxys(Z))H
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-1

Mimg.e = [PMl(z)2 + PM2(2)2]

{PMl(Z) [(P3(2)2 + Py(2)?) (Pr(2) Befpayt (2) + Pa(2) Eefpay2(2))

— (P1(2)” + Pa(2)?) (Pa(2) Eecgaya(z) — P3(Z)Eeffzy3(z))] (A.32)
+ PMs(2) [(PB»(Z)z + Py(2)?) (Po(2) Befpay2(2) — Pa(2) Eefpayi (%))
+ (Pi(2)* + Py(2)) (P3(2) Ecgpaya(2) + P4(Z)Eeffmy3(z))H
mimgy = [PM1(2)2 + PM2<2)2:| -
{PMl(Z) [(P:%(Z)Q + Pu(2)?) (Pr(2) Eegfaya(2) — Pa(2) Eefpay (2))
(A.33)

+ (Pi(2)* + Py(2)°) (Ps(2) Ecgpaya(z) + P4(Z)Eeffxy3(2))}
— PMy(z) [(P3(Z)2 + Pu(2)?) (Pr(2) Bef oyt (2) + Pa(2) Befpay2(2))

= (PGP 4 Pe) (P Eugan(2) = PAOEvpa(2)]

Now, we determine the local field components at the tip position considering the explicit
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forms of the green’s function.

~

oc inc 1 A A 37/(«(.} yi - XS’
El (rtip) = E (rtip) + —(3ZZ - 1) . pimg + Ho ( ) . mz‘mg

dmeg|z|? 4mk? | 2|4
oc inc 3w S’f( - iy 1 n
H'(ry;) = H™ (1) — e < FE > “Pimg + W(?)ZZ —I) - myp,

[

Separating the ‘x‘, ‘y* and ‘z° components of the local fields at the tip position, we get:

. 1 32@)/10
Elee ip) = B (Tiip) — ———=Dimge — 53 Mim A.34
2 (Tuip)  (Tuip) 47r50|z]3p g, 47rk2|z\4m 9.y ( )
. 32@)/10
loc __ 1inc
B (rep) = B (rep) — Trzgloplmay T g Mimes (A.35)
, 2
B (ryp) = B (Crp) + ————5 Pimg.- A.36
2 (Teip) 2 (Teip) + 47reo|z|3p g, ( )
(k1) = H(01ip) + o Digy — Mg (A.37)
x D x D 47rk2|z|4 9,y 47T|Z|3 95
- 3iw 1
loc _ inc
Hy (rtip> - Hy (rtip) - 47r]{2|z|4pimg’$ - 47T|Z|3mimg’y (A38)
oc inc 2
Hz{ (rtip> = Hz (rtip) + 47T|Z|3mimg7z (A39>

Now, inserting equations A.34-A.39 into A.1 and A.2 we get the ‘x’, ‘v’ and ‘z’ components
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of the tip dipole moment.

Diipr = Qee B2 (Trip) — maeepimg,x — %aeemimg,y (A.40)
+ Qe HY™ (1) + %aempimg,y - ﬁaemmimgw

Dtipy = ozeeE;”C(rtip) — maeepimg,y + %aeemimw (A.41)
+ Qe H)" (viip) — %;rzﬁaempimg,x — ﬁaemmimg,y

Diipz = Qee B (Tyip) + %Maeepimgyz + Qo H™ (T4 (A.42)

2

+ Waem mimg,z

- ) 1 _ 3wy
7ntz'p,x = —Hy laemE;znc(rtip> + Wﬂo laempimg,z + WMO 1Oéem’rnimg,g,( <A43>
. 3w 1
+ U Hy (i) + Wammpimg,y - Wammmimg,w
B ) 1 B 3wy
nlftip,y = _,uo 1aemE;nc(rtip) + Wﬂo laempimg,y - Wuo laemmimg,x <A44>

; 3w
+ Ckmm‘H’y,mc(ri&ip) - Wammpimg,z - W@mmmimg,y

2

—Z|3,ualaempimg,z + ammHénc(rtip) <A45)

Myip,z = _,U/alaemEzmc(rtip> - 47T60|

2
+ Wamm mimg,z

A.3 Approximations

At this point, we apply some approximations. First, after performing the Taylor expansion
on the terms with negative (-1) power in the expressions of p;,,,, and my,,, in equations A.40-

A.45, we ignore all the terms containing polarizability power order higher than two. With
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the approximation applied, equations A.28 and A.29 become as below.

inc inc 2@1 inc
Dimgz = Eepp1(2) = Qe B (Timg) + Qem H," (Timg) + WE (rtip) (A.46)

2d,;

| |3 Hmc(rnp)

o d
IZI

EM(ry,) (AAT)

Mimg,z ~ effz?(z) = _/io_laemEénc(rimg> + ammH;nc(rimg)

2(1,4

+ WHZTLC( tzp>

To apply the above approximation on Eq. A.30 and A.31, we cancel all the terms that
contain [M;(z)?+ M>(2)?] and all the terms that does not contain any P;(z). Because those
terms will have polarizability power order higher than two. Doing so, we get equations A.30

and A.31 become simplified as:

Pimg,x ~ Pl(z)_lEeff;Bm(z) ~ Eeff:cyl(z) - O‘eeEginC(rimg> + O‘emH;«:nC(rimg) (A48>

inc inc dl inc b inc
3E (rtlp) +| |4Ey ( tzp) - Wﬂx (rtip) | |4Hy (rtip)

RE
Pimgy = PL(2) " Eepfaya(2) & Bofpaya(2) = Qe By (Vimg) + Cem Hy (Timg) (A.49)

€1 inc inc b inc d inc
- WEm (rtip) - WEy ( tzp) + | |3H ( tzp) | |4Hy ( tzp)

Similarly, to apply the above approximation on Eq. A.32 and A.33, we cancel all the terms
that contain [P3(2)? + Py(2)?] and all the terms that does not contain any M;(z). Because

those terms will have polarizability power order higher than two. Thus equations A.32 and
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A.33 become simplified as A.50 and A.51:

Mimg,a ~ M3(Z)_1E6ffwy3(z) ~ Beppoys(2) = _Malo‘emE:inc(rimg) + ammemc(rimg)

115 by
|2|*

11 dy

HPE

mnc inc aq mnc €4 mnc
B () + E, (rtip)_WHx (th‘p)+WHy (rip)  (A.50)

Mimg,y ~ MS(Z)_lEEffwy4(z) N Eepraya(z) = _MalaemEyjnc(rimg) + ammHymc(rimg)

11y dy
|2|*

115 by
|2

. e . Qa ;
By (vp) — g H(tp) — i By (vp) (A1)

E;nc(rtip>+ |Z‘3 T |Z|4 Y

Now, we can calculate the 'z’ component of the force as:

<FZ> = <Fz,e> + <Fz,m> + <Fz,int>

1 * oc * oc *

= §R‘e{ptip,x (azEJCOC(rtip)) + ptz’p,y (azEé (rtip)) + ptip,z (azEzl« (rtip)) } <A52>
1 * oc * oc *

+ §M0Re{mtz‘p,z (azﬂéoc(rtip)) + Miipy (@Hyl (rtip)) + Myip,z (83Hzl (rtip)) }
1 cpok? . .

- §Re{6—ﬂ<ptip,$ Myipy — ptip,ymtz‘p,z)}

Here, we have split the total force into three parts as electric dipolar force (F,.), magnetic
dipolar force (F,,,) and interaction force (F, ;). Now, to calculate the force, with the same
approximation of ignoring all the terms containing polarizability power order higher than

two, it is suffice to consider the tip dipole moments definition as shown below.

Pripa = Qe 5y (Trip) + Ctem H"(Tip) (A.53)
Dtipy = aeeE?an<rtip> + OéemH;nc(rtz‘p) (A.54)
Dtip,z = aeeE;fnC<rtip> + &emHZmC(I'tz‘p) (A.55)
Miipe = — Mo Cem By (Tiip) + Qg Hy" (Y1) (A.56)
Miipy = _NalaemE;nc(rtip) + ammngnc<rtip> (A.57)
Miip,e = — Mo Cem B (Ttip) + Qg " (Y1) (A.58)

109



At this point we consider the proper sign in the image dipole moments in the field definitions
of equations A.34-A.39 with electro-magnetic polarizability a/™ = —a,,. Furthermore, in
determining the field gradient for force calculation from Eq. A.52, we neglect the incident
field as the gradient of the distant dependent scattered field would be stronger. In addition
to these, with the approximation of ignoring all the terms containing polarizability power

order higher than two, it is suffice to consider the local field at the tip position as expressed

in A.59-A.64.
B (ryp) = —4; [ B (Timg) — Qem H™ (Timg) ] (A.59)
meo| 2|3
- % [Ma 1O‘emEgjnc(rimg) + O‘mmngm(rimg)}
E(ry) = —m (e B (i) — e HE (T img)] (A.60)
o I e B )+ o HE )]
B (ry;) = ﬁ [ B (Eig) — e H" ()] (A61)
Hioc(rtip) = —1-4&% [aeeE;"C(rimg) - aemHyi”C(rimg)} (A.62)
k2| z|*
I e B )+ o H )]
B (2) = = s 00 B (i) = 0L (i) (463
— T 5 e B i) + o (i)
H(21) = o 10 B (80g) + 0 (i) (A64)
Next we impose the field reflection rules by considering E{"(ry;,) = —E!"(r;n,) = E"°,

ET(rup) = B (rimg) = B HY(rep) = H"(vimg) = Hy"and HY*(ry;p) = —HI (i) =
H"¢. Here, we ignore the phase difference of the incident beam at the tip dipole and image
dipole location due to its sub-wavelength distance. Imposing the field reflection rules in

addition to ignoring all the terms containing polarizability power order higher than two and
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insering equations A.53-A.58 and equations A.59-A.64 in the A.52 we find the different force
components as shown below.

1 |aem|* 1

_Hin02 HincZ
2 €0 (2 t | +| z |)

3 Tlaeel® 1 oo et
F..)=— - Z|Rinc Einc
(.0 ZW{Q b G B+ (B +

€e >l<m 1. incx inc ncx
+Re(%(§E;m.H;m 4 E"C . H ))} (A.65)
0

3w * inc rinck * inc minck
+ﬂ_k2|2|5{Re(ﬂoaemamm)lm(HZ Hy )—Re(aeeaem)lm(Ex Ey )

1 . . . )
- * mc 1MnCc* N 2 mc 1MCc*
- §Re (zuoaee& B H™ — i o |"H" B,

mm-—x

mm -~y

. * inc rinck . 2 rrinc pinck
— G Qe B HIY i Qo | H"E, )}

3 )1 L i : 1 1. .
Fz m) = - -1 om 2\~ Einc 2 Einc 2 - - 2\( = Hie 2 Hine 2
* 1 nc inck me inck
e (ammaem(éEt HT 4 BT H )) (A.66)
—3(,(.) * inc pinck * inc rinck
_Wk2|z|5 Re(aemaee)lm(Ex Ey ) — Re(,U/()OémmOéem)Im(Hx ‘Hy )

N 2 mc mcex* N * wmec 1NC*
— §Re (z\&eml B H™ —dpoammag H, " B,

ee 'y

— iloéem‘ZE;ncH;nc* + iﬂoamma* Hzncz;;;nc*) }
Ck4 * inc InCck * inc inck
(F,int) = “Tor Re(—aZ, aee ) Re[E{™ x E"], — Im(—a}, ae.)Im[E™ x E"],

+ Re(ag,, Qem B x H{™. ) + Re(moa, , ee[B"™ x H™™].

+ Re(poat,,, e ) Re[HI™ x HI"], (A.67)

— Im(ﬂoa;maem)lm[Hinc X H;"C*]Z}
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where Ei"¢ = Fineg + Eé”cy,Him = H"x + Hymcy and E"¢ = Eincz H™ = H™°Z are the
transverse and longitudinal components of the incident electric and magnetic field. Now, we

add A.65 and A.66 to get A.68

<Fz,gmd> = <Fz,e>+<Fz,m>

3 1 aee2 — 1 inc inc
{—(—’ L ol v ) GBI+ [BP)

1 ’aemP oy L jppine2 ine|2
T . Z|Hine H"e
5 (2 ol ) G FE? + [FEZP)

oo 1. . , .
_ Re<(Oé gaem + a;knmoéem)(§E;nc . H;nc* 4 Ezznc . H;nc*)) } <A68)
0

6w

LT {Re(ﬂoaemaam>lm<H;nCH;m*> ~ Re(aceal,,JIm(E7BI)

— 21m<(’ozem‘2 - /LUO‘eearnm)[Smc]z> }

Here, we replace the time average poynting vector of the incident field S™¢ = %E’mc X
H™*. Now, replacing the electric and magnetic part of the time average total spin angular
momentum of the incident light defined as 6" = o°+-0}¢ = — 2% (B x E"*) — Lo (Hm x

H™*) in equation A.67, we get:

it . 4 A
(Foimt) = ——d Re(—a,,ae)Re[EM x B, + dwlm(— —emee)gine]
’ 127 €0
+ 2Re(a, Cem[S™],) + 2Re (o, , e [S™].) (A.69)

+ Re (11005, em ) Re[H™ x HY"], + 40Im(—amma,, )@ %C]Z}

We next determine the differential force, obtained by measuring the force under illumination
with incident light of (+) and (—) handedness, and taking the difference. Under these con-
ditions, the differential gradient force A(F, j0d) = (Fs graa)t — (F: graqa)~ and the differential

scattering force A(F, i) = (Faint)T — (Flint)~ can be obtained from equations (A.68) and
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(A.69).

bwc Qee Ol . 1. .
A(E ) = (2} i )

m|z|* €0
242 e A A (A.70)
k2|25 Re( o o5 ). — Re(ammag,,) [0
2wck* Qe Yt ine § e
A(Feim) = — 3 [Im{ - 6—0}[UE J: + Im{ - ammo‘em}[aH ]z] (A.71)

A.4 Comparison of z~* and z° dependent terms of A(F, ;,q4)

in Eq. 4.16

Here, we compare the z=* and z~° distance dependent terms of A(F; grqa) in Eq. 4.16 from
the main text. The 27 term contains the electric and magnetic part of the spin angular

momentum density [o°"], and [0%}“"].. For an optimally chiral beam, such as a circularly

polarized (CP) beam, we have [03°], = [o}}°"],. This in turn makes it possible to compare
the strength of the z=* and 2z~ dependent term just by calculating the real and imaginary
part of the quantity o = O‘E—O’" (Cee — €0Qmm ). When analyzing the first and the second terms
in equation (A.70) we must observe that for deeply sub-wavelength nanoparticles and non
very lossy material like Silicon, the polarizabilities a,. and «,,,, assume mainly real values.
Assuming the same particle has chirality, we also observe that o, is mainly imaginary (see
for example the expression (9) in Ref. [114] or (7) in Ref.[115]). Therefore, when the deep

sub-wavelength chiral tip is made of low-loss material, the term Im(«) is larger than the

term Re(a).

To provide an idea of the values of the imaginary and real parts of « for a practical size (not

deeply sub-wavelength) of the tip, we consider an isotropic chiral scatterer with material
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properties, ¢, and p, same as crystalline silicon with g, = 1 and k£ = 0.1. Figure A.2 (a),
(b) and (c) show the spectral behavior of real(solid) and imaginary(dashed) part of « for
three different radius ryp of 60 nm, 70 nm and 80 nm. We clearly see that the imaginary
part peaks at the respective resonant wavelength of ag,,. The peak value of the imaginary
part gets higher for increasing radii whereas the real part is small and remains invariant
with radius. Besides, for higher radii, k|z| approaches unity, which further decreases the
pre-factor of the 273 term compared to the z=* term. These effects add to the dominance of

the z=* term over the 272 term, particularly at larger radii of the chiral scatterer.

o x10™° o x10™°
ol (a) 1y =60 nm —Re(a)_ ol (b) 1y =70 nm —Re(a)_
- -Im(a) - -Im(a)
n:';; 4 u:;; 4r
£ £ "
S 21 -~ S 21 - ’ ‘\
op=2_> 0 - - N
_2 1 1 1 _2 1 1 1
500 600 700 500 600 700
A (nm) A (nm)
o 5 l0—50
(c) 1y =80 nm I’ “ —Re(a)
or ;- CIm()]
oy I
g 4 \
= 5L ’
) - \
0 e >
_2 1 1 1
500 600 700
A (nm)
Figure A.2: Here, a = =2 (qpe — €omm). Spectral response of real(solid) and imagi-

3
nary(dashed) part of « for an isotropic chiral scatterer of radius (a) ryp = 60 nm, (b)

ryp = 70 nm and (c) ryp = 80 nm . The material properties of the chiral NP, ¢, and p, are
considered same as silicon with y, =1 and x = 0.1
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A.5 Calculation of A(F, ;.q) for the helical-shaped tip

Generally, chiral nanoprobes are made by engraving spiral feature on regular tips [13, 99].
Here, we calculate the longitudinal force felt by a chiral tip that could be made through he-
lical carvings on regular achiral tips, but here it is modeled as an object with an anisotropic
chiral polarizability. In the point dipole approximation, the chiral tip is defined as a point
dipole with both electric and magnetic polarizabilities together with an electromagnetic po-
larizability. Using this description, in Section A.1 we considered the case of an isotropic
chiral particle, whereas here we consider its anisotropic counterpart. The spiral feature en-
ables circular displacement current upon proper light illumination. This in turn produces the
induced magnetic dipole with electro-magnetic coupling. The point electric dipole moment

and magnetic dipole moment defining the chiral dipole can be expressed as

Ptip = Q¢ - Eloc(rtip) T, Hloc(rtip) <A72)
Myip = ﬂalgme ) Eloc(rtip) T, Hloc(rtip) <A73)
where, ., @, &, and a,,, are the dyadic electric, magnetic and electromagnetic and

magneto-electric polarizabilities. Due to reciprocity principal, they follow the relations a,, =

T

(8

ol a,.=al and a,, = —al [128, 116]. For a helix particle, the polarizability dyadics

can have the following form [128§],

aee = OzeeZZ,
22 55
gmm O{mmZZ

(A.74)

22 55

aem - O{emZZ
22 55
Qme OéemZZ

Next, we apply image-dipole theorem, discussed in Section A.1, to calculate the local field at

the tip position. We consider the substrate to be a perfectly electric conductor and substitute
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its effect by an image electric and magnetic dipoles with the dipole moments stated below:

Pimg = ly? - B (Limg) + ali? - H' (v (A.75)
Mimg = MEleZég : Eloc<rim9) + QZ% : Hloc(rimg) (A.76)

Here we have imposed the mirror operation of the chiral object by proper changes in the

sign of polarizabity dyadic given as

Mg __ L ZZ55.
gee - OéeeZZ,
img __ . ZZ 55
Qmm - ammzz
(A.77)
mg . 2Z 55
gem - OéemZZ
mg __ 22 55
Qme - aemzz

If we follow the calculation in section 1 and eventually apply the approximation of ignoring
all the terms containing polarizability power order higher than two, it is suffice to consider

the tip dipole moments definition and the local field components at the tip position as:

Pripz = 0g B2 (vaip) + oy, 2" (reip) (A.78)

Meip: = — g O, B2 (Taip) + 0 2™ (1) (A.79)

B (5ty) = g (022 EE () — 05 () (A.80)

B (80) = g [ 05 P i) 050 30 (A1)

We next impose the field reflection rules by considering E(ry;,) = —E"(Cim,) = E7°,

Bt (tip) = — B (fang) = I, EP(ry) = B () = B, HP(t) = HI(timg) —
Hir, H(ryy) = H(Cimg) = H,"and H"(ry;) = —H(Ciamg) = H2™. Here, we ignore
the phase difference of the incident beam between position of the tip and the image due
to its sub-wavelength distance. Imposing the above stated relations in addition to ignoring

all the terms containing polarizability power order higher than two and insering equations
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A.78-A.81 in the A.52 we find the total gradient force:

I —(F F _ 3 1 —2’&§:|2 9 —1,%% |2)| pinc|?
(Frapad) = (Foad P = 3]+ 3T 2l a2 ) 2
1 =2 Oéiran zz inc
L e P (AS2)
0
QA ‘ ‘
— Re ( ceTem | 2 R )EzncHznc*
o em“mm /)2 z

We next determine the differential force, obtained by measuring the force under illumination
with incident light of (4) and (—) handedness, and taking the difference. Under these

conditions, the differential gradient force A(F, graa)= (F: grad)™ — (Fgraa) becomes

6LUC O‘igaiﬁf 2z Z2% inc
A(F . grad) ~ W‘Z|4Im{ e 00 P (A.83)
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Appendix B

Spectrum of electromagnetic Mie

coefficient, c; and effect of Kk on

A<Fz,g7“ad>

Here, we show the spectrum of the Mie coefficient ¢;, that is related to the chiral electro-
magnetic polarizability as ., = 6mic;/(ck3) where c is the free space speed of light, and
ko is the wavenumber in free space. For the force calculation, the nanoparticle is above a
glass substrate and is illuminated by CP plane waves (LCP and RCP) from the bottom
(i.e., coming from the glass substrate). For very small radii of the NP, ¢; is mainly real and

positive, hence a,, is mainly imaginary positive.
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Figure B.1: Spectrum of (a) % and (b) % for changing chiral special NP radius at
a fixed chirality parameter xk = 0.1 (c) The gradient difference force spectrum in pN for
changing chirality parameter of the chiral NP at ryp = 80 nm. The black dotted lines
show the resonant peak positions of the electromagnetic Mie coefficient, ¢; for various NP

radius. In all calcualions, tip dipole center and image dipole center distance is chosen as
2ryp + 10 nm
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Appendix C

Force difference map of helicity density

for a focused ARPB beam

Recently a type of chiral beam called ARPB, which combines two different vector beams
namely radially polarized beam (RPB) and azimuthally polarized beam (APB) with certain
phase difference between them, has been described in Refs [115, 94, 105]. Similar to Circularly
Polarized light, the two ARPB beams of different handedness are obtained as ARPB* =
RPB + e*™/2APB. We have determined the force difference map of the helicity density of a
focused (by 1.4NA oil objective) ARPB beam of 2 mW incident power. Figure C.1(a) and
(d) show the respective scheme in which an isotropic chiral scatterer of ryp = 80 nm and a
helical-shaped tip with equal polarizability strength are scanned on a glass substrate over the
area of the focused ARPB™ beam.The helical-shaped tip is modeled as an anisotropic chiral

polarizable nanoparticle. The isotropic chiral scatterer is chosen to be made of Si, and the

zzZ
ee’

anisotropic polarizability values of 22, 77, and o7, for the helical-shaped tip are considered

the same as the isotropic polarizability values found for the80 nm Si chiral scatterer.

The normalized helicity density in the focal plane has been determined using the appropriate

120



electric and magnetic field components from [23] and is shown in C.1(b) for an ARPB™ beam.
Figure C.1(e) shows the longitudinal component of normalized helicity density in C.1(b).
Contrary to the CP beam, ARPB beam shows solid circular longitudinal helicity density
as shown in C.1 (e). Like the CP case, the force map for an isotropic scatterer in C.1(c)
tracks the total helicity density distributions with an uneven scaling for the transverse and
longitudinal component, whereas the force map for the helical-shaped tip in C.1(f) exclusively
provides the longitudinal helicity density distribution with a peak force reaching ~ 1.0 pN

at the center.
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Figure C.1: Schematics describing (a) an isotropic chiral scatterer and (d) a more realistic
helically curved tip being horizontally scanned over a glass substrate with a bottom illu-
mination of focused ARPB* beam. (b) The focal plane distribution of total normalized
helicity density of the incident ARPB beam (ARPBT) focused by a 1.4 NA oil objective.
(e) Distribution of longitudinal component of the normalized helicity density in (b). (¢)The
total gradient force difference map at the focal plane for a chiral isotropic tip of radius
ryp = 80 nm under the same focused illumination of ARPB* and ARPB~. (f) Force differ-
ence map for the helical tip that exhibits significant longitudinal chirality (o = a¥%¥ =0
and 22, = ) and tracks the respective longitudinal helicity density trend in (e). The
polarizability strength of the helically curved tip has been chosen same as the isotropic one
of radius ryp = 80 nm.
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Appendix D

Exact expression of Q;,(x,y, 2):

(b)
T
:
: tp = teoar tan(20°)
:
1
-V
s
>
silicon
R

teoar = 40mm
Figure D.1: Tip apex geometry and coordinate measurement for (a) bare silicon (b) gold
coated silicon tip.
Figure D.1(a) shows the geometry considered at the tip apex for bare silicon tip with a half
cone angle of 20°. The center of the coordinate is chosen at the tip apex with negative z
axis being along the tip axis inside the material. Considering all these geometric details, the

volumetric heat equation becomes:

Ac i —i= = .
Qin(7,1,2) = Quo(1 — Rus:) S, 2[(Uz)2+(UZ)2]€—AC,Sz|z+hI (D.1)

MO0y

where, R gi, Ac g are the absorption coefficient and reflection coefficient of silicon and A is
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the vertical distance from the z = 0 plane to the outer surface of the tip.

Figure D.1(b) shows the geometry considered at the tip apex for gold coated silicon tip.
40 nm thickness of gold is considered all around the tip that gives a vertical distance of ¢, =
teoartan(20°) inside the coating. In gold coated silicon tip, the volumetric heat distribution

would be different inside the coating layer and inside silicon. They can be defined as:

QoL = Ry 2tze G HE el (Au)
Qin ([L’, Y, Z) = ’
Qo1 — Rena)(Acaultl) (e~ At ) (1 — R, g;) Ao e 2GD TG o Acsiletty 41, (G

(D.2)

where, R. v, Ac 4 are the absorption coefficient and reflection coefficient of gold.
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