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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 e�ects are at play in the tip-sample nanojunction, and

these e�ects 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 e�ects that take place near the illuminated nanoprobe. The

�rst part of the dissertation discusses the near-�eld enhancement and far-�eld 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 �nd

xiv



the di�erential 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 fN, just above the noise �oor of common force-based SPM techniques, including

photo-induced force microscopy (PiFM). Our �ndings 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 �nal 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 e�ect 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.

xv



Chapter 1

Introduction

A nanoprobe is a small object of nanoscopic dimensions that, upon optical excitation, pro-

duces con�ned electromagnetic �elds in the near zone. Such near-�elds provide an oppor-

tunity to optically excite a sample, where the length scale of the excitation is de�ned 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 di�erent 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-�eld physics is rich and that numerous phenomena could

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

1



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 e�ects upon tip illumination. In light-based SPM, it is important to un-

derstand such e�ects, 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 e�ects that occur in the vicinity of il-

luminated nanoprobes. In particular, we study nanoprobe designs with enhanced near-�eld

and far-�eld 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 �eld 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 �eld associated with the plasmon resonance,

the optical transition rate in the molecule can be signi�cantly 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-�eld,

thereby increasing its radiative rate as well as steering radiation into a speci�c direction, thus

improving the collection e�ciency of the signal. In fact, optimal nanoprobe design derives

from both e�ects: the near-�eld 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 �rst 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 �nite di�erence time domain (FDTD) methods for optimizing the
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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 con�guration 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-�eld TERS

intensity by at least an order of magnitude compared to a regular sharp tip.

Figure 1.1: Illuminated nanoprobe (a) with enhanced near �eld and far �eld 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 near�eld 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
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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 signi�cant 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 �eld distribution of an incident focused light

�eld 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 di�erential 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 di�erential force

and the chiral properties of the incident electromagnetic �eld, 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, �nite

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
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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-

�cient, thermal di�usivity and the illuminated sample volume, PiFM experiments can detect

thermal e�ects 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-� s 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 a�ect 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 e�ect barely changes the

PiFM response for a broad range of sample expansion lengths and relaxation times, we �nd

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].
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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 di�raction 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 �eld enhancement, but also

works as a nanoantenna to e�ciently couple the radiating polarization to the far �eld.

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
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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-�eld and far-�eld 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� s time scales.

2.1 Tip enhanced Raman Spectroscopy (TERS)

A typical TERS con�guration 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 signi�cant �eld

enhancement (EF ) 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 con�gurations 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 �ltered 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 )4. However, this description does

not explicitly take the direction speci�c radiation properties of the tip antenna system into
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account.[45]

Figure 2.1: Illustration 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-�eld and radiating far-�eld action of the nanoprobe. In the following

subsections, a simpli�ed numerical model of TERS, based on �nite di�erence 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 x-polarized plane wave that is focused by a high numerical aperture (NA) objective

(NA = 1.2 oil, noil = 1:51) onto the sample surface. The substrate consists of a semi-in�nite

glass substrate of"glass = 2:25 and a 200 nm thick polymeric host medium of poly-methyl
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methacrylate (PMMA) with "host = 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 20o. The dielectric permittivity of gold is taken from reference [46] and �tted by

a Drude-Lorentz dispersion model. The simulation region is optimized by modeling the

tip shaft up to 10 � m to minimize re�ection from the tip's upper edge [47]. Note that

a su�ciently long shaft is needed in the simulation to suppress �nite size e�ects at the

top of the tip's cut-o� [47, 48]. A perfectly matched layer (PML) of su�cient thickness is

imposed on the rectangular boundary to eliminate and reduce unwanted re�ections 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 in�nitely extended system. As shown in

Fig. 2.2, three di�erent tip geometries are considered: a) a sharp tip with a tip apex radius of

10 nm; b) a modi�ed tip made from a blunt tip of 50 nm apex radius; c) a tip modi�ed with

vertical grooves. The design details and performance evaluations are elaborately discussed

in Chapter 3 .

FDTD simulations are performed to determine the far-�eld 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 �elds in

the near-�eld are calculated in the time domain[E loc(t; r ); H loc(t; r )] without the presence

of the molecule. A Fourier transform is performed to obtain the local �elds in the frequency

domain [E loc(! ); H loc(! )] at the location of the molecule. In the second step, the molecule

is placed at the desired location and its dipole moment is computed asp = � E loc, where �

is the (relative) Raman polarizability.

The far-�eld intensity pro�le I (� ) is calculated by a near-to-far-�eld 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 di�erent types of gold tips (10 nm sharp tip, modi�ed tip, vertically
grooved modi�ed tip) are considered. The modi�ed tip and vertically grooved modi�ed tip
are discussed in detail in the later chapter.

the bottom-half plane. In this method, the �eld 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 di�erent angles and are weighted by the near-zone data [23]. See

reference [23, 49] for more details on the near-to-far-�eld 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 su�ciently long to capture the majority

of radiation in the bottom-half plane. The average far-�eld 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-�eld Raman signal serves as an e�ective single molecule response in the

absence of the tip. To represent the TERS measurement, a tip is placed in the focal �eld and
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the far-�eld 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 integratingI (� ) over the detection surface as:

I tot =
Z � max

0

Z 2�

0
I (� ) sin(� )d�d� (2.1)

where � max 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-�eld distribution and the far-�eld be-

havior is discussed for the processes of regular Raman and TERS. First, the excitation �elds

in the near-�eld zone are considered for regular Raman excitation without the presence of a

tip. The incident light is a 650 nmx-polarized plane wave propagating in they-direction and

focused by the objective lens, as shown in Figure 2.3(a). The pro�le of the incident beam's

horizontal jE inc;x j and vertical jE inc;y j components in the simulation plane (xy) is shown in

Figure 2.3(b) and (c), which display the well-known focal �elds 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 �eld, 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 e�cient

enhancement alongy, the tip apex is placed in the location of maximumjE inc;y j, 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 andx-component of the local electric �eld 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 �eld enhancements are normalized
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Figure 2.3: Near-�eld distribution in regular and tip-enhanced excitation schemes. (a)
Schematic of the excitation scheme without tip. (b) Magnitude of thex-polarized com-
ponent of the focal �eld jE inc;x j. (c) Magnitude of the y-polarized component of the focal
�eld jE inc;y j. 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 maximumjE inc;y j 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 �eld enhancement along the black dashed line in
panel (d). (f) Magnitude of the total (green),y-component (red) andx-component (blue) of
the local electric �eld enhancement along the green dashed line in panel (d). The �eld en-
hancements in panel (e) and (f) are normalized relative to the maximumjE inc;y j component
of the incident focused �eld on the substrate surface shown in panel (c)

relative to the maximum jE inc;y j component on the substrate surface. The �eld 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 pro�le of the incident focal �eld. The �eld 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 �nally decays dramatically inside the host layer. It is evident from both

Figures 2.3(e) and 2.3(f) that they-component is the dominant contribution in the local �eld

enhancement. Note that the current near-�eld 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-�eld intensity from an ensemble of dipoles radiated into thexy-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-�eld intensity in the xy-bottom half plane relative to the maximum
intensity found for a vertical dipole at the same location without the tip. (f) The far-�eld
intensity in the back focal plane of the objective lens.

has been reported in previous simulations of TERS-type tips. We attribute this di�erence in

part to possible artifacts related to the �nite tip size, which have been carefully suppressed

in the proposed simulation model.

We next calculate the Raman radiation pro�le 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 e�ciently excited by the incident �eld. The simulation keeps the
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focal �elds �xed while molecules are distributed at random positions along thex-dimension.

Possible near-�eld 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 di�erences inEF

at the excitation and radiation wavelengths [48]. These di�erence are small and do not a�ect

the general trends found. The averaged radiation pattern of the molecular ensemble shows

directional emission at angles above the critical angle ofsin� 1(1=nglass) = 41:81o [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 thex- and the y-directions in

the near-�eld. 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-�eld 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-�eld 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-�eld signal

displays a highly directional pro�le that peaks at an angle of� 44o, in agreement with �ndings

previously reported [50]. This directional radiation re�ects the strong enhancement of the

y-component of the focal �eld by the tip, resulting in enhanced radiation at angles near and

above the critical angle. Dipoles driven in thex-direction do not bene�t from this directional

enhancement, which is re�ected in the absence of a radiation contribution that resembles

that of x-polarized molecular dipoles.
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Besides altering the radiation direction, the tip also increases the signal intensityI norm (� 44o)

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

(� max = 52:6o) using (2.1). It is helpful to relate the enhancement thus found to the typical

TERS enhancement factor of(EF )4. For this purpose, we may de�ne the total intensity

relative to that of a single dipole without the tip (I enh = I tip
tot =I no tip

tot ) as I enh = ( EF )4 � AE ,

where EF is the near-�eld enhancement factor, andAE is an e�ective measure of the

antenna'sfar-�eld radiation e�ciency. 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 pro�le of azimuthal symmetry that di�ers 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-�eld enhancement as well as the antenna's radiation e�ciency.

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 PiFM (AM-PiFM) is the most commonly used con�guration 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 re�ected o� 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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con�guration, 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 frequencyf 2 is chosen for recording

the topographic AFM signal, which implies that the driving frequency is tuned tof 2. The

PiFM signal is then derived from the cantilever's motions at its �rst mechanical resonance

at frequencyf 1. The roles of thef 1 and f 2 frequency channels can be reversed.

The incident light is amplitude modulated atf m , 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 o�-axis parabolic mirror from the

side. In the presence of photo-induced forces, the cantilever develops motions that depend on

f m , and these motions can be detected by analyzing the signal of the quadrant photodiode.

In a typical con�guration, a lock-in ampli�er 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 nearf 1. There are two common detection

modes: homodyne and heterodyne. In the homodyne detection mode, also known as the

direct mode,f m is adjusted to coincide withf 1, i.e. f m = f 1. In this setting, the modulation

of the incident light produces a force that is directly manifest at the �rst 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 di�erence frequency (f m = jf 1� f 2j)

or sum frequency (f m = jf 1 + f 2j) of the cantilever resonance frequencies. Once again,

the signal is demodulated near mechanical resonance frequencyf 1, which now registers an

optically induced force at a sideband of the second mechanical resonance, i.e.f 1 = jf 2 � f m j.

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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Figure 2.5: Simpli�ed schematics of AM-PiFM. AOM denotes the acoustic optic modulator,
f m is the modulation frequency,f ref is the reference frequency of the lock-in ampli�er that
is the same as detection frequency.

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 speci�c implementation of PiFM, namely a frequency domain version

of AM-PiFM, which is sensitive to force dynamics on�s time scales in PiFM 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. Chie�y 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 formpt = � tE, where � t = � 0
t + i� 00

t

is the polarizability of the tip and E is the optical driving �eld. 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 �eld as follows:

hF i =
� 0

t

2

X

i

Ref E �
i r E i g +

� 00
t

2

X

i

Im f E �
i r E i g (2.2)

where i = f x; y; zg labels the Cartesian components. The �rst 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 � t . This force is related to the transfer of momentum of the scattered light and is

called the scattering force [23].

The �rst term in particular is sensitive to the gradient of the optical �eld 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 �elds associated with surface plasmon

resonances [53], which show a signi�cant 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 �eld 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 aspt0 with polarizability � t0, and assuming that the

dominant polarization direction is alongz, the distance-dependence force directed along the

z-axis can be expressed as [31]:

hFgi z ' �
3Ref � t � �

t0g
4�" 0"mz4

jEzj2 (2.3)

where "m is the permittivity of the medium surrounding the tip. This force referred to as

the gradient force in this thesis, explicitly depends on the distancez between the tip and

image dipoles, and scales asz� 4. Therefore, the optical gradient force is strongest when

the tip-sample distance is small, whereas it falls o� 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
pt from the image dipolesp0

t in (a), and from the sample dipoleps in (b)

19



Dipole-dipole interaction force

Consider a small object, such as a cluster of molecules, that is illuminated by a focused

light �eld. At the microscopic level the induced polarization of the sample isps = � sE,

where� s = � 0
s + i� 00

s 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 ofps a�ects the local �eld near the induced dipole of the

tip and thus has an e�ect 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 �eld. This interaction is sometimes called the dipole-dipole force, and the

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

hFgi z ' �
3Ref � t � �

sg
4�" 0"mz4

jEzj2 (2.4)

which also displays az� 4 dependence. The spectral response is proportional to Ref � t � �
sg /

f � 0
t �

0
s + � 00

t � 00
sg. For a typical metal, � 0

t � � 00
t 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 PiFM 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 apN [57]. Though small, such

forces can still be measured with con�dence 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� L of the sample is related
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to the rise in temperature,� T, at the location of laser illumination. The expansion can be

modeled as� L � � T h� T, where h is the sample thickness and� T is the linear thermal

expansion coe�cient of the sample [28, 58, 59].� T 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 toh [26]. For organic materials in theh � 1� 100 nmrange the

material expansion is typically very small, on the order of� L � 1 � 100 pm, which is often

smaller than the size of an atom!

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,� L . This in turn results in modulation
of van der Waals force (black arrow to red arrow) atf m .

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,Fts (z), is described well as the

sum of conservative and non-conservative forces given byFts (z) = Fc(z) � �( z) _z, where

Fc is the conservative force and�( z) represents an e�ective damping coe�cient of a given

dissapative process [31, 52]. TheFts strongly depends on the tip-sample distance and contains

attractive and repulsive contributions. Figure 2.8 showsFts as a function ofz. In the non-

contact zone,Fts is dominated by attractive forces, such as the van der Waals (vdW) force,

whereas in the contact zone repulsive forces become the dominant force. Atz = 0 and

shorter distances the tip is in full contact with the sample andFts is exclusively repulsive.

Such forces are described well by the Derjaguin�Muller�Toporov (DMT) model.
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Figure 2.8: E�ect of the thermal expansion� L on the tip-sample interaction forceFts . Blue
curve showsFts when the light is o�, while red dashed curve showsFts when the light is
on. Red solid curve shows -@Fts=@z, which is proportional to the magnitude of the thermal
expansion force.[2]

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

tip-sample distance, and thus produces a di�erence in the force:

� Fts (z) = Fts (z � � L) � Fts (z) (2.5)

The e�ect 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 di�erence 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 positionzc, which

in the �rst-order approximation takes on the form:

Fts � Fts (zc) +
@Fts
@z

(z � zc) + ::: (2.6)

so that the force di�erence can be generally expressed as:

� Fts(z) � �
@Fts
@z

� L (2.7)

The magnitude of the force di�erence 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 DMT model
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for Fts , the thermal expansion forceFth can be written as:[59]

Fth (z) = � Fts (z) � 2E�
p

R(ro � z) � � L = C(z) � � L (2.8)

where E� is the reduced Young's modulus of the material,R is the radius of the tip, ro is the

intermolecular distance in the material andro � z is the indentation depth. The repulsive

expansion force depends linearly on� L. Since� L is modulated atf m in a PiFM experiment,

the repulsive forceFth shows up as PiFM signal when operated in contact mode. Even for

small � L , Fth can be signi�cant. For instance, for molecular monolayers, a value forC(z)

as high as� 40 N=m has been reported, so that the force measures 130 pN for a sample

expansion of only3:2 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:

Fth (z) � �
He� R

6
1
z3

� L (2.9)

where He� is the e�ective Hamaker constant between the tip and the sample. In the non-

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

The thermal expansion of the sample can be split into two parts and written as� L tot (z) =

� L t (z) + � Ld. Here � Ld 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� L t (z), which relies on the �eld enhancement

in the tip-sample junction and thus depends on the tip-sample distance [28]. For� Ld the

heated volume is calculated from the beam radius and sample thickness, whereas for� L t (z)

the heated volume is related to the thermal di�usion lengthlp of the sample material [28, 60].

For a laser pulse duration of� p, the di�usion length is de�ned as lp �
p

D� p, where D is

the thermal di�usivity of the sample [28, 62]. While the direct thermal expansion� Ld is

linearly proportional to the sample thicknessL up to the beam radius, the tip-enhanced

thermal expansion reaches a near constant value after a certain sample thickness, which is

related to lp [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! of the

incident laser light. Here,! (rads� 1) is the angular frequency that is related to frequency,

f (Hz) as ! = 2�f . A strong PiFM response is obtained when the modulation frequency

is tuned to a mechanical resonance! o of the cantilever beam, i.e.,! � ! o. The e�ective

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 ! = ! o=n wheren is the nth overtone frequency of! . The time-varying periodic

force can be written in terms of Fourier coe�cients. To describe the force, we �rst consider

the displacementz of the AFM tip, which can generally be described as a driven harmonic

oscillator model:

m•z + b_z + kz = Fd(t) (2.10)

where m, b, k are the e�ective mass, damping coe�cient, and spring constant of the tip-

cantilever system, respectively. Because the forceFd(t) that drives the cantilever motion is

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

Fd(t) = F0

"
a0

2
+

1X

m=1

h
am cos(m!t ) + bm sin(m!t )

i
#

(2.11)

with the Fourier coe�cients

am =
Z 2�=!

0
Fd(t) cos(m!t ) dt (2.12)

bm =
Z 2�=!

0
Fd(t) sin(m!t ) dt (2.13)

It is expected that the driving force can strongly couple to the cantilever when a speci�c nth

frequency component coincides with the cantilever's resonance frequency (! 0), i.e., ! 0 = n! .

Under these conditions, only thenth component couples to the cantilever motion, whereas

other components (m 6= n) are o�-resonant and cannot a�ect the cantilever motion. The

various n-components of the force can be tuned into resonance one-by-one by changing the

driving frequency ! and ful�lling the condition ! = ! 0=n. We can then rewrite the Fourier
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coe�cients as

an =
Z 2n�=! 0

0
Fd(t) cos(! 0t) dt (2.14)

bn =
Z 2n�=! 0

0
Fd(t) sin(! 0t) dt (2.15)

where n labels the speci�c Fourier coe�cient of interest that is tuned into resonance with

the cantilever. With these de�nitions, we can rewrite the driving force and substitute the

resulting expression into the equation of motion

m•z + b_z + kz = Rn cos(! ot � � n ) (2.16)

where the amplitude of the time-dependent force is

Rn = F0

p
a2

n + b2
n (2.17)

and its phase is

� n = tan � 1
� bn

an

�
(2.18)

It is evident that the amplitude and phase of the force are fully de�ned by the Fourier

coe�cients 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 di�erentn, it is possible to

retrieve the Fourier coe�cients 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 coe�cients 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 coe�cients namelyn = 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) = Fem(t) + Fth (t) + FvdW (t) (2.19)

whereFem(t) is the electromagnetic force,Fth (t) is the thermal expansion force, andFvdW (t)

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 o�. The thermal expansion force displays

relaxation dynamics during the o� 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 FvdW during the o� interval due to the relaxation of the material

expansion, which is characterized by the cooling time� c. We may approximate the modulated

force as:

F (t) =

8
>><

>>:

FvdW e� t
� c 0 < t < T

2

FvdW (1 � e�
( t � T

2 )
� h ) T

2 < t < T
(2.20)

where � h 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 de�ned the functional form for the time-periodic force, the Fourier coe�cients de�ned

in eqs 2.14 and 2.15 can be rewritten as

an =
FvdW ! 0

n�
[f (� c) � f (� h)] (2.21)

bn =
FvdW ! 2

0

n�

�
�

1 � 1
! 2

0
+ � cf (� c) � � hf (� h)

�
(2.22)
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where the functionf is de�ned as

f (� ) =
� (1 � e� n�

� ! 0 )
1 + � 2! 2

0
(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� h and � c. From the PiFM measurement, the

amplitude Rn and phase� n can be retrieved, allowing determination of the values foran and

bn . This allows us to write � h and � c in terms of experimentally accessible values. For this

purpose, we de�ne two new variables, namely

R12 =
R2

R1
(2.24)

and

� 12 = � 1 � � 2 (2.25)

To obtain analytical expressions, we may further use the approximation ,e� n�
� ! 0 � 0 which

is reasonable whenT=2 >> � . With this approximation, we can write expressions for� c in

terms of either R12 or � 12, and the same for� h. By equating the resulting expressions, i.e.,

� c(R12; � h) = � c(� 12; � h), we can �nd the function � h in terms of of R12 and � 12 as

� h =
� 2R12 + j cos(� 12)j

! 0j sin(� 12)j
(2.26)

where the plus sign is used when� 12 > 0, and the minus sign is used when� 12 < 0. We may

use a similar procedure to retrieve� c, which yields

� c =
2

! 0j tan(� 12)j
� � h (2.27)
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To determine � h and � c, R12 and � 12 are measured experimentally. For this purpose, while

the cantilever motion is detected atf 0, the laser light is sequentially modulated atf = f 0 to

determineR1; � 1 and at f = f 0=2 to obtain R2; � 2. Such technique would be useful primarily

in determining the presence of a photoinduced force after switching o� the laser illumination

to ascertain the manifestation of thermal relaxation dynamics.

2.3 Summary

In this Chapter, we have brie�y 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-�eld and far-�eld 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 � s 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-�eld and Near-�eld

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 �eld 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 �eld and the near-�eld, 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 �eld. Whereas optimizing the electric �eld enhancement factor (EF =

jE locj=jE inc j) is indeed important for improving the light-matter interaction in the near-�eld,

another important aspect is the optimization of thefar-�eld radiative properties of the tip-

antenna system. Fine-tuning of the far-�eld radiation e�ciency and radiation direction of

the tip-antenna can boost the detected signal signi�cantly. However, comparatively little

work has focused on the far-�eld radiative qualities of metal tips used in TERS.
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Previous work has shown that modi�cations of the tip for improving the coupling between the

near-�eld and the far-�eld 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 pro�le markedly, exhibiting

highly directional radiation at angles of 11.6o [50, 71]. Such directional signals would greatly

improve the collection e�ciency 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

di�cult procedure that is time consuming. Such fabrication challenges have prevented the

actual implementation of tip designs with enhanced far-�eld 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-�eld enhancement and

the far-�eld radiative properties of such tips in detail through our FDTD model as outlined

in section 2.1.1. To recall, we de�ne the total intensity enhancement (I enh = I tip
tot =I no tip

tot ) as

I enh = ( EF )4 � AE , whereEF is the near-�eld enhancement factor, andAE is an e�ective

measure of the antenna'sfar-�eld radiation e�ciency. Finally, We present designs that

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

3.1 Sharp tip versus modi�ed tip

The sharp metallic cone is the most commonly used probe in near-�eld 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

31



concentration of the electrolyte and solvent, the applied voltage frequency and amplitude,

etching time and immersion depth of the wire, it remains di�cult 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 modi�ed with a relatively simple FIB milling procedure to produce a much sharper

feature at the tip's apex.

Figure 3.1: (a) Tip modi�cation by FIB milling. (b) Simulation setup for the modi�ed tip.
(c) Magnitude of the local electric �eld enhancement along the dashed horizontal line in
panel (b). (d) Magnitude of the local electric �eld 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 modi�cation 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-�eld as well as favorable far-�eld

radiation characteristics. The magnitude of the local electric �eld 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-�eld 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 �eld enhancement along the

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

Figure 3.2: (a) Schematic of the simulation setup with the modi�ed tip. (b) Far-�eld intensity
of radiation from the tip-sample junction into the xy-bottom half plane, normalized to the
maximum intensity found for a vertical dipole without the tip. (c) Far-�eld intensity in the
back focal plane of the objective.

The far-�eld radiation pattern of the modi�ed tip is studied in Figure 3.2. Similar to the

far-�eld pro�le of the sharp tip discussed in Figure 2.4, the modi�ed tip exhibits directional

emission at around� 44o with the added bene�t of a maximum signal enhancement that

approaches� 6300times that of the signal without the tip, as shown in panel 3.2(b). We

�nd that AE = 1:33 for the modi�ed tip with a near-�eld 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 modi�ed tip

shows reduced performance at wavelengths over� 700 nm with lower relative AE factors.

In addition, the formation of ridges and imperfect pillars can a�ect 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 �nd 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 modi�cation 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 (� 20nm)

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-�eld distribution in the vicinity of

the grooved tip. Figure 3.4(b) and (c) show the magnitude of the total, thex-component and
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Figure 3.3: (a) 3D Schematic of the proposed vertically grooved tip. (b) Simpli�ed diagram
showing the process for making a horizontal cylindrical cut on the tip surface by FIB milling,
requiring mechanical rotation for symmetrical pattern. (c) Simpli�ed 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 �eld enhancement, as measured along the dashed lines

in panel (a). The maximum �eld 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 �eld component is the dominant

contributor to the local �eld enhancement. These simulations show that the proposed tip

exhibits excellent near-�eld enhancement properties for TERS measurements.

The far-�eld response of the vertically grooved tip is shown in Figure 3.5. Figure 3.5(b)

and (c) show the far �eld intensity patterns in the bottom-half xy-plane at the wavelengths

650 nm and 700 nm. We �nd an almost 4 times increase inI norm (� 44o) compared to the

pillar-type tip. In addition to the directional radiation at � 44o, we observe the appearance

of signi�cant inner lobes at � 17:3o. For the vertically grooved tip we �nd 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), x-component (blue dashed) andy-component (red
dashed) of the local electric �eld enhancement. (c) Magnitude of the total (green solid
curve), x-component (blue dashed) andy-component (red dashed) of the local electric �eld
enhancement. Pro�les in (b) and (c) are measured along the black and green dashed lines
in (a).

smaller AE value suggests a measured intensity that is less than what would be expected

based on the(EF )4 factor. This underlines the approximate nature of the(EF )4 near-�eld

metric [45, 87], which does not take far-�eld radiative properties of the antenna explicitly into

account. For comparison, we also calculate the total relative intensityI enh when detection is

carried out at a lower detection angle of� max = 17:5o, which would correspond to a detection

NA of 0.3 in air. In this caseAE = 6:58, implying a signi�cant enhancement of detected

signal at smaller detection angles relative to the signal measured with the unmodi�ed 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 pro�le shows a marked spectral dependence.
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Figure 3.5(c), which shows the radiation pro�le at 700 nm, reveals that, in addition to an

overall decrease inI norm (� ), the strength of the � 44o lobes decreases more relative to that

of the inner lobes. In addition, the angle of the inner lobe decreases to� � 16o. We note

that for wavelengths shorter than 650 nm, a similar decrease in overall signal strength is

observed, although the shape of the radiation pro�le remains relatively constant as Figure

3.5(b).

Figure 3.5: (a) Schematic of the simulation of the far-�eld radiation by a dipole with the
presence of the vertically grooved tip. (b) The normalized far-�eld intensity in the bottom-
half xy-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 intensityI tot 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 pro�le are re�ected in the e�ciency 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 tot traces a spectral pro�le 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 e�ciency 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 e�ciency 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 �eld enhancement [48], the whole system response and operation is expected to

be relatively una�ected by the incident wavelength tuning.

3.3 Design details and underlying physics

The periodic structure of the vertically grooved tip shows similarity with the �at �bull's eye�

antenna [88]. Each symmetrical circular sub-wavelength groove e�ectively 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 e�ect

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 �eld enhancement as shown in Figure 3.6(c). This

indicates that the ridges play a role in coupling energy from the far-�eld to the near-�eld

region near the tip apex and vice versa.

Figure 3.6: (a) Schematic of the simulation model for a vertically grooved tip without ridges.
(b) Far-�eld radiation pro�le of the tip with (red) and without (green) ridges. (c) Near-�eld
distribution of the vertically grooved tip without ridges.

Note that the vertically grooved tip is speci�cally 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 di�erent design criteria to be

satis�ed [71].

39



3.4 Total normalized far-�eld intensity distribution: ver-

tically grooved tip vs sharp tip

Finally, we calculate the distribution of the total detected signal enhancement for di�erent

tips and di�erent 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 o�-centered dipole. However,

this should not have any impact on the typical performance. The results are shown in

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 unmodi�ed 10 nm radius tip shown in Figure 3.7(b). The total far-�eld

intensity enhancement is indicated in red and the TERS enhancement factor(EF )4 is shown

in blue. The plots reveal that the modi�ed tip shows an increase in total intensity enhance-

ment I enh, namely the TERS signal enhancement by 10 times relative to the ideal sharp tip.

The I enh follows the general trend of(EF )4 and the apparent di�erence in value between

can be understood as the antenna e�ciency factorAE .

Figure 3.7: Total far-�eld 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 �gure shows the(EF )4

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 e�ective 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 con�ned, at the expense of weaker signals, as

shown in panel (b). For detection at detection angles below� = � 44o, 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 a�orded by a 0.3 NA lens, we �nd a total enhancement of

I enh � 3� 105 for a dipole under the vertically grooved tip. For comparison, the enhancement

under the same conditions for the 10 nm sharp tip isI enh � 2� 103. Consequently, the relative

detection e�ciency (intensity) with the 0.3 NA lens is dramatically improved by a relative

factor of 150 for the modi�ed tip relative to the ideal sharp tip. This translates into a150

times stronger TERS signal when the modi�ed tip is used.

3.5 Summary

In this chapter, we have proposed a set of realistic modi�cations to gold tips to improve the

magnitude of the signal detected in a bottom-illuminated TERS microscope. Other than

focusing solely on the near-�eld enhancement, we have performed simulations that seek to

improve the overall far-�eld signal from the tip-sample system. Through detailed FDTD

simulations we have found that relatively simple modi�cations to the metal tip can produce

marked changes in the far-�eld 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-�eld enhancement ofEF = 8:2 as well as an antenna e�ciency ofAE = 1:33when 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-�eld enhancement ofEF = 15. Relative to

an ideal (unmodi�ed) 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 �nd an antenna e�ciency factor ofAE = 6:58.

This work shows that a signi�cant increase in the detected TERS signal can be attained

through optimization of both the near-�eld enhancement and far-�eld 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 � 50nm 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.
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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 �eld. In most PiFM experiments, the detected force is

also dominated by the electric �eld. This has allowed detailed PiFM mapping of electric �eld

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 �eld distribution of focused vector beams [32]. Magnetic �elds also play a role of

the detected force is sensitive to the chirality of the electromagnetic �eld. 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 thehelicity 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 �elds. The quantity commonly used for quantifying this `degree of curliness' is the

time-averaged helicity density [90, 91, 92], which is de�ned ash = 1
2!c Im(E � H � ), where

E and H are the phasor electric and magnetic �eld at angular frequency! , and c is the

speed of light (� denotes complex conjugation) [93, 94]. The helicity density is a time-

even, pseudo-scalar conserved quantity and the �ux 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 de�ned as� =

� " 0
4!i (E � E � ) � � 0

4!i (H � H � ), where"0 and � 0 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 classi�ed as a conserved property of the electromagnetic �eld [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 di�erential 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 di�raction limit can be challenging [92, 104, 105], because the chiral

state of light in the near zone cannot always be assessed with far-�eld measurements. Now,

the question arises whether a quantity like the helicity density can be properly measured at

dimensions beyond the di�raction limit of light. Although near-�eld and scanning nanopar-

ticle methods have been used to probe the electric and magnetic components of vector �elds

at sub-di�raction limited resolution [32, 106, 107, 108, 109], a direct measurement of the

helicity density in the near-�eld of tightly focused laser �elds 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 di�erential 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

di�erential force and the chiral properties of the incident electromagnetic �eld in terms

of the time-averaged helicity density and spin-angular momentum density. Theexp(� i!t )

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, �nite element method (FEM) simulations. Finally,

we present force map of helcity density of chiral beams and �nish with a discussion on the

error tolerance of the proposed technique due to beam imperfection.

4.1 Theoretical Analysis

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 �eld, 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]

hFi =
1
2

Re
n Z

S

�
" (E � n̂)E � + � � 1(B � n̂)B � �

1
2

�
" jEj2 + � � 1jB j2

�
n̂

�
dS

o
(4.1)
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where the integration is over the arbitrary surfaceS that encloses the tip-particle of volume

V, n̂ is the unit vector normal to this surface, andE andB are the phasors of the total electric

�eld and magnetic �ux 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 � . 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 asp tip (Cm) and m tip (Am2), respectively. The phasors of the dipole moments

are de�ned asp tip =
R

r � (r )dV and m tip = 1
2

R
[r � J(r )]dV, where � (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]

hFi =
1
2

Re
n�

r E loc(r tip )
� �

� p tip +
�
r H loc(r tip )

� �
� � 0m tip �

c� 0k4

6�
(p tip � m �

tip )
o

(4.2)

where E loc(r tip ) and H loc(r tip ) are the local electric and magnetic �eld at the tip dipole

position. Here, r E and r H are the gradient of electric and magnetic �eld vectors. This

is of dyadic form and de�ned asr E =
P

i

P
j

@Ej
@xi

x̂ i x̂ j where i and j stands for x, y and

z components of cartesian coordinates [112]. Note that sometimes in the literature the� 0

factor in the second and third term of equation (4.2) is included in the de�nition of the

magnetic dipole moment (m tip ) [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

�rst term on the right hand side of equation (4.2) is recognized as the electric dipolar force

hFei , the second term is known as the magnetic dipolar forcehFm i , and the last term is

called the interaction forcehF int i .

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 �elds through polarizabilities as [116]

p tip = � eeE loc(r tip ) + � emH loc(r tip ) (4.3)

m tip = � � � 1
0 � emE loc(r tip ) + � mm H loc(r tip ) (4.4)

where � ee, � mm and � em are the electric, magnetic and electro-magnetic polarizabilities,

respectively. We have considered that� me = � � � 1
0 � em because of reciprocity. The local

�elds at the tip dipole position can be obtained from image dipole theory [20, 23, 117]. We

model the e�ect of the substrate by substituting the substrate response by the image of

the photo-induced (chiral) dipole in the tip, written as p img and m img and shown in Figure

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

E loc(r tip ) = E inc (r tip ) + Esca
img ! tip (r tip ) (4.5)

H loc(r tip ) = H inc (r tip ) + H sca
img ! tip (r tip ) (4.6)

where E inc (r tip ), H inc (r tip ) are the incident electric and magnetic �eld at the tip dipole

location, and Esca
img ! tip (r tip ), H sca

img ! tip (r tip ) are the scattered electric and magnetic �eld by

the image dipoles at the tip dipole location.

The scattered �elds, which include near�elds, are de�ned through the image dipole moments

and their Green's functions as [23, 117]

Esca
img ! tip (r tip ) = Gee(r tip � r img ) � p img + Gem(r tip � r img ) � m img (4.7)

H sca
img ! tip (r tip ) = Gme(r tip � r img ) � p img + Gmm (r tip � r img ) � m img (4.8)

whereG(r ) = Gxx̂x̂ + Gyŷŷ + Gzẑẑ 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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near�eld as [118]

Gee(r ) =
1

4�" 0jr j3
(3r̂̂r � I ) (4.9)

Gmm (r ) =
1

4� jr j3
(3r̂̂r � I ) (4.10)

Gem(r ) = �
1

i!" 0
r � Gmm (r ) (4.11)

Gme(r ) =
1

i!� 0
r � Gee(r ) (4.12)

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

observation.

In the same fashion, we can also de�ne the image dipole moments and the local �elds at

the image location. Our goal is to obtain self-consistent approximate expressions for the

local �elds at the tip location and for the dipole moments in terms of the incident light

components. To achieve this, consistent with the near�eld approximation of the Green's

function, we �rst ignore any phase retardation e�ects in the �elds 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

hFz;grad i = hFz;ei + hFz;m i

=
3

2� jzj4

"
1
2

�
�

j� eej2

"0
+ � 0j� � 1

0 � em j2
�

( 1
2 jE inc

k j2 + jE inc
z j2)

+
1
2

�
�

j� em j2

"0
+ � 0j� mm j2

�
( 1

2 jH inc
k j2 + jH inc

z j2)

� Re
��

� ee� �
em

"0
+ � �

mm � em

�
( 1

2E inc
k � H inc �

k + E inc
z � H inc �

z )
� #

+
6!

�k 2jzj5

"

2! Re
�

� ee� �
em

"0

�
[� inc

E ]z � 2! Re
�

� em� �
mm

	
[� inc

H ]z

� 2Im
n

(j� em j2 � � 0� ee� �
mm )[Sinc ]z

o
#

(4.13)

hFz;int i = �
ck4

12�

"

Re
n

� � �
em� ee

o
Re

n
[E inc

k � E inc �
k ]z

o

+ Re
n

� 0� �
mm � em

o
Re

n
[H inc

k � H inc �
k ]z

o

+ 4! Im
n

�
� �

em� ee

"0

o
[� inc

E ]z + 4! Im
n

� � �
mm � em

o
[� inc

H ]z

+ 2Re
n

� �
em� em[Sinc � ]z

o
+ 2Re

n
� 0� �

mm � ee[Sinc ]z
o

#

(4.14)

where E inc
k = E inc

x x̂ + E inc
y ŷ , H inc

k = H inc
x x̂ + H inc

y ŷ and E inc
z = E inc

z ẑ , H inc
z = H inc

z ẑ are

the transverse and longitudinal components of the incident �elds at the tip dipole location,

the notation (r tip ) has been avoided here for brevity;Sinc = 1
2E inc � (H inc )� is the Poynting

vector of the incident �eld; � inc
E and � inc

H are the electric and magnetic parts of the time-

averaged total spin angular momentum density of the incident light; andz 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

scales asz� 4, similar to the distance dependence of the gradient force that is typically mea-

sured in PiFM [23, 31]. The �rst 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 �elds, i.e. the helicity density. In addition, this force also exhibits az� 5 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 �rst 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 �eld, 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 densityhinc 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 de�ne the helicity density

of the original beam ashinc = hinc + , then the helicity density of the auxiliary beam is

given as hinc � . For this purpose, we assume two states for the incident light, indicated

by E inc + , H inc + and E inc � , H inc � , describing the input �elds of di�erent handedness. The

two illumination states have the same energy densities,jE inc + j2 = jE inc � j2 and jH inc + j2 =

jH inc � j2, but exhibit opposite helicity densities,Im(E inc + �H inc + � ) = � Im(E inc � �H inc �� ), i.e.

hinc + = � hinc � . Note that the longitudinal spin angular momentum density components are
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related as[� inc +
E ]z = � [� inc �

E ]z and [� inc +
H ]z = � [� inc �

H ]z. We also �nd that Sinc + = Sinc � ,

and that the following relations hold

Re
n

[E inc +
k � E inc + �

k ]z
o

= Re
n

[E inc �
k � E inc ��

k ]z
o

Re
n

[H inc +
k � H inc + �

k ]z
o

= Re
n

[H inc �
k � H inc ��

k ]z
o (4.15)

We next determine the di�erential force, obtained by measuring the force under illumination

with incident light of (+) and (� ) handedness, and taking the di�erence. Under these con-

ditions, the di�erential gradient force � hFz;grad i = hFz;grad i + � h Fz;grad i � and the di�erential

interaction force � hFz;int i = hFz;int i + � h Fz;int i � can be obtained from equations (4.13) and

(4.14) as

� hFz;grad i =
6!c
� jzj4

Im
n � �

em

"0
(� ee � � mm "0)

o�
1
2hinc

k + hinc
z

�

+
24! 2

�k 2jzj5

"

Re
�

� ee� �
em

"o

�
[� inc

E ]z � Ref � mm � �
emg[� inc

H ]z

# (4.16)

� hFz;int i =
2!ck 4

3�

h
Im

n � �
em� ee

"o

o
[� inc

E ]z + Im
n

� mm � �
em

o
[� inc

H ]z
i

(4.17)

where hinc
k = 1

2!c Im
n

E inc
k � H inc �

k

o
and hinc

z = 1
2!c Im f E inc

z � H inc �
z g are the tangential and

longitudinal helicity density, respectively. We �nd that the di�erential force is proportional

to the di�erence in helicity density between the incident light and the auxiliary beam, i.e.

hinc + � hinc � = 2hinc . Since we had de�nedhinc = hinc + , we observe that the di�erential

gradient force measured in this procedure is directly proportional to the desiredhinc of the

incident chiral light. From equation (4.16) we see that the di�erential gradient force depends

on the helicity density of the incident light, whereas (4.17) predicts that the di�erential

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

When using optimally chiral light[94] satisfying the relationE = � i� 0H with � 0 =
p

� 0="0,
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the two spin angular momentum densities are such that� inc
H = � inc

E . Note that circularly

polarized light is a particular case of optimally chiral light.

When analyzing the �rst and the second terms in equation (4.16), we note that the pre-

factor containing z� 5 grows larger than the correspondingz� 4 pre-factor for sub-wavelength

distances. The magnitude of the two contributions to the di�erential 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

� ee and � mm 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 � em 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 f � ee� �
emg is larger than the term Ref � ee� �

emg.

Similarly, we �nd that Im f � mm � �
emg � Ref � mm � �

emg. Taken together, even though the

considered tip size is not deeply sub-wavelength, we �nd that for practical sizes and material

properties of the tip, as shown in Section 4.3 (see also Appendix A section4), the �rst term

in equation (4.16) is dominant over the second term. For this reason, we may approximate

the di�erential gradient force as

� hFz;grad i �
6!c
� jzj4

Im
n � �

em

"0
(� ee � � mm "0)

o�
1
2hinc

k + hinc
z

�
(4.18)

and the validity of such approximation will be con�rmed by the numerical results. It is clear

that the strength and sign of the di�erential gradient force depends on� �
em and thus relies on

the chiral properties of the tip. For small tip-sample distances, the di�erential gradient force

is expected to constitute the dominant contribution to the measured force, thus o�ering a

means of experimentally extracting information about the helicity density. Unless otherwise

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

We next study the characteristics of the di�erential gradient force. We see from equation

(4.18) that � hFz;grad i 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 = "0" r E + i
p

"0� 0� H and B = � 0� r H � i
p

"0� 0� E, where

" r and � r are the relative permittivity and relative permeability, respectively [94, 116]. The

chirality parameter � 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]:

� ee = � 6�i" 0b1=k3
0, � mm = � 6�ia 1=k3

0 and � em = 6�ic 1=(ck3
0) wherec is the free space speed

of light, k0 is the wavenumber in free space andb1, a1, c1 are the Mie coe�cients. In our

calculations, the material parameters of the isotropic chiral NP such as" r and � r are those

of crystalline silicon [120] with� r = 1.

We next place the sphere (i.e., the tip) just above a �at 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 �eld strength

1:5 � 106 Vm� 1 (incident intensity of 3:0 mW=� m2) that is either in the LCP ( E inc + =

E incx̂ + iE incŷ ) or RCP (E inc � = E incx̂ � iE incŷ ) 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 con�guration, the distance between the location of the dipole and its image is

2(rNP + 5 nm) , whererNP is the radius of the sphere. We calculate the di�erential gradient
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Figure 4.2: (a) Di�erential gradient force spectrum in pN. (b) Normalized magnitude spec-
trum of � ee � "0� mm for di�erent radii of the chiral NP. The material properties of the chiral
NP, " r and � r are considered the same as silicon with� r = 1 and � = 0:1. In all calculations,
the tip-image dipole center-center distance isjzj = 2rNP +10 nm. Black dashed lines indicate
resonance condition ofc1 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� of

the sphere is considered real and set to 0.1 [121, 122]. It is clear that nonzero� hFz;grad i 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 coe�cientc1 of the

chiral NP. The black dotted lines show the location of the peak values ofIm(c1). Changing

� does not alter the spectral resonances, but instead changes the sign and magnitude of the

di�erential force proportionally.

A careful inspection of equation (4.18) suggests that, for any chosenrNP and � of the
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tip, � hFz;grad i may approach zero when the �rst Kerker condition of the chiral NP is

met, irrespective of helicity density of the incident light. The Kerker condition is� ee =

"0� mm [105, 123, 124], and the magnitude of the quantity� ee � "0� mm is plotted in log scale

in Figure 4.2(b) as a function of radius and excitation wavelength, while� is �xed at 0:1.

The white dotted lines depict the conditions where the logarithm ofj� ee � "0� mm j (normal-

ized to maximum) has a value below -1.5 and the relation� ee = "0� mm is approximately

satis�ed whereas the black dotted lines show the resonant position of electro-magnetic Mie

coe�cient c1 as found in panel (a). The �nite separation between the two curves assures

that the Kerker condition is less likely to have any impact on helicity density measurements

if the force di�erence measurement is properly maximized.

4.3 Full Wave Simulations

To further validate our analytical �ndings, 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

�nite 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," r and � r of the sphere are same as

that of silicon with � r = 1 and the bulk chirality parameter is � = 0:1. As shown in �gure

4.3(a), the sphere is placed above a semi-in�nite glass substrate (n = 1:5) and the distance

between the glass surface and the sphere surface is5 nm. The system is then sequentially

illuminated by LCP and RCP plane waves of �eld strength1:5� 106 Vm � 1, corresponding to

3:0 mW=� m2, 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 di�erence 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 rNP and tip-surface and glass surface distance of5 nm used in the FEM simulation.
The material properties of the sphere," r and � r are the same as silicon, with� r = 1 and
� = 0:1. The system is illuminated by an incoming plane wave (�rst LCP then RCP) from
below. Time-averaged di�erential 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)rNP = 50 nm, (c) rNP = 60 nm,
and (d) rNP = 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 thec1 coe�cient. On resonance, the dipolar

di�erential gradient force (blue curves) constitutes the dominant contribution to the total

force di�erence (black curve). The dominance of the dipolar contribution grows more obvious

as the radius is increased. The di�erence 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 di�erence between the solid and dotted blue curves
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is due to the contribution of z� 5 distance dependent force term in equation (4.16). This

term does not carry any information on the helicity density and its signi�cance decreases for

larger radii, as is evident in Figures 4.3(b)-(d). Near resonance, the di�erential force is of

the order of 0.25 pN for the 80 nm radius tip (� = 0:1). Although such forces are near the

noise �oor of a typical PiFM microscope, sensitive experiments are likely able to resolve the

targeted di�erental force under optimized conditions [127].

The dip at lower wavelengths (black curve) for the70 nm and 80 nm radius tips in Figure

4.3(c) and (d) is attributed to the di�erential interaction force, as de�ned in equation (4.17).

This is because, equation (4.18) is positive-valued whereas (4.17) and thez� 5 dependent

term of equation (4.16) are negative-valued in the considered wavelength range. In the same

lower wavelength region, the magnitude of� hFz;grad i is comparatively much smaller than

the magnitude of� hFz;int i for the 70 nm and 80 nm radius tips.

4.4 Force Map of Helicity Density

Finally, we present the di�erential 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 radiusrNP = 80 nm is scanned

over the focal region of the incident beams above glass substrate. We assume a circularly

polarized Gaussian beam of2 mW average power at a wavelength of� = 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 �eld components used in the simulation are obtained from

reference [32], page 62. We �rst 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

di�erential force � hFz;grad i using equation (4.18). In Figure 4.4(c),� hFz;grad i is shown for

the case of a tip of radiusrNP = 80 nm. As equation (4.18) suggests, the force di�erence
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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(b).

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 re�ected in the polarizabilty tensors as [116, 128]

� ee = � zz
eeẑẑ;

� mm = � zz
mm ẑẑ

� em = � zz
emẑẑ

(4.19)

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 �nite 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 di�erential gradient force

for the helical-shaped tip turns out be

� hFz;grad i �
6!c
� jzj4

Im
n � zz�

em

"0
(� zz

ee � � zz
mm "0)

o
hinc

z (4.20)

The details of the derivation can be found in Appendix A section A.5. Interestingly, the

di�erential 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 di�erential 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 pro�le. Next, to calculate the di�erential force we use the same polarizability

values of the isotropic chiral sphere in Figure 4.4(a) for� zz
ee, � zz

mm and � zz
em. The map of

� hFz;grad i for the helical-shaped tip is depicted in �gure 4.4(f), showing the expected donut

pro�le 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

di�erential 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� xx
em 6= 0 and/or � yy

em 6= 0 with � zz
em = 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 (hinc = 1

2!c Imf E inc � H inc � g) of the incident
circularly polarized (LCP) light focused by a 1.4 NA oil objective. (c) The di�erential force
map, � hFz;grad i at the focal plane for a chiral isotropic tip of radiusrNP = 80 nm. (d)
Sketch of a helical-shaped tip in the same con�guration as in (a). (e) Spatial dependence of
the longitudinal component of the normalized helicity density (hinc

z = 1
2!c Imf E inc

z H inc�
z g) in

(b). (f) Di�erential 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 E�ect 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, namelyjE inc + j2 = jE inc � j2 and jH inc + j2 =

jH inc � j2, to obtain the di�erential force in the form of equation 18. Here, we investigate the

e�ect 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 asjE inc �
y j = jE inc

y (1 � � )j and

jH inc �
x j = jH inc

x (1 � � )j where jE inc +
y j = jE inc

y j and jH inc +
x j = jH inc

x j. Under these condi-

tions, we retrieve the original formulation for the di�erential force, plus an additional force

contribution that originates from the error term. This extra term is given below.

� hFz;grad i error = �
3

2� jzj4

(
1
2

�
�

j� eej2

"0
+ � 0j� � 1

0 � em j2
� �

1
2

j� E inc
y j2 � Re(� )jE inc

y j2
�

+
1
2

�
�

j� em j2

"0
+ � 0j� mm j2

� �
1
2

j� H inc
x j2 � Re(� )jH inc

x j2
�

+Re
�

� ee� �
em

"0
+ � �

mm � em

�
Re

�
1
2

� E inc
t � H inc �

t

�

+Im
�

� ee� �
em

"0
+ � �

mm � em

�
Im

�
1
2

� E inc
t � H inc �

t

� )

�
6!

�k 2jzj5

(

Re(� 0� em� �
mm )Im( � H inc

x H inc �
y ) � Re(� ee� �

em)Im( � E inc
x E inc �

y )

+Im
�
(j� em j2 � � 0� ee� �

mm )( � 2 � 2� )(E inc
y H inc �

x )
�

)

(4.21)

To obtain an impression of the magnitude of this additional force, we calculate� hFz;grad i error

for a chiral scatterer (tip) of � = 0:1 and 80 nmradius under LCP/RCP illumination of �eld

strength 1:5� 106 Vm� 1 (incident intensity of 3:0 mW=� m2) at wavelength of641 nm. Here,

we introduce the error, � in the RCP light. Fig. 4.5 shows the variation of� hFz;grad i error
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strength for increasing magnitude of the error parameter. The Figure shows that the ad-

ditional force, � hFz;grad i error increases with� and remains below the noise �oor� 0:08 pN

for maximum error of � = 0:03. Thus, we may conclude that up to an amplitude variation

of � 3% (� = 0:03) the error force is below the detection limit and is unlikely to a�ect the

actual measurement in a signi�cant way.

Figure 4.5: The additional force� hFz;grad i error as a function of error parameter� in the
auxiliary beam (RCP) for an isotropic chiral scatterer (tip) of radius rNP = 80 nm and
� = 0:1. The incident illumination is assumed to be plane wave LCP/RCP with electric �eld
strength 1:5 � 106 Vm� 1 at a wavelength of641 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 di�erential force is directly sensitive to the chiral

properties of light. In particular, the dominant component to the di�erential 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 �nd that the di�erential force can reach detectable values of sev-

eral hundreds of fN, just above the noise �oor of common scan probe microscopy systems.

Finally, we provided an error tolerance of our proposed measurement method based on the

auxiliary beam imperfections. These �ndings are signi�cant because a direct characterization

of optical chirality at the nanoscale has hitherto been challenging. The observation that the

di�erential 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-di�raction-limited dimensions

is important, including for sorting of chiral enantiomers with spatially con�ned 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 coe�cient, thermal expansion coe�cient, thermal

di�usivity, heat capacity, and e�ective 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 � s range, whereas the thermal expansion dynamics of the sample

or tip can unfold on the sub-� s to � s 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 di�usion 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 e�ective parameters

(� h/ � c) of the temperature evolution in the sample of the formT(t) = 1 � exp� t=� h [during

light on] and T(t) = exp � t=� c [during light o�] where � h/ � c are the heating/cooling times

that e�ectively captures the dynamics during the on/o� illumination periods [39]. In such

sub-� s dynamic measurements, the nanotip expansion dynamics can be expected to play a

signi�cant role. Although the nanotip expansion is usually assumed to be too small to have

a noticeable e�ect, 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 timetc for two commonly used tips,

namely a gold-coated silicon tip and a bare silicon tip. Furthermore, we verify thetc found

from simulation with experimental measurements using the FT-PiFM model discussed in sec-

tion 2.2.2. Finally, we evaluate the e�ect 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 theHeat Transfer in Solids and Solid Mechanicsmodules in COMSOL

Multiphysics. When considering laser-induced heating during on and o� times, theHeat

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

pro�le in the Solid Mechanicsmodule to �nd 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 off m . Detailed dimensions of the ACL
type cantilever are indicated. The tetrahedral blocks represent the �nite elements.A marks
the rear end of the cantilever beam.

We perform simulations on two di�erent 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 di�usion equation [58, 60] as

a function of time.

�C p
@T
@t

� r � (kr T) = Qin (5.1)

where, � , Cp, T and k are the density, heat capacity, temperature, thermal conductivity
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of the tip material and Qin (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 pro�le with beam waist� x = � y = 0:3 � m that is modulated at

f m . The modulated laser illumination gives rise to laser-induced heating of the tip material

near the apex. In the current model model, we de�ne the laser induced volumetric heat,Qin

as [129]:

Qin = Qo(1 � Rc)
Ac

�� x � y
e� 1

2 [( x
� x

)2+( y
� y

)2 ]e� A c jzj (5.2)

whereQo is the input power of the laser beam,Ac and Rc are the absorption coe�cient and

re�ection coe�cient of the tip material, respectively. The gold-coated silicon tip is imple-

mented by employing a thin �lm coating of gold near the solid Si tip with coating thickness

of 40 nm. We use the optical propertiesAc and Rc 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-

�cient [139, 140] and the Poisson's ratio [141, 142]. The exact form of the volumetric heat

input are slightly di�erent 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 Q0 = 1 mW and a laser wavelength of� = 0:8 � m is chosen for all simulations.

In addition, for the heat transfer simulation, the rear side of the cantilever (A ) is �xed at

300K and the e�ect 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 � m)

to the mid-IR( � 8 � m). The absorption coe�cient ac of the tip material plays a signi�cant

67



role in determining the tip expansion. ac 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 a40 nm gold-coated Si tip is e�ectively 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 from0:8 � m toward the mid-IR. In the studies that follow, we

have chosen the excitation wavelength as� = 0:8 � m, for which the thermal tip expansion is

expected to be relatively high. For this setting, we examine the e�ect 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 pro�le and input the results into

the Solid Mechanicsmodule. This provides the required thermal stress needed for theSolid

Mechanicsmodule to perform a time-dependent study by solving the following equation of

motion [143]

�
@2u
@t2

= r j � S + Fv (5.3)

where � is the density of the tip material, u is the displacement vector,Fv represents the

volume forces like gravity or centrifugal forces,S is the thermal stress tensor with elements

Sij wherei = x; y; z and j = X; Y; Z and the divergence operatorr j refers to the 2nd index

of the tensor. TheA side of the cantilever is kept �xed/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 to60 � s when the laser light

is modulated at a frequency off m = 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 �nite

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 pro�le,

the tip apex displacement also shows exponential-like rise and fall as a function of time,

gradually rising to � 160 pmfor 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� L tip calculated for a modulation frequency

f m ranging from 100 kHzto 1800 kHz. The red line in Fig. 5.3 (a) shows the tip expansion

for the bare silicon tip, which is seen to remain signi�cant over the relevant frequency range.

On the other hand, the tip expansion for the gold-coated silicon system (blue) is shown to

be at least15 times less compared to that of the bare silicon tip. Interestingly, the thermal

expansion is higher for lowerf m and decreases asf m increases. This trend is present in both
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