
Graduate School of Physics

Budapest University of Technology and Economics

Near-field infrared microscopy of individual

single-walled carbon nanotubes and their hybrid

systems

Ph.D. dissertation

Gergely Németh

Supervisor: Dr. Katalin Kamarás

Wigner Research Centre for Physics

Budapest, Hungary

2022





This thesis is dedicated to the memory of my father.





Acknowledgement

This work would not have been completed without the help and support of many

people.

First and foremost, I would like to thank my supervisor Katalin Kamarás for in-

troducing me to the world of nanotubes and optical spectroscopy. Her decades of

knowledge in the field always amazed me during my work. She also helped me to

master the mindset that made me able to become an independent researcher and an

honest, open person.
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experiments. Kati’s and Áron’s openness to any crazy ideas of mine was an ideal

environment for my scientific progress.

I want to thank Ferenc Borondics for his support in the last part of my work. He

did not only provide me the opportunity to conduct the measurements at the SMIS

beamline of the SOLEIL synchrotron but also helped with a lot of practical advice

on self-management.

I would like to express my special gratitude to Éva Kováts. Her guidance in the
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1 Introduction

The electronic structure of carbon makes it a very special element that can form

various allotropes. Diamond and graphite are two of these that are well known

from our everyday life. In the last few decades, other carbon allotropes were also

discovered that have properties vastly different from their commonly used forms.

Namely, the discovery of fullerenes, carbon nanotubes and graphene had an essential

impact on our current nanotechnology research. Owing to their unique structural,

electronic and thermal properties, they attracted huge attention from the side of

both basic and applied research. Various applications could or already do harness

their extraordinary properties in electronics, biological engineering or composite

materials.

Optical methods were widely used to uncover the peculiar properties of carbon

nanomaterials. A huge limitation of these methods is that their spatial resolution

is limited by the wavelength of the light involved in the measurements. This con-

straint makes it utterly challenging to investigate the characteristics of individual

nanostructures by classical microspectroscopy, even though it is of huge importance

to identify the nanoscale composition of real-life samples and devices.

The utilization of optical near fields in the last decade brought a magnificent break-

through in optical microscopy. With the invention of scattering-type scanning near-

field optical microscopy (s-SNOM), it became possible to probe the local optical

properties of nanomaterials with wavelength-independent spatial resolution reaching

20 nm. It has a huge importance especially at long wavelengths in the mid-infrared

region.

In this dissertation, I focus on the characterization of individual single-walled car-

bon nanotubes using s-SNOM. First, I will give an overview on optical near fields

and on the s-SNOM method which will be followed by the introduction of the mea-

sured quantities and how they relate to other optical functions. In section 4, I

give an overview of the electronic and optical properties of carbon nanomaterials,

concentrating on graphene and carbon nanotubes.

Sections 5-7 summarize the results of the near-field characterization of various nan-

otube systems. The results belong to two main categories: identifying components

of mixed samples based on metallicity and examining the plasmonic properties of

carbon nanotubes.
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In section 5, I study the possibility to use s-SNOM to distinguish between semi-

conducting and metallic carbon nanotubes, which has a great interest as field effect

transistors with high operational frequency created from parallel, aligned carbon

nanotubes are potential building blocks of non-silicon integrated circuits. Their ap-

plication however suffers from a fabrication bottle-neck. It is very challenging to

selectively grow only semiconducting nanotube. Thus, the characterization of the

as-prepared devices at a single nanotube level has a high importance. I will show

how the nanotube metallicity presents itself in the near-field phase images and that

s-SNOM can unmistakably distinguish semiconducting and metallic nanotubes.

Additionally to their advantegous electronic properties, the molecular scale shape

of the nanotubes makes them ideal candidates for nano-sized reaction chambers.

The filling of nanotubes with different molecular species can result in different ef-

fects. The encapsulation can influence the possible chemical reactions between the

encapsulated molecules as they are confined in a space defined by the nanotube

walls. Based on the results obtained in the previous section, I go a step further in

section 6 and use s-SNOM to visualize metal clusters inside the cavity of carbon

nanotubes consisting of only a few hundred atoms. The results here will show the

unprecedented sensitivity of the s-SNOM signal to metallic components.

In the last part, in section 7, I switch the concept and turn s-SNOM into an active

role. With the help of the large momentum of optical near fields I study the interac-

tion of carbon nanotube plasmons and substrate phonons by launching and probing

them at the same time. The results will present the peculiar properties of carbon

nanotube plasmons for enhanced light-matter interaction.

During this thesis, I will try to show how versatile and powerful optical near fields

are, not only to identify nanoscale quantities of matter but to uncover exotic phe-

nomena in nanoscale systems that are not possible to be studied any other way.
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2 High-resolution microscopy with near fields

As humans, we gather the most information about our environments with the help

of light. This is not only true of our everyday life; scientific experiments involving

light have already a long history. Microscopy and spectroscopy with light provide

insight into different properties of materials beginning from electronic structure to

chemical or structural composition. Optical microscopy became one of the most

widely used techniques for imaging and characterization of matter on small scales

in physics, chemistry, biology, medicine, and materials science.

Generally, in microscopy, we want to create a magnified image of the object of in-

terest and record it onto a photo-plate or pixel array. Two important factors that

define the details in the final image are spatial resolution and contrast. Resolution

means the minimum distance between two points in the object plane which still

can be distinguished in the image plane as two separate objects. However, in con-

ventional microscopy, where we use lenses and mirrors, the achievable resolution is

strongly limited by the wavelength of the light in use.

In this type of microscopy, the image is constructed by propagating electromagnetic

waves transporting information from every point of the object to the image plane.

Unfortunately, they suffer diffraction as they travel through the optical system.

The information loss caused by the propagation and the finite sizes of the optical

components result in diffraction-limited imaging. This means that the image of a

perfectly point-like object will be distorted into a ring-shaped spot in the image

plane called Airy pattern (if we ignore any other imaging errors).

The other important aspect of microscopy is the physical interactions that makes

one image point different from or similar to another; in other words, the origin of

the contrast between image points. In classical microscopy, the light is transmitted

or reflected by the sample of interest so the local transmission or reflection of the

sample is recorded in the image plane.

This section will show the theoretical background of light propagation and how

near fields can help to overcome the diffraction limit in resolution. Afterward, the

different concepts for the realization of near-field microscopy will be presented. Then

in section 3 I will also present the contrast mechanism in near-field microscopy which

is essential to understand the acquired information.
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2.1 Light propagation and diffraction limit

2.1.1 Angular spectrum representation

The angular spectrum representation is a mathematical technique for the description

of optical fields. In its framework, the optical fields are made up by the superpo-

sition of plane waves and evanescent waves, which are both fundamental solutions

of Maxwell’s equations. This is an effective and also very intuitive way to describe

light focusing which is essential for microscopy. It also gives a very descriptive ex-

planation for the diffraction limit in optics. The introduction of angular spectrum

representation in this section is based on Ref. [1]

Let us consider a general optical scattering problem. We have an arbitrary object

which interacts with the incident electric field Einc. The interaction then yields the

scattered field Escat. The full field that one can experience is then the sum of the two

terms E(x, y, z) = Einc + Escat. The angular spectrum representation is the series

expansion of an arbitrary field in terms of plane waves with variable amplitudes and

wave vectors.

Now let us consider an arbitrary axis z and evaluate the field E in a plane perpen-

dicular to it (z = const). The arrangement is shown in Fig. 2.1. In this plane, if we

Escat

Einc

z

z=const.

Figure 2.1: Angular spectrum representation: field distribution is evaluated in a plane
perpendicular to an arbitrary axis z
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evaluate the 2D Fourier transform of E, we get

Ê(kx, ky, z) =
1

4π2

+∞∫∫
−∞

E(x, y, z)e−i(kxx+kyy) dx dy. (2.1)

Here, kx, ky are the spatial frequencies corresponding to x, y Cartesian coordinates

in the plane. If one knows the spatial frequency spectrum then the inverse Fourier

transform provides us the original fields as

E(x, y, z) =

+∞∫∫
−∞

Ê(kx, ky, z)e
i(kxx+kyy) dkx dky. (2.2)

By assuming the surrounding medium to be source free, homogeneous, and linear,

a time-harmonic optical field with ω angular frequency has to fulfill the Helmholtz

equation

(∇2 + k2)E(x, y, z) = 0. (2.3)

Here k = ωn/c = 2πnλ the magnitude of the wave vector of the incident field with

n =
√
εµ is the refractive index, c is the speed of light and λ is the wavelength.

With that, we can define the z wave vector component as

kz =
√
k2 − k2

x − k2
y. (2.4)

By using this and inserting the Fourier representation of E into the Helmholtz

equation, one can show that the Fourier spectrum changes along the z-axis as

Ê(kx, ky, z) = Ê(kx, ky, 0)e±ikzz. (2.5)

This means that at any plane perpendicular to axis z (let us call that image plane)

the Fourier spectrum of E can be derived from the spectrum in the object plane

at z = 0 by multiplying by exp (ikzz). This factor is called the propagator factor.

Then the electric field itself can be acquired by inverse Fourier transform thus Eq.

2.2 becomes

E(x, y, z) =

+∞∫∫
−∞

Ê(kx, ky, 0)ei(kxx+kyy+kzz) dkx dky. (2.6)

In this form, Eq. 2.6 is called the angular spectrum representation of E. In the case

of the purely dielectric medium where the refractive index is real and positive, kz
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can be either real or imaginary depending on kx and ky.

Far field: for k2
x + k2

y <= k2, kz is real and the propagator factor is only a phase

factor. These are the propagating plane waves and they represent the far-field part

of the field distribution.

Near field: for k2
x + k2

y > k2, kz is imaginary and the propagator factor becomes

exp(−kzz). Such field decays exponentially in the z -direction. These decaying

optical fields are called evanescent fields or optical near fields as they only exist in

the close proximity of the object. As the integration in Eq. 2.6 goes from −∞ to

∞, it represents the sum of near- and far-field contributions.

The angular spectrum representation also shows that waves with larger kx, ky spatial

frequencies carry more spatial information. A plane wave that travels under an

angle Φ = 0 with respect to the z-axis has kx, ky = 0 and thus carries no spatial

information. The maximum angle of incidence is Φ = 90◦ in which case k2
x+k2

y = k2

and this represents the maximum spatial information that a propagating wave can

carry. In case of the evanescent waves k2
x + k2

y > k2. Consequently, they contain

even higher spatial frequencies and could provide more information. Unfortunately,

they decay very fast over distance. The higher the frequency, the faster the decay,

thus more information is lost as we move away from the object.
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Figure 2.2: Schematic of the loss of spatial information upon propagation of optical
fields from a nanoscale point source. (a) In-plane wave vector distribution for different
distances from the point source. (b) the inverse Fourier transform of the wave vector
spectrum representing the real space optical field distribution. The wave vector spectrum
contains two domains. The low frequency part is the far-field region. These waves can
propagate freely. As the in-plane wave vector exceeds k the waves become evanescent. As
the evaluating plane is further from the source, the available near-field spectrum shrinks
and consequently the real space distribution broadens because of the loss of information.
For the calculations n = 1, k = 2π/λ and λ = 633 nm was used.
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The effect of propagation on the loss of wave vector components and on the optical

field distribution is shown in Fig. 2.2. For the sake of simplicity only the kx compo-

nent is shown. In Fig. 2.2 (a) we can examine the available wave vector components

at different distances from a single point source. The first part of the distribution is

the far-field region, which holds up to kx = k. After this, where kx > k, less and less

high k component is present as we go further and further from the source and the

distribution shrinks. Fig. 2.2 (b) shows the image (inverse Fourier transform) of the

corresponding wave vector spectra. It represents how the optical field distribution

broadens as we lose the information carried by the near-field components. If one

would be able to detect the field distribution in the near-field region, very close, at

distance of only a few nanometers form the sample, then nanoscale imaging would

be possible even with micrometer long wavelength. The techniques that are able to

manage this requirement will be introduced in section 2.2.

2.1.2 The resolution limit

The resolution limit of optical microscopy is the consequence of the fact that the

fields are detected in the far-field region at z → ∞. During imaging, only the

propagating part of the total optical field is utilized. Furthermore, we even lose a

part of the plane waves. The aperture and the distance of the imaging system limits

the angle under which a plane wave can be collected. If Θ is the maximum angle of

the plane wave that can transfer through the optical elements, we can define the so

called numerical aperture of the system

NA = n sin Θ, (2.7)

where n is the refractive index of the environment between the source object and

the lens. Let us consider again a single point of the object which emits light with

wavelength λ. This light is then collected and imaged onto the image plane. The

situation is schematically depicted in Fig. 2.3. The image that is formed is the

point-spread function (PSF) of the system. This is analogous to the impulse response

function in electronics and describes the transfer characteristics of the optical system.

Due to the above mentioned spatial bandwidth limit of the far field in the image

plane, the field distribution is broadened. One can estimate the width of the PSF

in the paraxial limit, when Θ� 90◦. The PSF has the form

7



θ

Object plane

Image plane

E
inc

Δr M∙Δr

Figure 2.3: Illustration of the resolution limit in optical microscopy. There are two point
sources in the object plane separated by distance ∆r. Propagating fields arising from the
two point sources are collected and imaged by an objective lens. The image of each point
dipole is the point-spread-function (PSF), which is an Airy function. The separation of
the PSFs is M ·∆r, where M is the magnification. The size of the Airy function also scales
with M , thus the image points can only be resolved when ∆r > 0.61λ/NA.

I(x) ∼
(

2
J1(p)

p

)2

with p =
2πNA

Mλ
x, (2.8)

where M is the magnification, and J1 the Bessel function of the first kind. This is

the so called Airy function [2]. As mentioned, this form is valid in the paraxial limit,

however it approximates the PSF of high NA objective lenses with minimal devia-

tions. We define the width of the Airy spot as the distance between its maximum

and its first minimum.

∆x = 0.61
Mλ

NA
. (2.9)

The formulation was developed by Ernst Abbe and later refined by Lord Rayleigh.

The Rayleigh criterion states that two point sources can be resolved if their PSFs

are separated by more than the width ∆x. That means that the maximum of one

Airy function has to fall onto the first minimum of the other. As a consequence the

two object points can be resolved if their distance ∆r is

∆r ≥ 0.61
λ

NA
. (2.10)

This limit is illustrated in Fig. 2.4. The three panels show how the Airy functions

of two image points overlap and create the image. In the middle panel the PSFs are
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Figure 2.4: Image of two separate point sources. (a) ∆r = 1.1λ, the two points are
well resolvable in the image plane, (b) ∆r = 0.61λ the resolution limit appropriate for the
Rayleigh criterion, (c) ∆r = 0.24λ, the object points are too close to each other and their
images non-distinguishable. λ = 633 nm for all figures.

located as required by the Rayleigh criterion. In the sum of the two functions we

still can observe the two local maxima corresponding to the two object points. If

the object points and consequently the images of those get closer, the final intensity

distribution shows only one maximum and the object points are not distinguishable

anymore.

In case of high quality oil-immersion microscope lenses (n > 1), the NA can be as

high as 1.5 and the resolution limit that can be reached is a little bit lower than

λ/2. For the visible range this means 200 nm < ∆rmin < 400 nm.

As nanotechnology and material fabrication methods advanced over the years, the

characteristic sizes of most of the technologically relevant materials and artificial

structures became much smaller than this resolution limit (let us just think about

the 7-12 nm transistor technology [3]). Moreover, if we want to examine the mate-

rial composition of a sample, we have to utilize mid-infrared light to measure the

absorption by molecular or solid state vibrations. In this region the wavelength of

the electromagnetic waves is several micrometers or even several tens of microns. As

a consequence the spatial resolution is dramatically decreased. For example if we

have infrared light with the wavelength of 10 µm, the best possible resolution that

can be achieved with conventional far-field microscopy is only about 5 µm. This is

not even close to be suitable to examine nanoscale material compositions, charge

carrier concentration or structural phases of technologically advanced samples. The

information about these properties would be all available in the infrared response

of the materials. In order to access it we have to somehow overcome the diffraction

limit. For this, near fields should be utilized in infrared microscopy which will be

discussed in the following section.
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2.2 Near-field concept

The main idea behind near-field microscopy is to somehow access the information

that is available in the near-field region. Unfortunately, the detection of light works

with photodiodes and CCD cameras, thus we only can measure propagating fields. A

workaround of this problem is to somehow avoid the overlap of the PSFs of different

object points. This can be achieved by the selective excitation of only one object

point at a time. If we could excite the object points with higher resolution, then we

could create a scanning-like imaging method. We only need a very small excitation

probe to scan through the sample with and collect the optical information from

each point individually. The core concept of near-field microscopy is to utilize the

confined near-field region as a nanoscale ”light source”. From the scanning type

nature of this method and from the application of near fields, we call this type of

imaging method scanning near-field optical microscopy (SNOM).

2.2.1 Aperture SNOM

In order to create a small enough optical probe, E. H. Synge proposed to use a sub-

wavelength circular aperture very close to the sample [4]. A 50-100 nm diameter

aperture should be created in an opaque metal screen and illuminated from its back-

side. The optical field just after the aperture is confined to its physical size, thus

high wave vector near fields are generated. Owing to the rapid decay of the field,

the aperture has to be placed very close to the sample. The near field excites the

small area under the aperture, therefore the detected optical signal originates only

from this small portion of the sample. The realization of such a technique requires

the precise control of aperture-sample distance and accurate raster scanning. This

could be done in the 1980’s using piezo-positioners. An experimental realization

using visible light was reported in 1984 by Pohl et al. and in 1986 by Lewis et al. [5,

6]. In the modern version of these experiments laser light is sent trough an optical

fiber with a metal-coated, tapered end leaving only a small opening. Further devel-

opments also optimized the tip-sample distance control which is usually based on a

shear-force microscopy arrangement where the tip itself is the optical fiber probe.

Fig. 2.5 (a) shows the schematic representation of such an aperture near-field probe.

The achievable resolution of a fiber probe is given by the diameter of the aperture.
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Figure 2.5: Different types of near-field probes. (a) shows the aperture-type probe. It
is an optical fiber with a tapered and metal-coated end. Near fields are present at the
opening. If approached close to the sample, the evanescent fields excite the sample and
the emitted light is collected in the far field. In practice the maximal resolution is only
λ/10. (b) Apertureless or scattering-type near-field probe. This probe utilizes evanescent
fields at the apex of a metal-coated AFM tip which is lit (Einc) by the side. The scattered
light (Escat) originating from the near field/sample interaction is detected in the far field.
The only problem is the strong background scattering (Ebg) that has to be filtered. (c)
shows the electric field distribution around a gold coated AFM tip illuminated by THz
light (λ = 300µm). The values were calculated by the FDTD method, and the image is
taken from Ref. [7]. It shows that the extent of the evanescent field distribution is in the
order of the tip apex.

It is important to note here that the whole concept can be reversed and the aper-

ture probe can be used as a detector for the near-field distribution of nanoparticles

illuminated by far fields.

The main drawback of the aperture SNOM (a-SNOM) is that the transmitted optical

power decreases rapidly with the aperture size. This causes the signal-to-noise ratio

(SNR) of the SNOM signal to decrease which sets a practical limit for the aperture

size. In a real experiment the best resolution is about λ/10 [1]. For this reason the

a-SNOM is not suitable for the middle infrared (mid-IR) range to achieve nanoscale

resolution.

2.2.2 Scattering-type SNOM

An alternative way to create an optical probe without an aperture was proposed by

John Wessel in 1985 [8]. The idea is to take advantage of the near fields generated by

illuminated metallic nanoparticles [9, 10, 11]. In the modern instruments a metal-

coated atomic force microscopy (AFM) tip is used. The strong near fields appear

at the apex of the tip under illumination from the side (Einc). This principle is
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visualized in Fig. 2.5 (b). The near fields at the apex of the tip then interact with

the sample surface resulting in modified scattering (Escat). The amplitude and the

phase of the scattered light depend on the interaction between the near field and the

local portion of the sample. If we measure this scattered field we get information

about the local optical response of the sample. It is important to note here that

not only elastically scattered light can emerge but also inelastic scattering occurs,

for example Raman scattering [12]. The downside of the scattering-type SNOM is

the need for suppressing the strong background scattering which does not originate

from the near-field interaction. This topic will be addressed later in more detail.

The resolution of s-SNOM is mainly determined by the curvature of the apex of

the AFM tip as the near fields are physically bound to it. This way s-SNOM can

truly provide wavelength-independent resolution [13]. The exact resolution depends

somewhat on the sample’s dielectric permittivity [14]. Spatial resolution of around

20-30 nm is routinely achievable even in the far-infrared regime [15]. With special

tips even 5 nm resolution is possible [14]. The confined electric field at the apex

stems from the following effects [16, 17]:

• Lightning rod effect : this is a geometric, electrostatic phenomenon. Charge

redistribution causing charge accumulation near geometric singularities. This

is the main effect at infrared wavelengths.

• Plasmonic enhancement : in this case the field enhancement is due to the exci-

tation of surface plasmon polaritons. This happens near the plasma frequency

of metals [18]. The strong, evanescent field of the surface plasmons localizes

at the apex of the tip. [18] In principle a similar effect can be achieved by

other polaritons such as phonon polaritons These types of probes are called

polariton resonant near-field probes.

• Antenna resonances : the tip also acts as an optical antenna which converts

the free propagating optical radiation into localized energy and vice versa [1].

They enable both the confinement of radiation to nanoscale dimensions and

enhance the efficient release of radiation from localized sources. [19]

As mentioned, at long wavelengths (from few to few 10s of micrometers) and metal-

coated AFM tips the main effect responsible for the localized fields at the end of the

tip is the lightning rod effect. The field distribution can be described analytically by

quasi-electrostatic theorems [20]. The image in Fig. 2.5 (c) shows the electrostatic
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field distribution near a gold coated AFM tip with radius 10 nm [7]. The polarizing

electric field is assumed to be parallel to the axis of the tip. The calculations based on

electrostatic approach agree well with full-wave simulations of realistically modeled

tips, because of the long wavelength compared to the size of the tip end [21, 22].

As the figure demonstrates, the enhanced field is truly localized at the close proxim-

ity of the tip apex and proves that the spatial resolution is in the order of the apex

radius. Furthermore, in the reciprocal space, these fields provide high momenta

on the order of q ≈ 105 cm-1, which will be important in case of exciting surface

polaritons in supporting substrates.

Over the years, scattering-type near-field optical microscopy became commercially

available, but still not a common method. It proved that it can provide high spatial

resolution and high material sensitivity in the infrared regime. This work exploits the

potential of this method to characterize properties of carbon nanomaterials which

cannot be measured with conventional optics.

2.3 Experimental s-SNOM setup

In practice a scattering-type near-field optical microscope is basically an atomic

force microscope combined with additional optics. The AFM provides the precise

positioning of the metal coated tip which is the key element of the method. The

tips used in the mid-IR regime are generally platinum or gold-coated silicon AFM

tips. The tip is illuminated and the scattered light is collected and detected. As

it was mentioned, only a small portion of the collected light is related to the near-

field interaction between the tip and the sample. The separation of the background

scattering from the near-field scattering is a huge obstacle to realize s-SNOM ex-

periments [23, 24]. The schematic of the experimental design is depicted in Fig.

2.6. The studies presented here were performed on a commercial s-SNOM system

manufactured by NeaSpec GmbH. [25]

In this setup the AFM tip is illuminated by a mid-IR laser focused to the end of

the tip by a parabolic mirror. The parabolic mirror provides diffraction-limited

focusing of the collimated laser beam. The mirror can be precisely positioned by

three-axis piezoelectric motors allowing control over the tip-focus position. In the

instrument a NA ≈ 0.42 mirror is used and the tip is illuminated under an angle

of 60◦ with respect to the surface normal to the sample stage. The scattered light

is collected by the same parabolic mirror and is directed to a mercury cadmium
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Figure 2.6: Schematic representation of the typical s-SNOM setup utilizing a pseudo-
heterodyne detection scheme (discussed later in the section). The metal-coated AFM tip is
driven at frequency Ω and illuminated by a monochromatic laser beam focused by an off-
axis parabolic mirror. The focal spot is still only diffraction-limited, however, the scattering
caused by near-field-sample interaction comes from a local hot spot with diameter in the
order of the tip apex radius (20-30 nm). The backscattered light is collected by the
same mirror and superimposed on a phase-modulated reference beam at the output of
the interferometer. The time-dependent signal is measured with a proper detector and
digitized by an analog-digital-converter (ADC). Subsequently, the signal is demodulated
at the desired frequency (nΩ + M,nΩ + 2M) from which the optical amplitude sn and
phase ϕn values are calculated. The process is repeated at every point of the sample and
high-resolution optical images are created.

telluride (MCT) detector (Kolmar Technologies) which is cooled down using liquid

nitrogen to suppress thermal dark currents. The polarization of the laser beam is

parallel to the axis of the tip as the polarizability of the tip is much higher in this

direction.

As already noted, the large amount of background scattering (Ebg) overwhelms the

near-field (En) signal. The origin of the problem is the large focus of the laser beam.

Even in case of diffraction-limited focusing, the tip is located in a large focal spot

with a diameter of at least several microns. In contrast, the area affected by the

near fields is only a few tens of nanometers in width. The unwanted scattering

comes from different parts of the focus spot. The contributions for the background

scattering include direct backscattering by the tip shaft, and reflected and scattered

light caused by sample roughness [10, 24, 23, 26, 27]. The directly incident light

beam is reflected by the sample and a standing-wave pattern is formed. The tip is

located in this region. As the sample topography is changing during the scan, this

standing-wave pattern can change, thus topography-induced background artifacts
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will arise [28, 29]. Therefore the background filtering is very important from two

points of view. First, to measure the small near-field signal in a large background

and second to reduce topographic artifacts.

2.3.1 Background-free detection of the near-field signal

During the development of s-SNOM, the progress towards a fully background-free

detection method took the most effort from researchers. The final solution appeared

as the combination of higher-harmonic signal demodulation and a pseudo-heterodyne

detection scheme [30, 31]. The invention of this method in 2006 meant the birth of

the truly usable scattering SNOM. Fig. 2.6 presents each part of this design.

In order to apply signal demodulation one has to achieve different modulation of

near-field and background scattering. For this, we can use the separate tip-sample

distance dependence of the two contributions. While the near-field signal decays

rapidly as the tip moves away from the sample surface, the background signal varies

much slower. Based on this, the AFM is operated in tapping mode, where the tip-

sample distance (h) is changing periodically [32]. The near-field signal decreases

in a non-linear fashion, thus the Fourier spectrum of such a time-dependent signal

consists of n harmonics of the tip oscillation frequency Ω, as Fig. 2.7 illustrates. Due

to the modest height dependence of the background scattering, its contribution to

the higher harmonics of Ω decreases as 1/n! [26, 31]. If we record our time-dependent
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Figure 2.7: (a) Comparison of the time dependence (originating from the height depen-
dence) of near-field (blue) and background (red) scattering. It shows that a near field
has much stronger height dependence allowing to separate them in the experiments. (b)
The Fourier spectrum of a signal composed from additive background and near-field terms
similar in (a). Higher frequency components contain less and less from the background as
it varies slowly with the tip-sample separation.
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optical signal while the tip is oscillating and then we demodulate the signal at higher

harmonics of Ω, the demodulated signal will contain only a negligible part from the

background [31]. In practice one has to balance between SNR and background.

Usually with visible light (shorter wavelength) it is worth to go up to n = 4 − 5,

because the background has stronger height dependence. At mid-IR wavelengths it

is enough to use n = 2− 3 [26].

It seems that we have the full solution for the problem. However, the detector does

not measure the electromagnetic field itself, but instead the output voltage signal,

U, of the detector, that is proportional to the intensity of the scattered fields I

U ∝ I ∝ |Enf + Ebg|2 = E2
nf + E2

bg + 2EnfEbg. (2.11)

Using the higher harmonic demodulation we can only get rid of the E2
bg term which is

called the additive background contribution. In the detector signal we still have the

cross product term with Ebg. In order to filter this part and get the pure near-field

signal our experimental setup utilizes an interferometric detection scheme which is

called pseudo-heterodyne detection [33].

The design is basically an asymmetric Michelson interferometer. The incoming,

collimated laser beam is split into the two arms of the interferometer. One arm is the

sample arm, the beam transmitted through the beamsplitter is focused on the tip and

the scattered light is collected by the same focusing mirror and travels backwards.

The other part of the beam is reflected by the beamsplitter. It is the reference

arm. Here a vibrating mirror reflects back the laser beam, thus creating a phase-

modulated, intense reference beam. At the detector we measure the interference

of this reference beam and the scattered light. If we take a look at this detector

signal, its Fourier spectrum shows additional sidebands next to the higher harmonics

of the oscillation frequency of the tip (nΩ) at frequencies nΩ ± mM , where M ≈
300Hz � Ω is the frequency of the vibrating mirror as sketched in Fig. 2.8. Because

the multiplicative background only appears at the nΩ Fourier components, it can

be completely filtered by detecting only the sidebands in the pseudo-heterodyne

scheme [30, 31]. Moreover, a very important feature of this detection is that for an

oscillation amplitude of the reference mirror of AM ≈ 0.21λ, both the amplitude sn

and phase ϕn of the near-field scattered light can be calculated from odd and even

sideband component at the corresponding higher harmonic n [31]. This way we get

complex information which is very important because otherwise the amplitude and
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Figure 2.8: Fourier spectrum of the pseudo-heterodyne signal. In this interferometric
setup we measure a signal rising from the interference of a phase-modulated reference
beam and the scattered light. In the spectrum, sidebands appear at nΩ±mM frequencies
symmetric to the higher harmonics of the tip oscillation nΩ, if M � Ω. Using these
sidebands the multiplicative background can be suppressed and the complex scattering
signal can be retrieved at a given harmonic of Ω.

phase information intermix and the interpretation of experiments is not possible

[34]. Generally, we refer to these quantities as near-field amplitude and phase.

sn =

√
|CnΩ+M |2 + |CnΩ+2M |2, ϕn = arctan

|CnΩ+M |
|CnΩ+2M |

, (2.12)

where C represents the Fourier component at the frequency given by the subscript.

It is important to note here that recent developments like synthetic optical hologra-

phy can also provide complex near-field information with superior scanning speeds

[35, 36, 37]. At the time of this work our system had no capability to implement

these methods but in the near future we want to also apply these techniques our-

selves.

As mentioned, the AFM is working in tapping mode. We generally use NanoWorld

ARROW NCPt platinum-coated AFM tips with apex radius of around 25-30 nm.

The tip oscillation frequency is around 300 kHz. The tapping amplitude is set to

be A ≈ 60 − 100 nm peak-to-peak. Smaller oscillation amplitude results in less

background but it also lowers the signal level. The measurement works in point-

to-point scanning manner. The tip at one point of the sample collects the time

dependent scattered light for a given pixel integration time (typically 6-20 ms),

calculates near-field amplitude and phase value and goes to the next point. In this

way the instrument records the AFM topography and the near-field amplitude and

phase simultaneously. From one scan we acquire all three maps. Because the tip

has to have a stationary position with respect to the focal spot, the tip is not moved
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during the scan, instead the sample stage is the element that realizes the scanning.

In order to have sufficient SNR of the optical signals, spatially coherent, bright (high

spectral irradiance) light source is needed. In the mid-IR regime continuous wave

(CW) gas discharge lasers or quantum cascade lasers (QCL) are available [38]. In

this work two QCLs were utilized with a narrow range of tunability. QCLs are

semiconductor lasers which exploit intersubband transitions of 2D layered quantum

well heterostructures. These are mainly external cavity lasers with a diffraction

grating used to continuously tune the emission wavelength. In our laboratory two

commercially available (Daylight Solutions) QCLs are aligned with the near-field

microscope. The tuning ranges of the two lasers are ν = 955 − 1030 cm−1(λ =

10.47−9.7µm) and ν = 1320−1450 cm−1(λ = 7.57−6.9µm). The output power of

the lasers are 100 mW and 150 mW in the middle of their emission range. For the s-

SNOM measurements the optical power is reduced to 1-3 mW with diffraction step

attenuators before entering the microscope. This prevents damaging the samples

and also lowers the background. An additional attenuator is placed in the reference

arm of the interferometer in order to have the freedom of changing the relative

intensity of the sample and reference arm.

The tunability of the emission wavelength of QCLs allows to manage hyperspectral

imaging in the available range. By acquiring pseudo-heterodyne near-field images

at the same region of interest of the sample at different wavelengths, hyperspectral

data sets can be created [39]. From these data sets one can examine the samples’

spectral response at different locations with high spatial resolution giving access to

distinguish between different phases of the sample [40, 41, 42], detect molecules [43,

44, 45], investigate biological samples [46, 47], examine stress [48], extract charge

carrier densities [49, 50, 51, 52] just to mention a few possibilities.

Before turning to an actual near-field measurement, in the next section I will present

the theoretical background of the origin of material contrast in s-SNOM which is a

very essential part in understanding the properties that can be measured with such

an experiment.
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3 Understanding the s-SNOM signal

In order to understand where the information is coming from and how the near-

field demodulated signals represent the material properties, we have to dive into

some of the theories describing and quantifying the interaction in the tip-sample

system. The focus in this chapter will be on the description of the scattering of

the tip above a planar homogeneous sample. The analytical models introduced here

give an intuitive introduction to the possibilities of s-SNOM in material recognition.

Their foundation will be applied in all studies presented in this work with different

modifications discussed later in the corresponding chapters. It is important to note

that non-local effects can perturb near-field measurements. These effects can rise

from excited surface waves, or additional scatterers on the sample surface such as

sharp edges or spikes, and they will be also briefly introduced. The models shown

here were used in this work to describe near-field signals of carbon nanotubes, metal

clusters, and layered molecular structures.

3.1 Point-dipole model

Previous studies showed that the tip-sample interaction can be described in a quasi-

electrostatic way by dipole interactions of charges and image charges [23, 53]. In

these models the electric field distribution around the tip was mimicked by the field

of electric dipoles and monopoles. The most basic one of these models is the so-

called point dipole model [31]. The reason why it is introduced here is, that it gives

a very intuitive and descriptive way to understand the near-field signal of different

materials. The quasi-electrostatic term means that the field distribution around the

tip can be calculated at each time step as an individual electrostatic problem. This

is only true when the characteristic sizes of the system are much smaller than the

wavelength of the incoming light. With the tip apex radius being in the order of

20-30 nm and λ ≈ 10µm, this is obviously true. It is important to note that these

models describe the relative scattering and not the absolute scattering efficiency

which will also be addressed.

The point-dipole model uses a simplified geometry, where the tip is reduced to a

polarizable sphere with its radius being the curvature of the tip apex R. In Fig. 3.1

(a) the model geometry is sketched. The incoming electric field is assumed to be

polarized along the tip axis z. This field Einc induces a point dipole moment p in
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the sphere which can be described by the polarizability of the sphere α and can be

analytically calculated [31]

p = αEinc α = 4πR3 εtip − 1

εtip + 2
. (3.1)

Here εtip is the value of the dielectric function of the tip’s material at the wavelength

of the illumination. Eq. 3.1 is basically the Clausius-Mossotti relation that connects

the dielectric function and the polarizability. The electric field of this dipole induces

polarization in the sample too. The response of the substrate can be mimicked by

an image dipole p′, which is given by the electrostatic reflection factor β [1, 54]:

p′ = βp β =
εs − 1

εs + 1
, (3.2)
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Figure 3.1: Point dipole model (PDM) and finite dipole model (FDM): (a) point dipole
model. The tip is represented by a small sphere with radius R. The incoming electromag-
netic field induces a point dipole. The dipole strength is described by the polarizability
αeff . The sample’s response is taken into account by an image dipole defined by the di-
electric function of the sample material εs. The interaction of dipoles results in an effective
dipole moment peff of the system which is proportional to the scattering coefficient. (b)
Finite dipole model (FDM). The sketch shows the basic assumption of the model. The tip
is approximated by a prolate ellipsoid. It shows the induced charges and their positions
describing the electric field around the tip in the near-field interaction. Charges Q0 and
Q1 are responsible for the interaction with the sample expressed by their two image charge
pairs. Sketches are adapted from [53, 55].
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where εs is the dielectric function of the sample. The additional field contribution

that is represented by the image dipole further polarizes the sphere. The dipole

induced by this new local field then effects the sample again and so on. This coupled

system is described by the effective dipole peff which is the sum of dipoles generated

in the tip. Accordingly, one can write the effective polarizability for the tip-sample

system as:

αeff =
α(1 + β)

1− αβ
16π(H+R)3

. (3.3)

Here H is the separation between the sample and the tip as shown in Fig. 3.1 (a).

This equation describes the net dipole moment created in the system at each time

step. When we let the time run, as the electric field oscillates, the dipoles will also

oscillate and it results in scattered light. The scattered light is taken into account

by the scattering coefficient σ, which defines the relation of the incoming and the

scattering fields by Einc = σEscat. Fortunately, the scattering coefficient is directly

proportional to the effective dipole moment of the system, thus to the effective

polarizability [31]. As a final result the scattered field depends on the local electric

field Eloc, the effective polarizability αeff , and the Fresnel reflection coefficient for

the sample for p-polarized light rp.

Escat = σEloc Escat ∝ (1 + rp)
2αeffEloc. (3.4)

Because ε, β, α are all generally complex values, σ also becomes complex σ = seiϕ.

This means that both the amplitude (s) and the phase (ϕ) of the scattered light are

affected by the sample’s dielectric function, thus both amplitude and phase images

can express contrast between different materials.

One can recognize that in Eq. 3.4 the local electric field Eloc is used instead of

Einc. This represents the fact that the incoming light field is not the only external

contribution that can polarize the tip. For example, localized plasmon fields near

nanostructures [53] can also affect the scattering through adding their contribution

to the local electric field Eloc.

The point-dipole model succeeds in the qualitative explanation of the s-SNOM signal

and related phenomena, including material contrast or near-field resonance. It also

gives a simple enough introduction in order to have direct insight into the main

factors influencing the s-SNOM signal. However, it fails to quantitatively reproduce

both magnitude and position of near-field resonances, and material contrast [56, 31].
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3.2 Finite dipole model

The finite dipole model takes the basic foundation of the point dipole model to the

next level. Instead of reducing the tip to a point dipole located near the end of the

tip, it approximates the tip as a perfectly conducting, isolated, prolate ellipsoid with

a length 2L� λ as shown in Fig. 3.1 (b). This is a fairly good approximation that

still can be solved analytically [56, 31]. The electrostatic solution is correct until

L < λ/4, but it is still feasible for the mid-IR illumination. The illustration of the

situation in the finite dipole model (FDM) is depicted in Fig. 3.1 (b). The electric

field of such a spheroid in a homogeneous external field can be well represented by a

finite-size dipole p0 which consists of two monopoles Q0 and −Q0 at distance W0 ≈
1.31R from the ends of the spheroid. We assume that only the lower monopole Q0

is relevant for the near-field interaction with the sample. The field of this monopole

induces a charge distribution in the sample, the field of which can be described

by an image charge. The magnitude of this image charge is again defined by the

electrostatic reflection factor Q′0 = −βQ0.

The next step is to find out how the image dipole effects the spheroid. The response

of the spheroid to the field of an external monopole charge results in an additional

charge Q1 induced in the tip at distance W1 = R/2. In order to keep charge

neutrality, an oppositely signed charge −Q1 is placed at the center of the spheroid.

Of course Q1 also generates an image charge −βQ1. A self-consistent treatment of

the problem can give us the induced charge Q1. It has two components, one from

the polarization of the sample by Q0 and one from Q1 itself. It then arises:

Q1 = β(f0Q0 + f1Q1). (3.5)

The function f0 and f1 come from the geometric characteristics of the tip-sample

system, and are given by

f0,1 =

(
g − R + 2H +W0,1

2L

) ln 4L
R+4H+2W0,1

ln 4L
R

. (3.6)

Here g is an empirical factor presenting the portion of the near-field induced charge in

the total induced charge in the tip [56, 31]. A small imaginary part can be introduced

to g which can take into account the finite conductivity and the radiation resistance

of the tip. These cause a phase shift between the driving field and the response of

the tip. The value is around g = 0.7e0.06i but it can be experimentally determined
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from height-dependent near-field measurements [56, 31]. Now the effective dipole

moment of the system

peff = p0 + p1, p0 = 2LQ0, p1 = LQ1. (3.7)

From this, according to Ref. [56], the effective polarizability of the system can be

expressed as

αeff = R2L
2L
R

+ ln R
4eL

ln 4L
e2

(
2 +

β
(
g − R+H

L

)
ln 4L

4H+3R

ln 4L
R
− β

(
g − 4H+3R

4L

)
ln 2L

2H+R

)
. (3.8)

The scattering coefficient then can be calculated similarly as in case of the point

dipole model. The σ scattering coefficient has the following form:

σ ∝ (1 + c · rp)2αeff . (3.9)

In this equation a new factor c appeared. This additional factor accounts for the

possible path difference between the direct and reflected radiation. The values that

were derived in this section describe the relative scattering by definition but we have

to create quantities that are comparable with the experiments. In the next section

we will see how experimental conditions can be taken into account.

3.3 Measurable quantities and model parameters

As it was explained in 2.3.1, the light that is scattered by the tip contains a large

background. In order to extract the pure near-field signal, the AFM tip is oscillating

at frequency Ω and the acquired time dependent signal is then demodulated at

frequency nΩ. In the models we apply the modulation for the scattering coefficient

σ. The n-th harmonic σn of the scattering coefficient is equal to the n-th Fourier

series coefficient of σ over the time period T = 2π/Ω:

σn =
1

T

∫ T/2

−T/2
σ(t)e−inΩt dt. (3.10)

The time dependence of σ comes from the varying height of the tip above the sample

surface:

H(t) = h0 + A(1 + cos Ωt), (3.11)
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where h0 is the minimum distance of the tip from the sample and A is the oscillation

amplitude. This height dependence can be applied to calculate σ and thus σn.

In the measurements the absolute values of the near-field signals are very hard to

compare because they depend on various factors that can vary over different samples.

These include illumination strength, alignment of the detector, the position of the

tip inside the focal spot, and detector spectral sensitivity. In order to cancel these

uncertainties relative measurements have to be made. This means we always need

a reference measurement on a chosen material whenever anything has been changed

related to optics. The best suitable substances are materials with flat spectral

response if we also want to tune the wavelength of the illumination. Generally used

reference materials are gold or silicon, as they provide strong near-field signals and

have almost uniform spectral response. Hence, measurements are normalized to

these reference signals:
σn

σrefn

=
sn

srefn
ei(ϕn−ϕref

n ). (3.12)

Thus the values resulting from the experiments are the normalized near-field ampli-

tude sn/s
ref
n and the phase ϕn − ϕrefn . These relative quantities can be calculated

with the models above and can be directly compared with the measurements.

The models introduced above feature various parameters. These include the elec-
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Figure 3.2: Approach curve fitted by FDM to extract model parameters. During an
approach measurement we linearly increase the tip-sample separation while recording op-
tical signals. Squares present an experimentally measured 2nd harmonic approach curve
averaged from 300 approach curve measurements above undoped silicon. The model pa-
rameters obtained by the fit are R = 25, L = 300, g = 0.8e0.06i, A = 60. With the same
parameters, first and third harmonic optical amplitude signals are also plotted. It is very
obvious that higher harmonics contain less and less background.
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trostatic reflection factor β, the spheroid apex radius R, the spheroid length L, the

tip-sample distance H, the tip oscillation amplitude A and the portion of charge

related to the near-field interaction g. From these, A is set during the measurement

and R can be roughly estimated from the AFM resolution. The main two unknown

parameters are L and g. Both can be determined from approach curve measure-

ments. In such a measurement we register the near-field amplitude while retracting

the tip from the sample surface (increasing h0), resulting in a height-dependent am-

plitude plot. Fig 3.2 shows a typical approach curve fitted via the FDM model. For

this particular example the parameters are R = 25, L = 300, g = 0.8e0.06i, A = 60.

These are very typical values and are always in the mentioned order of magnitude

[56].

Another important fact to note is that in Eq. 3.9, the c · rp term can be left out

during the calculations in some cases [56]. For example if a measurement takes place

near material boundaries with sub-wavelength measures, the average reflection from

the illumination spot does not change significantly. The same case is set when sub-

wavelength sized nanoparticles are measured. Fig. 3.3 illustrates these situations.

The relative contrast between the materials can be calculated without taking into

account rp as it will be canceled by the normalization. Parameter c is also very

hard to capture but in the situations mentioned here, it can also be considered to

be canceled by the normalization.
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Figure 3.3: Choosing the value of rp in different measurement situations. (a) The tip is
near a material boundary. The beams which hit the tip are the direct beam and a reflected
one. In both positions of the tip, the largest part of a reflected beam which affects the
tip is reflected by rp,1 = rp,2 = rp,A. This way, in the case of relative contrast between
materials A and B, in σ the factor (1 + crp,1)2/(1 + crp,2)2 = 1, thus it can be neglected.
(b) Nanoparticles on a substrate. Measuring either nanoparticle 1 or 2, the reflection
coefficient for the illumination is the same, hence its effect is also negligible. Schematics
of the figures were adopted from [56].
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3.4 Material contrast

The models introduced above showed that the origin of the material contrast is the

dielectric function ε = ε1 + iε2 through β. The FDM was found to be very successful

in reproducing the main dielectric dependence of near-field quantities [57, 52, 58,

59, 60]. Consequently near-field amplitude sn and phase ϕn are directly related to

the sample’s dielectric properties. The dependence of near-field signals on the real

ε1 and the imaginary ε2 part of the dielectric function is plotted in Fig. 3.4.

The values are third harmonic demodulated s3, ϕ3 and were calculated via the FDM

model. Each curve belongs to different ε2 values ranging from 0.1 to 30 representing

increasing losses (as it is related to the optical conductivity). The model parameters

for the calculations were L = 300, g = 0.7e0.06i, A = 40nm,R = 30nm, n = 3. All

values were normalized to gold at ν = 1000cm−1 with ε = −4230.7 + 1437i [64].

Fig. 3.4 (a) shows the near-field amplitude s3/s
Au
3 . For large negative ε1 values such

as in case of gold and other metals, amplitude signals are almost the same, thus

different metals are hardly distinguishable. In case of low ε2 the amplitude signal

features a very pronounced resonance at ε1 ≈ −3. This peak is called the near-field

coupling resonance. Near this resonance the amplitude is much larger than that of

gold which is a nearly perfect conductor. s-SNOM is most sensitive to dielectric

contrast in this region. The exact shape and position of the resonance also depends

on the experimental conditions such as tip oscillation amplitude, tip shape, radius

of curvature, and the demodulation order.

The resonance is closely followed by a minimum in the amplitude signal at around

ε ≈ 1 which is called anti-resonance. After this, the amplitude increases monotoni-

cally with increasing positive ε1 and it reaches the value of gold asymptotically.

With increasing ε2 the resonance peak maximum decreases and shifts to lower values

meanwhile the minimum increases and shifts to higher values of ε1. For even larger

losses the resonance is starting to disappear and is not so pronounced anymore.

Fig 3.4 panel (b) presents the third harmonic phase ϕ = ϕ3 − ϕAu3 for the same

dielectric values. It clearly shows that the near-field resonance in the phase signal

appears at ε ≈ −1. In contrast to the amplitude signal, it contains one peak

and decreases on both sides towards lower and higher values. With the increasing

imaginary part, the peak broadens and its maximum decreases.

As a conclusion, we can state that s-SNOM is very sensitive near the resonant

dielectric values when the real part of the dielectric function is ε1 ≈ −5...− 1 which
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Figure 3.4: Near-field amplitude and phase signals versus the real part of the dielectric
function of the sample. Third harmonic demodulated (O3) amplitude and phase values
are normalized to gold (εAu = −4230.7 + 1437i at 1000cm−1), thus Au represents the
value 1 in amplitude and 0 in phase. Curves from blue to yellow were calculated for
increasing loss (ε2). The curves clearly show a very pronounced near-field absorption
around ε1 ≈ −3 in amplitude and ε1 ≈ −1 in phase. s-SNOM is most sensitive to the local
dielectric function in this range. Due to the asymmetry of the signals for positive versus
negative values, s-SNOM is also effective in differentiating between metallic and dielectric
materials. A few example materials are plotted onto the curves. (εCaF = 1.7 at 1000 cm−1

[61], εSi = 12 at 1000 cm−1 [62], εSiO2 = 6.35 + 2i at 1000 cm−1, εSiO2 = −2.7701 +
2.1026i at 1111 cm−1, εSiO2 = −0.75958 + 1.0341i at 1149 cm−1) [63]
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is a very interesting range for solid state excitations like surface plasmon and phonon

polaritons. More details are presented in section 7.2.1 and section 7.2.2. Outside

the resonance, metals appear to be effectively distinguishable from semiconductors

or insulators.

As mentioned, the resonance location and profile also depends on the dielectric

properties of the tip. It has been shown that with the help of a properly designed

tip expressing specific antenna or polariton resonances, the coupling resonance can

differ significantly from that of conventional metal-coated tips [65].

It is also useful to illustrate how the near-field amplitude and phase contrast depends

on the optical functions of some material in a more realistic case. For this reason I

created an arbitrary dielectric function consisting of three oscillators. It is written

in the following form:

ε(ω) = ε∞ −
ω2
p,0

ω2 + iγ0ω
+

ω2
p,1

ω2
1 − ω2 − iγ1ω

+
ω2
p,2

ω2
2 − ω2 − iγ2ω

. (3.13)

The first oscillator is a Drude term located at zero frequency and represents the

excitation of free charge carriers. The other two oscillators are Lorentz oscillators

with different parameters. Here ωp,i is the plasma frequency which is the measure

of the oscillator strength. γi is the damping and ωi is the eigenfrequency of the

oscillators. I set the oscillator strength of the first Lorentz oscillator so that the

real part of the overall dielectric function reaches negative values (goes below zero).

Such an oscillator is similar to what would describe a collective polarization wave

excitation like phonons or excitons. The second Lorentz term (third term overall)

is a weak oscillator with only positive real part representing molecular vibrations.

Fig. 3.5 (a) illustrates the real and the imaginary parts of this model dielectric

function. The real part of both the Drude and the larger Lorentz term takes on

negative values while the third term stays in the positive range. As a consequence,

the maximum of the near-field phase is largely blue-shifted in the case of large

oscillator strengths, compared to the conventional absorption peak corresponding

to the maximum of the absorption coefficient αabs = 2ω/c · Im(
√
ε). Furthermore,

the near-field amplitude shows different spectral behavior than the reflectance of

propagating plane waves would. In contrast, if the real dielectric function is positive

(weak oscillator), the near-field amplitude and the phase reflects directly the changes

in the real and imaginary parts of the dielectric function, respectively.
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Figure 3.5: Near-field amplitude and phase signals calculated from the model in Eqn.
3.13. (a) shows the real and the imaginary parts of the test dielectric function consisting
of a Drude term, a strong and a weak Lorentz oscillator. (b) plots the near-field amplitude
and phase signals calculated with the FDM model using the dielectric function plotted in
(a).

As a summary we can conclude that in case of positive ε1, the near-field signals

follow the spectral changes directly in the dielectric function. In other cases the

near-field signals have to be assessed by the appropriate model to predict material

contrast.

3.5 Near-field contrast due to non-local effects

The near-field signal and contrast that is measured in the experiments can also

be affected by nearby structures even if they are not in the range of direct near-

field interaction. Generally these appear as measurement artifacts and make the

interpretation of s-SNOM maps cumbersome, because it is hard to separate dielectric

contrast and the effect of additional local fields. Although this phenomenon lowers
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material contrast, the sensitivity of SNOM to local fields makes it a powerful tool to

map the local field around specific nanostructures. Fig 3.6 illustrates some situations

when local fields are relevant.

Depending on their size and shape, objects can exhibit antenna-like resonances (Fig.

3.6 (a)). These are excited by the incoming illumination itself. The near field of the

excited antenna then contributes to the local electric field inducing dipoles in the

tip [66, 67, 68, 69].

In case of sharp objects like edges or spikes, scattered waves also can arise from these

features (behaving like local tips). By interfering with the direct illumination or the

tip-scattered light, position dependent long-range modulation of the optical signal

will appear on the order of the illumination wavelength. Another effect related to

sharp objects is surface wave excitation. Fig. 3.6 (b) shows that if the surface wave

has a sufficiently long travel distance, its electric field leads to additional near-field

illumination of the tip by the local field of a surface wave. Surface waves also appear

as modulation in the amplitude and phase images because of the interference of the

direct illumination and the surface wave itself [70, 71, 72, 73, 74, 75, 76].

Surface waves can also be excited by the tip if dielectric conditions are met (Fig. 3.6

(c)). The tip launches radially propagating waves. Near material edges the surface

waves can reflect back. The forward and backward propagation waves create a

standing wave pattern whose electric field can be also mapped by the tip scattering.

These surface polariton interferograms were discovered and utilized in a variety of

studies [77, 78, 79, 80, 81, 82, 83, 84, 85, 86]. Many more details on this technique

will be revealed in section 7 as it is the main visualization method that I used to

study nanotube polaritons.

SPP, SPhP

(a) (b) (c) (d)

Figure 3.6: A few examples for non-local effects yielding additional contrast. (a) Addi-
tional local field by an antenna-like object. (b) Edge-excited surface waves. (c) Interference
fringes of tip-launched surface polaritons. (d) The edge darkening effect caused by the el-
evated tip at steep topological features.
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A further effect related to the edges is called edge-darkening (Fig. 3.6 (d)). When

high structures with step-like edges are scanned, the AFM tip cannot follow its

exact shape because of its finite apex radius. This leads to an intermediate area

when a tip is lifted further from the substrate but not yet arrived at the top of the

structure. The tip-sample separation yields decreased signal just like in the case of

an approach curve [87].

Except tip-launched surface waves and the edge-darkening all the other non-local

effects are related to the direction of the illuminating field. Their effect can be

changed or even eliminated by rotating the sample to specific directions. This also

gives a tool to be able to distinguish between true material contrast and non-local

effects.

31



4 Carbon nanomaterials

The most common allotropes of carbon are diamond, amorphous carbon and graphite.

These are three-dimensional forms of carbon. They are very good examples of how

the arrangement of carbon in the crystal lattice results in very different material

properties. This is even more true for the lower-dimensional type of carbon materi-

als. These low dimensional carbon forms include 2D graphene, 1D carbon nanotubes

and 0D fullerenes. In all these structures carbon is in the sp2 hybridized state form-

ing covalent bonds with three other carbon atoms. Graphene can be viewed as a

starting point for all other graphitic forms [88]. It has a highly symmetric 2D hon-

eycomb lattice from which carbon nanotube and fullerene structures can be derived.

In this chapter the basic structure and properties of graphene and carbon nanotubes

will be introduced. As the main subject of this work is the optical characterization

of these nanomaterials, the focus will be on the optical properties, especially in the

mid-IR range.

4.1 Graphene

4.1.1 Structure of graphene

Graphene with its 2D honeycomb lattice is the mother structure of other graphitic

carbons. The structure is a triangular lattice containing two non-equivalent carbon

atoms in its base. This crystal structure in real space is depicted in Fig. 4.1 (a).

The lengths of the lattice vectors are expressed in terms of the carbon-carbon bond

length, 0.142 nm [89], thus |a1| = |a2| = a0 =
√

3 · 0.142 nm = 0.246 nm. The

coordinates of the basis vectors are

a1 =

(√
3

2
,
1

2

)
· a0, a2 =

(√
3

2
,−1

2

)
· a0. (4.1)

In Fig. 4.1 (b) the corresponding reciprocal space lattice is also introduced. The

gray shaded area shows the Brillouin zone. The basis vectors in the reciprocal space

are given as

b1 =

(
1√
3
, 1

)
· 2π

a0

, b2 =

(
1√
3
,−1

)
· 2π

a0

. (4.2)

As depicted, a carbon atom connects with three of its neighbours with electrons from

2s and 2p orbitals, forming covalent σ-bonds. These originate from the hybridization
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Figure 4.1: (a) Real space structure of graphene. The grey shaded area is the unit
cell defined by the basis vectors. The unit cell contains two non-equivalent carbon atoms
(green and orange) that belong to sublattices A and B. a1 and a2 are the lattice vectors. (b)
Structure of graphene in the reciprocal space. The grey shaded area is the first Brillouine
zone. Γ,K,K ′,M are the high symmetry points, b1 and b2 are the reciprocal lattice
vectors.

of 2s 2px 2py atomic orbitals. The last electron populates the 2pz orbitals which form

π-bonds below and above the graphene sheet.

The strong σ-bonds are responsible for the short bond length and make graphene

an almost impenetrable membrane [90, 91]. Furthermore graphene features excep-

tional mechanical properties like extremely large effective Young modulus and tensile

strength [92].

4.1.2 Band structure of graphene

In the case of the optical and electronic properties of graphene, the strongly bound

σ-electrons are neglected during the calculations. The fourth electron, occupying

the pz orbital, is responsible for the electronic properties of graphene. These pz

orbitals of the neighboring atoms overlap, forming π-bonds. These bonds can be

treated independently as π-orbitals are orthogonal to σ-orbitals and there is no wave

function overlap between them. The anti-bonding (π∗) and bonding (π) orbitals

produce the conduction and the valence bands. The band structure can be calculated

in the framework of the tight-binding approach, considering even with third nearest-

neighbor interactions. The details of the whole derivation can be found in various

sources [93, 94]. Here the discussion will be limited to the final solution. For the

electronic dispersion relation of graphene one obtains:

33



Figure 4.2: The band structure of graphene. The valence and conduction bands cross at
six points of the Brillouin zone. The crossover points are called Dirac points and correspond
to K and K’ points of momentum space. At right, a close-up view of the dispersion relation
near a Dirac point. It clearly shows the linear dispersion near the Dirac points.

EG(k) =
ε2p ± γ0 ·

√
f(k)

1± s0 ·
√
f(k)

. (4.3)

The + and - signs correspond to the valence and conduction band, respectively.

Here γ0 and s0 are the nearest-neighbor hopping and overlap integrals and ε2p is

the on-site energy of the pz orbital. Typical values are γ0 = −2.97 eV , s0 = 0.073

[93, 94]. ε2p = 0 is usually considered as in undoped graphene the Fermi energy

coincides with this value, thus it represents only a constant energy shift in the band

structure. The function f(k) has the following form:

f(k) = 1 + 4 cos

√
3kxa0

2
cos

kya0

2
+ 4 cos2 kya0

2
. (4.4)

Fig. 4.2 depicts the band structure of graphene near the first Brillouin zone. Appar-

ently, at the non-equivalent K and K’ points of the Brillouin zone the valence and

conduction bands cross. These points are called the Dirac points which are located

exactly at the Fermi energy. The density of states (DOS) at these points is also

zero, thus graphene is a semimetal or zero-gap semiconductor. The dispersion near
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the Dirac points is linear and radially symmetric, cone shape-like. The zoom-in to

this region is shown in Fig. 4.2. The conduction and low-energy optical properties

of graphene are defined by the dispersion in this region. By the series expansion of

the dispersion relation near the K points, one obtains

E±(k) = ±h̄vFk. (4.5)

Here h̄ is the reduced Planck constant and vf ≈ c/300 is the Fermi velocity. Due

to this linear dispersion, the electrons and holes in graphene behave formally as

massless Dirac fermions.

4.1.3 Optical properties of graphene

In the case of undoped graphene at zero temperature the valence band is completely

filled and the conduction band is empty. In this situation the absorption of a photon

(with an angular frequency ω) is followed by an interband excitation of an electron

from the valence to the conduction band. Since there is no gap and the conduction

band is empty, the electron can absorb a photon with arbitrary low frequency. The

rate of absorption of energy from the electromagnetic field can be calculated by

Fermi’s golden rule [95]. From the calculations the absorbance turns out to be [96]

A(ω) = απ =
σ(ω)

2cε0
, σ(ω) = πe2/2h ≡ σ0, (4.6)

where α denotes the fine structure constant, and σ(ω) is the optical conductivity.

The conductivity is thus a constant value determined solely by fundamental con-

stants, which is not common in solid state physics. When we take into account the

doping and consider finite temperature, the expression for the optical conductivity

becomes:

σinter(ω, T ) =
1

2
σ0

[
tanh

(
h̄ω + 2EF

4kBT

)
+ tanh

(
h̄ω − 2EF

4kBT

)]
, (4.7)

where EF is the Fermi energy, kB is the Boltzmann constant and T is the tem-

perature. Until now we only dealt with the interband optical transitions, however,

especially in the case of doped graphene and low photon frequencies, intraband

electron excitations also become very important.

Henceforth, it is useful to split the optical conductivity into two parts. One is
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describing the intraband transitions (transitions inside the band for which extra

scattering is required to conserve momentum), and the other accounting for the

interband transitions (from the valence to the conduction band).

σ(ω, T ) = σintra(ω, T ) + σinter(ω, T ). (4.8)

Theoretical calculations in the framework of linear response theory applying Kubo’s

formula result in the following expressions from the two terms [96, 97, 98, 99]:

σintra(ω, T ) =
σ0

π

4

h̄γ − ih̄ω
[
EF + 2kBT ln

(
1 + e−EF /kBT

)]
, (4.9)

where kB is the Boltzmann constant and γ the electron relaxation rate. The ac-

quired conductivity is plotted in Fig. 4.3 for different temperatures. For photon

energies h̄ω < 2EF the term for the interband transitions gives negligible contribu-

tion due to Pauli blocking. At mid-IR (90meV − 0.5 eV ) energies and below, and

room temperature for typical doping levels, the optical conductivity of graphene is

dominated by the intraband term following a Drude-like formula [100, 98]:
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Figure 4.3: The real and imaginary part of the optical conductivity of graphene for dif-
ferent temperatures with EF = 0.124 eV (1000 cm-1), h̄γ = 10 meV. At low wavenumbers
the Drude-like peak arising from the intraband electron excitations is the significant con-
tribution. Going to higher wavenumbers (energies) the real part becomes almost negligible
due to Pauli blocking until 2EF when interband transitions emerge and σ(ω) approaches
constant σ0.
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σ(ω) ≈ σ0

π

4EF
h̄γ − ih̄ω

. (4.10)

In the equations for the intraband excitation γ includes the different pathways by

which an excited electron can relax to the ground state. The exact value depends

on various circumstances such as substrate dielectric constant, electron-phonon and

electron-electron interactions, structural and electrical impurities. In theory it is

hard to describe but from the experiments it can be used as a fitting parameter.

It is important to note that the expression above does not include non-local effects

in graphene such as excitations with large momentum change and intervalley scat-

tering. This work focuses on the mid-IR excitations which are well described by the

Drude conductivity thus in later chapters the conductivity introduced above will be

used.

A number of consequences for the absorbance of graphene can be drawn from Fig.

4.3. The optical absorbance at normal incidence is related to the conductivity as

A(ω) = 4π/c ·<[σ(ω)]. As seen in the figure, the real part of the conductivity above

2EF saturates to the frequency-independent value σ0. This results in an absorbance

of about 2.29% at energies high above the Fermi energy, for example in the visible

range. At lower energies (frequencies) the free charge carrier peak dominates the

conductivity, thus the absorbance. It is very important that the absorbance in each
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Figure 4.4: The optical conductivity of graphene for different doping levels (different
EF ). Both intra- and interband regions (inset) change significantly. The Fermi level
can be altered by electrostatic gating or chemical doping. The obvious EF dependence
of optical functions of graphene makes optical measurements a powerful tool to examine
electronic properties of graphene.
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region can be tuned by the Fermi level through doping. This doping dependence

creates the possibility to measure the electron concentration in graphene via optical

measurements. The doping can also be effectively controlled by electrical gating

across an oxide or electrolyte layer. Fig. 4.4 shows the effect of changing the Fermi

level on the conductivity. The shift of the Drude peak is very important as it also

describes plasmon polariton excitations in graphene.

4.2 Carbon nanotubes

Single-walled carbon nanotubes (SWCNT) have drawn a lot of attention since their

discovery in 1993 [101]. Their fascinating structure can be derived from graphene’s

honeycomb structure. They can be described by rolling up a narrow graphene sheet

forming tiny cylinders. Their diameter range extends from 0.4 to several nanometers

with a possible length of even centimeters. Carbon nanotubes exhibit exceptional

mechanical, electronic and optical properties. The one-dimensional structure leads

to very interesting physical properties like structure-dependent opening of a band

gap leading to near-infrared photoluminescence [102, 103, 104], correlated plasmon

excitation [105], or localized excitons [106]. Their shape and unique physical prop-

erties make carbon nanotubes excellent candidates for various applications. In the

almost three decades since their discovery, tremendous work was put into the study

of their properties and in recent years nanotubes became a hot topic again for more

and more possible applications including biosensors[107, 108], environmental appli-

cations [109], hole transport layers for solar cells [110], low noise amplifiers [111],

flexible electronics [112], and high-performance electronics [113, 114].

4.2.1 Structure of carbon nanotubes

A carbon nanotube is described as a rolled-up graphene ribbon. There are many

different ways and directions how the graphene ribbon can be cut out from the

lattice and rolled up. The structure of a certain SWCNT is defined by the chiral

vector Ch, and can be expressed in terms of lattice basis vectors (a1, a2):

Ch = n · a1 +m · a2. (4.11)

The positive, integer pair of numbers (n,m) unambiguously define a specific struc-

ture. If the piece of grpahene sheet is rolled along the chiral vector in a way that its

38



C
h

C
h

C
h

T

T

T

5·a1
5·a1+5·a2

4·a1+2·a2
(5,5) - armchair

(5,0) - zig-zag
(4,2) - chiral

Figure 4.5: The schematics of derivation of carbon nanotubes from the honeycomb struc-
ture of graphene, shown for three different chiralities. The translation vector T and the
chiral vector Ch define the unit cell which can be rolled up into a seamless cylinder. The
structures of the final nanotubes are also shown with a length of a few unit cells for demon-
stration. Θc marks the chiral angle between the chiral vector Ch and the base vector a1.

origin and endpoint meet, it becomes the circumference of the nanotube. The role

of chiral vector and the defined graphene ribbon is schematically depicted in Fig.

4.5 for three different chiralities. The diameter of an SWCNT can be calculated

from the length of the chiral vector:

dt =
|Ch|
π

=
a0

π

√
n2 + nm+m2. (4.12)

An important parameter is the angle between the base vector a1 and the chiral vector

Ch called the chiral angle Θc. Due to the symmetry of the lattice, all chiralities

that result in different nanotubes can be described by values n ≥ m ≥ 0 and

thus 0◦ ≤ Θc ≤ 30◦. Based on (n,m) values, we differentiate three main types

of structure. The first class with chiral indices (n, 0) and Θ0 = 0 is called zig-zag

nanotubes, because they own a zig-zag patterned arrangement of carbon atoms along

the circumference. (n, n) tubes with Θc = 30◦ are noted as armchair nanotubes.

These types are achiral, because they possess a mirror plane parallel to their long

axis. The other (n,m)-types are chiral nanotubes.

The other important vector that characterizes the nanotube structure is the transla-

tional vector T . It is the basis vector along the nanotube axis that is perpendicular

to the chiral vector Ch. Its length is the shortest distance between two equivalent
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carbon atoms in this direction.

T =
2m+ n

dr
· a1 −

2n+m

dr
· a2 |T| =

√
3|Ch|/dr. (4.13)

Here dr denotes the greatest common divisor of (2m+ n) and (2n+m). A cylinder

with length |T | is the unit cell of the specific nanotube. The number of graphene

unit cells contained in a nanotube unit cell is given by:

N =
2(n2 + nm+m2)

dr
. (4.14)

Here dr is a greatest common divisor of (2m+ n) and (2n+m).

Regarding the structure of carbon nanotubes in the reciprocal space, one has to

account for a finite size of a graphene nanoribbon which is rolled up into a nanotube.

The cylinder-like structure results in a periodic boundary condition around the

circumference. The wavefunction of an electron has to have a phase shift of integer

multiples of 2π along the circumference. This requirement yields

k⊥ = l
2π

|Ch|
. (4.15)

Here l is an integer in the range of −N/2 + 1 ≤ l ≤ N/2 which results in N different

values.

Furthermore in the direction along the nanotube axis the wavevector k‖ can have

continuous values in the range [−π/T, π/T] due to the huge length of nanotubes.

Consequently, the confinement of electrons reduces the graphene’s Brillouin zone

into N parallel lines spaced by 2π/|Ch| and with length 2π/|T|. Three examples of

the first Brillouin zone is shown in Fig. 4.6.
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Figure 4.6: The Brillouin zones of SWCNTs with chirality (5,5), (5,0), and (4,2) with
respect to the electronic dispersion relation of graphene representing the reciprocal space.
Due to the condition of a finite circumference the possible wave vectors are quantized in
the direction of the chiral vector. The wave vector component parallel to the nanotube
axis can be continuous. The Brillouin zone thus contains N parallel lines.
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It is necessary to notice that in case of armchair nanotubes the lines representing

the Brillouine zones always include the K-point. In contrast, the Brillouin zone of

zig-zag and chiral nanotubes only crosses a K-point if n−m is the integer multiple

of 3. This fact has fundamental consequences regarding the electronic structure of

carbon nanotubes.

4.2.2 Band structure of carbon nanotubes

Just as the Brillouin zone itself, the band structure of carbon nanotubes is also

closely related to that of graphene. The commonly used approach is the so-called

zone folding method. In this framework the band structure is constructed by taking

line cuts from the band structure of graphene. This approach is very useful to

understand the electronic properties of nanotubes, however, it neglects the effect of

curvature which is significant in case of small nanotubes. Nevertheless, it gives a

fairly good approximation without complicated calculations.

This approach is illustrated in Fig. 4.7 (a) where the lines of Brillouin zone are

plotted onto the electronic dispersion relation of graphene. The calculated band

structure is also plotted together with the density of states (DOS) for three nan-

otubes.

The density of states is a fundamental function that we should consider in detail.

This specifies the number of electronic states in an energy interval [E,E+ ∆E] and

is usually calculated by

DOS(E) ∝
∑
l

dk‖(E)

dE
. (4.16)

Around the maxima and minima of dispersion branches, singularities where the

derivative goes to infinity. These features are called Van Hove singularities. Due to

the large DOS at these energy values, optical transitions occur dominantly between

Van Hove singularities (vHSs). The transitions are usually denoted as Eij where i

and j indicate the vHSs in the valence and conduction band, respectively.

4.2.3 Metallic carbon nanotubes

When nanotube chirality fullfills the (n −m)mod3 = 0 condition, the nanotube is

metallic. In these cases the Brillouin zone contains at least one K or K’ point. As

a result of the cone shaped dispersion, in these points the bands of the nanotube

are also linear, and contain available electron states continuously between valence
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Figure 4.7: (a) The illustration of the zone folding approach for a zig-zag (7,0) SWCNT.
The values are taken from the dispersion relation of graphene along the black lines, creating
the band structure of a carbon nanotube (in the zone folding approach). (b-d) These values
for three different nanotubes are plotted against k‖. The density of states calculated from
the band structure is also shown. It is straightforward to see that in case of metallic
nanotubes (here armchair (5,5)), there is a finite, continuous density of states between the
first Van Hove singularities, whereas the semiconducting tubes feature a band gap with no
states between the first vHSs.

and conduction bands. The consequence is a flat DOS and the absence of a band

gap as depicted if Fig. 4.7 (c-d). From all the possible chiralities, one third of

the nanotubes are metallic. The presence of the low-energy electronic states results

in a very different mid-IR optical response between metallic and semiconducting

nanotubes.

4.2.4 Semiconducting carbon nanotubes

All of the other nanotubes exhibit a finite band gap and are referred to as semi-

conducting nanotubes. The cutting lines of the Brillouin zone do not include the

K-point and the nearest line is 2/3dt away from it. The lowest energy interband
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transition is denoted by ES
11, which is the band gap itself.

The Eii transitions energies depend on the chirality and thus the diameter of the

nanotubes. The Kataura plot is a diagram containing the Eii energies against the

diameter of the tubes for any possible chirality (Fig. 4.8 (a)) [115]. It can be

clearly seen that it has an inverse scaling with the diameter. Smaller nanotubes

show deviations from this trend. The main reason for systematic deviations is the

trigonal warping effect as the dispersion becomes nonlinear for larger wavenumbers.

4.2.5 Optical transitions

The optical transitions in carbon nanotubes have a strong polarization dependence.

The Eii transitions connect the valence and conduction band from the same line in

the Brillouin zone. These are polarized along the nanotube axis, thus interact with

the light field components parallel to the nanotube axis.

The Eij transitions are excitations across different Brillouin zone lines. These are

thus polarized perpendicular to the tube axis. Unfortunately, these transitions are

heavily cancelled by the depolarization effect [116, 117] caused by opposite charges

on either side of the nanotube which induce an opposite field, suppressing the inci-

dent excitation. These transitions are much weaker and do not contribute signifi-

cantly to the optical absorption spectrum of nanotubes [118, 119].
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Figure 4.8: (a) Kataura plot showing the interband transition energies (Eii) for many
SWCNT chirality plotted against the nanotube diameter. Data were taken from Ref [120].
The red circles correspond to semidonducting and the blue circles to metallic nanotubes.
(b) The optical conductivity of a carbon nanotube thin film containing both semiconducting
and metallic SWCNTs. The spectrum presents the absorption peaks arising from the
interband excitation of electrons. The low energy Drude peak is also very pronounced
corresponding to metallic and doped semiconducting nanotubes.

43



Fig.4.8 (b) shows the optical conductivity of a carbon nanotube thin film that con-

tains both metallic and semiconducting nanotubes. The figure distinctly presents

the different absorption peaks related to ES
11(S11), ES

22(S22), EM
11 (M11) transitions.

In the low wavenumber region the Drude peak arises from the free carrier excitations

(intraband) in metallic and doped semiconducting nanotubes.

The discussed zone folding model does not give very accurate values for the band

structure. Especially for small diameters, curvature effects have to be taken into

account and the tight binding calculation can also be expanded to further neighbour

interactions. At extreme curvatures the rehybridization of σ− and π−states is also

a significant factor [121, 122].

However, the zone folding model gives a basic understanding and a good approxi-

mation. The more important point is that the free-particle picture discussed so far

does not hold for 1D systems like a nanotube.

The optical absorption in SWCNTs happens by the excitation of bound electron-

hole pairs called excitons. This takes place at lower energy then the free-particle

gap. Excitons are common in semiconductors. In a three-dimensional system the

binding energy is very low but because of the spatial confinement in a nanotube-like

1D system, the binding energy can reach the order of 0.1 eV . As a result, optical

transitions appear at lower energies than predicted by the free-particle picture. The

exact energies depend on various parameters like dielectric environment, chirality or

defects.
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5 Distinguishing individual metallic and semicon-

ducting carbon nanotubes

5.1 Motivation

As it was discussed in section 4.2, single-walled carbon nanotubes have different

electronic properties based on their chirality. Semiconducting nanotubes are par-

ticularly important for electronic applications. Field effect transistors with high

operational frequency created from parallel, aligned carbon nanotubes are potential

building blocks of non-silicon integrated circuits toward high speed electronics. Re-

cently fabricated carbon nanotube field effect transistors (CNTFETs) are able to

achieve 80-100 GHz [123]. Furthermore, the fabrication process of aligned nanotube

transistors makes their monolithic integration with other semiconducting technolo-

gies possible [123, 124].

Despite advantageous electronic properties of carbon nanotubes, the bottle-neck of

their application arises from the difficulties in high purity nanotube fabrication.

There is an ongoing challenge to produce high purity single-chirality, or at least

only semiconducting nanotube arrays. Non-destructive characterization of selective

growing or separation methods is a highly desired task in nanotube research and

industry. The required method should be able to distinguish if individual carbon

nanotubes have metallic or semiconducting character. Various optical methods have

been used to try to study largely separated, individual carbon nanotubes, however, in

dense devices the spatial resolution has to be on the order of the nanotube diameter

which is in the nanometer range [125, 126].

My aim was to study the possibility of utilizing mid-infrared s-SNOM to differentiate

metallic and semiconducting individual carbon nanotubes.

5.2 Introduction

5.2.1 Mid-infrared response of nanotubes

As discussed in Section 4.2.5, the electronic properties of single-walled carbon nan-

otubes are set by their chirality. The IR spectrum below 2000 cm-1 is dominated

by the Drude peak originating from the intraband excitation of free carriers. At

ambient conditions, carbon nanotubes are always p-doped due to adsorbed species
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[127, 128, 129]. This results in a Fermi level downshift which is depicted in Fig.

5.1 (a). Owing to the band structure difference of the two types of nanotubes, the

charge carrier concentration becomes very different for any given doping level.

This difference manifests itself very apparently in the low energy Drude peak of the

optical conductivity of carbon nanotubes. In Fig. 5.1, I plot the optical conductivity

of nanotube thin-film samples consisting of nanotubes separated by electronic type

[130]. The figure highlights the difference in the low energy region of the optical

conductivity. This behaviour can be described by the dielectric formalism using the

Drude model and it accounts for the free carrier excitations by a Lorentz oscillator

centered at zero frequency.

Figure 5.1: (a) The schematic picture of the electron dispersion relation in metallic (blue)
and semiconducting (red) carbon nanotubes. The dashed black line represents the Fermi
level in p-doped nanotubes. The doping level of the nanotubes in air results in higher free
charge carrier density in the metallic nanotubes. (b) The optical conductivity of carbon
nanotube thin films containing separated semiconducting (red) and metallic (blue) SWNTs.
The spectrum presents the absorption peaks arising from the intraband excitation of the
free charge carriers. A clear difference can be seen between the two types of nanotubes.
The grey-shaded area shows the tuning range of our QCL included in the s-SNOM setup.

When we are only interested in the free carrier excitations, the dielectric function

can be written as Eq. 5.1 and is in direct relation with the optical conductivity:

ε(ω) = ε∞ +
iσ(ω)

ω
ε(ω) = ε∞ −

ω2
p

ω2 + iωγ
, (5.1)

where γ is the damping of the oscillator and ωp =
√
ne2/ε0m refers to the plasma

frequency of the material. In the formula of ωp, e is the charge, m is the mass and n
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is the number of oscillators in the unit volume which means here the charge carrier

density. The differences in charge carrier densities thus manifest themselfes in the

plasma frequency of the material. The dielectric function that I will use here was ac-

quired from transmittance measurements of thin nanotube films via Kramers-Kronig

analysis [130]. Importantly, I want to note here that this dielectric function repre-

sents an effective nanotube film and not precisely an individual nanotube. However,

in the calculations to assess the s-SNOM signal, it gives a rough estimation if the

difference between the two nanotubes exists in the amplitude and the phase signals.

In the next section I will present the theoretical model that can be used to assess the

s-SNOM signal of carbon nanotubes using the dielectric function introduced here.

5.2.2 Modelling the near-field signal

In Section 3 we have seen that the finite dipole model (FDM) can give a fairly

accurate approximation of the tip-sample interaction and can quantitatively predict

the amplitude and phase signals in a quasi-electrostatic approach. The FDM model,

however, only describes the near-field interaction with a flat surface. As we want

to study a s-SNOM signal of a nanoparticle in the gap between the tip and the

flat substrate, a different method is desired that takes into account the combined

effect of both the tip and the substrate on the nanoparticle. The method that

properly describes the tip-nanoparticle-substrate near-field interaction is based on

the foundations of the FDM but takes it to the next level by introducing a spherical

object between the tip and a surface. This model is called extended finite dipole

model (EFDM) and was used previously to examine the enhancement effect of the

substrate on SNOM signatures of small nanoparticles [131].

The starting point of this model is the same as in FDM so that we approximate the

tip’s response to the external field with a finite dipole created by Q0 and −Q0 located

at the opposite side of an ellipsoid. The arrangement of the interacting objects is

sketched in Fig. 5.2 (a). In the near-field interaction then only the contribution

of Q0 is considered as it is very close to the sample. We also still stick to the

limitations from FDM so the characteristic sizes of the system are much smaller

than the wavelength of the incoming light and the electric field is aligned with the

axis of the tip ellipsoid. Additionally to FDM here we have to introduce new charges

to describe the response of the nanoparticle. This is done by having a p0 point dipole

generated in the nanoparticle. The substrate then can be taken into account with
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Figure 5.2: (a) Basic model of the tip-nanoparticle-substrate system in the context of
EFDM model. The tip is represented by an ellipsoid, the particle is a sphere, and the
electric field is perpendicular to the surface. The tip’s response to the external field is
described by −Q0, Q0 monopoles and the nanoparticle is represented by a point dipole
p0. Q0m and p0m stands for the response of the substrate. (b) Detailed schematics of the
charges and their locations mimicking the electric field in the EFDM model.

mirror charges inside for both tip ad nanoparticle with Q0m, p0m.

The starting polarization in the tip and the nanoparticle Q0, p0 is generated by

the external illumination. These are independent from the near-field interaction.

The material dependent contrast is caused by the extra polarization from the tip-

nanoparticle-substrate interaction. For the sake of simplicity the model tries to

describe this interaction with the least number of additional monopoles and dipoles.

The final arrangement of all the charges used to mimic the interaction is depicted

in Fig. 5.2 (b). Here, I would like to introduce the basics of this system without the

full derivation. Additional details can be found in Ref. [131].

To build up the whole model one has to examine how the particular objects (tip

ellipsoid, nanoparticle sphere) respond to different external electric fields like how

they respond to an external monopole, dipole, or homogeneous field. We then use

these formulas then to find out the position and the magnitude of the additional

dipoles generated by the initial ones.

Let us start with the sphere representing the nanoparticle. In the electrostatic

approximation the sphere’s response can be mimicked by a properly positioned point
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dipole [54]. The positions zind and magnitude pind of these dipoles are summarized

in table 1.

# Inducer Induced Ratio (ind/ext) Position

1 Eext pind
εk−1
εk+2

r3 zind = 0

2 Qext pind − εk−1
εk+2

r3

(r+d)2
zind = r2

r+d

3 pext pind
εk−1
εk+2

2r3

(r+d)3
zind = r2

r+d

Table 1: The response of the sphere representing the nanoparticle to different external
charges.

Very similarly to the sphere one can also calculate the response of the tip’s ellipsoid.

We summarize this case in table 2. This table contains four cases as the ellipsoid’s

response to an external point dipole can be approximated by a monopole and an

additional dipole [131].

# Inducer Induced Ratio (ind/ext) Position

1 Eext Qind −R2 2 L
R

log R
4eL

log 4L
R

− 1 zind = −(L−R)

2 Qext Qind −
(
g − R+d

2L

) log 4L
R+2d

log 4L
R

zind = −
(
L− fR(1− exp −2d

R
)
)

3 pext Qind −
(
g − R+d

2L

)
2

(r+2d) log 4L
R

zind = −
(
L− fR(1− exp −2d

R
)
)

4 pext pind
2f exp −2d

R
log 4L

R+2d

log 4L
R

zind = −
(
L− fR(1− exp −2d

R
)
)

Table 2: The response of the tip’s ellipsoid to different external charges.

With the help of these connections we can express all the charges describing the

tip-nanoparticle-sample system. First of all, as in the FDM, Q0, Qind is used to

explain the effect of the incident electric field and the substrate on the tip at Z0 =

h + 2r + H + R, and Zind = h + 2r + H + R/2 locations. Q0 then induces dipole

p1 in the nanoparticle. Similarly, Qind induces another point-dipole very close to p1

but in order to keep to number of charges low, we add this dipole to p1.

Of course this new dipole also affects the tip, thus induces P1 at height Z1 and

additional monopole that we add to Qind. Similarly, p0 creates P2 and a monopole

charge. These are also added to Qind to keep simplicity. The induced P1 and P2

dipoles each generates additional dipoles that are then added to p0 and p1 in the

nanoparticle.

After this, one has to account also for the effect of the substrate. The effect of

the substrate is taken into account by the respective image charges for each one

mentioned above. These are p0m, p1m, P1m, P2m, Q0m, Qindm. They are connected
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to the real charges trough the electrostatic reflection coefficient Qm = −βQ and

pm = −βp. These image charges then also affect the tip and the nanoparticle.

Again for the sake of simplicity their contribution is added to p0. This way p0

and p0m will have a very high impact on the whole interaction. Consequently, the

dipole generated by p0m has to be more precisely positioned. For this, the p2 dipole

is positioned at z2. This way we create more additional complexity but one can

resolve that problem by adding the effect of p2m to p2.

As a last step we also have to study the effect of substrate on the tip. As before,

every newly generated charge is added to the closest dipole in order not to increase

complexity. After considering all the generated charges, one can write a linear

equation system (see Appendix). By solving this equation system we can extract

the effective dipole peff = −2 0L − QindL + P1 + P2 + P3 + p0 + p1 + p2 of the

tip-nanoparticle-substrate system that describes the whole interaction. As we can

see the mirror charges are not contained in the formula of peff . This is due to the

fact they are not real dipoles, only help to describe the polarization in the substrate

and do not add to the radiative fields.

I solved this equation system numerically using MATLAB. As a result, we get the ef-

fective dipole moment of the system which directly relates to the effective polarizabil-

ity peff = αeffEinc. Finally the scattering coefficient is given as σ ∝ (1+c·rp)2αeff .

In the experiments we normalize all the measured values on top of the nanoparticles

to that of the substrate.

σn,particle
σn,subs

=
(1 + c · rp)2αn,eff,particle
(1 + c · rp)2αn,eff,subs

. (5.2)

The (1 + c · rp)2 factor is the same in both cases as the small nanoparticle has

negligible effect on the reflection of the incoming beam. This makes it possible for

us to just omit this factor as it is cancelled by the normalization process.

To derive quantities which are comparable with the experiment, we also have to

account for the higher harmonic demodulation in the model. This is done in a

similar way that was described in Section 3. The distance H of the tip above the

nanoparticle is varied periodically as H = h0+A(1+cosωt). Then σn is calculated as

the nth Fourier component of σ(t). The model parameters are similar to the FDM,

supplemented by r, εr, f being the radius of the particle, the dielectric function of

the particle and a dimensionless parameter whose value is fixed at 0.54. All the

unknown parameters can be fitted from an approach curve. In this work I used the
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following values from EFDM model: R = 25 nm, L = 300, g = 0.8e0.06i, f = 0.54.

It is important to note that the above described model applies to spherical nanopar-

ticles. However, the nanotubes are cylindrical objects lying on the surface. The

model gives us an opportunity to account for this difference. In the description of

the induced charges in the nanosphere, the polarizability of the specific object plays

a crucial role. We can see from table 1 that the ratio of the induced and the external

(inducer) charges are connected through the polarizability of a sphere:

αsphere =
εk − 1

εk + 2
r3. (5.3)

The nanotube is a very long cylinder thus it is treated in my work here as an

infinitely long ellipsoid. We should thus change the polarizability in the equation

which stands for a prolate ellipsoid with an infinitely long aspect ratio. According

to Ref. [132], I used the following expression in the calculations:

αz =
εk − 1

1 +Nz(εk + 1)
, (5.4)

where αz means the polarizability perpendicular to the nanotube’s axis. We only

need this component since the electric field points in this direction. Nz is the de-

polarization factor. It basically measures how much the electric field is weakened

inside the ellipsoid. In our case, it becomes Nz = 1/2 because of the needle-like

shape of the nanotubes.

I used this modified version of the EFDM model to predict the near-field signal of

nanotubes. The results are plotted is section 5.3.2.

5.3 Experimental

5.3.1 Samples

For the near-field measurement of individual nanotubes we used carbon nanotube

field-effect transistor samples. They consist of horizontally aligned individual carbon

nanotubes between gold contacts on a silicon substrate with a 100 nm thick SiO2

layer. The nanotubes were grown by chemical vapor deposition on r-cut quartz

substrates and were transferred from the growing surface to the substrate with the

prepatterned contacts using a PMMA support stamp. The samples were made at

the University of Tokyo by the group of Shigeo Maruyama. With the properly set
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Figure 5.3: Overall look of the CNTFET samples. The surface consists of a whole array
of gold contacts. The nanotubes were transferred between some of these contacts. The
SEM image shows typical horizontally aligned nanotubes between the gold contacts.

CVD parameters the spacing of the nanotubes was set between 1 µm and 50 nm.

The full sample preparation routine is well described in Ref. [133].

The structure of the samples can be seen in Fig. 5.3. There is a whole array of

contacts pattern on the substrate, but not all contain nanotubes. On the right,

an SEM image of several nanotubes is shown to illustrate the arrangement of the

sample.

During the growing process of the nanotubes, metallic nanotubes will also be created.

This significantly affects the working characteristics of the devices. To overcome this

limitations post-grown removal of the metallic nanotubes was proven as a powerful

technique to obtain high performance FETs [134, 135, 136]. One way to do this is

the electrical break-down caused by Joule self-heating. Because of the mentioned

carrier density difference, this method selectively destroys the metallic tubes without

harming the semiconducting ones [134, 137].

Our samples were also treated by the electrical break-down technique to cut the

metallic nanotubes. This way we know beforehand which nanotubes are metallic

and we can compare the near-field signals of the two types of nanotubes. Fig. 5.4

shows the schematic illustration of the experiments and a before and after SEM

image of the area of interest of a specific device in the sample.

Fig. 5.4 (c) also shows the region of interest that was measured with high resolution

using s-SNOM. The smallest distance between two nanotubes is larger than 30 nm,

thus each one can be studied individually. The measured area contains two metallic
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Figure 5.4: (a) Schematic illustration of the SNOM measurements and the cross-section
diagram of a CNTFET device. (b) and (c) are SEM images of nanotubes before and after
the electrical break-down of the nanotubes, respectively. The green rectangle marks the
area that was studied by s-SNOM. The green arrows show the two metallic nanotubes in
the area of interest.

nanotube candidates with different diameter. In s-SNOM measurements the size of

the studied object can significantly alter the optical signal, thus it is important to

study the robustness of the signal against the object size.

5.3.2 Results and discussion

As discussed in the introduction of this section, our goal is to study the capabilities of

the s-SNOM method to distinguish between metallic and semiconducting nanotubes.

I searched for an area in the above mentioned CNTFET samples where one can

find well separated, clean individual nanotubes. I chose an area that contains also

metallic nanotubes. This position of the sample was measured with high resolution

by s-SNOM. The place can be identified already in the SEM images in Fig. 5.4.

We can see that two nanotubes are broken, caused by the selective damage done by

electrical breakdown.

The high-resolution AFM topography of the studied area is plotted in Fig. 5.5. The

two metallic nanotubes are marked by blue rectangles while the largest semicon-

ducting one in the area of interest is marked by the red rectangle. The lower panel

of the figure shows a height profile of the nanotubes. We can see that the diameter

of the tubes ranges from around 0.8 to 3 nm here, thus they are truly individual

tubes.

Before the measurements we can assess the expected s-SNOM signal by applying the

modified EFDM model described above. The dielectric function that was used for

the nanotubes is plotted in Fig. 5.6 (a). It is important to note here again that this

dielectric function is far from perfect since it was measured on thin film nanotube

samples. We only used it to roughly assess the possible phase signal difference
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Figure 5.5: (a) AFM topography map of the region of interest acquired simultaneously
with the optical images. (b) Topographic line profile across the AFM image showing the
size of the nanotubes ranges from 0.8 to 3 nm.

in s-SNOM measurements. The results for the third-harmonic phase signal are

presented by Fig. 5.6 (b). We only concentrate on the near-field phase values since

this quantity is much more resistant to the tip-sample distance than the near-field

amplitude, as it was shown in Section 2.2. The calculation were done for a nanotube

with diameter of 4 nm but the exact diameter used in the model does not have to be

accurate because we do not want to achieve agreement with the exact measurement

values, just their differences.

The results of the calculations predict that the semiconducting nanotubes will have
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Figure 5.6: (a) Dielectric function of metallic and semiconducting nanotubes. The dashed
line shows the imaginary part while the solid line represents the real part. (b) Third-
harmonic (O3) phase contrast for metallic and semiconducting nanotubes calculated via
EFDM. All the values were normalized to that of the substrate and the hypothetical
nanotube had a diameter of 4 nm.
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almost no phase contrast compared to the substrate level. In contrast, the metallic

nanotubes with the same diameter should have much higher relative contrast, thus

they should appear significantly different in the near-field images.

In the next figure, Fig. 5.7, I present three near-field phase images taken at different

excitation frequencies acquired in the same area of interest as discussed. We see that

the phase contrast of the nanotubes increases at lower energies and we can see that

even the largest semiconducting nanotube has barely visible contrast while both

metallic nanotubes express a distinct phase feature. The smaller metallic nanotube

(d = 1.7nm) has much higher phase contrast than the largest semiconducting one

in all images. This is an important observation and based on it we can say that the

size-dependence of the phase contrast is not so significant that it could effect the

nanotube recognition.

In order to reveal the spectral variation of the phase contrast, I sequentially reimaged

the same area at different excitation frequencies in the tuning range of our laser from

960-1020 cm-1. From the images we can extract the phase of the smaller metallic

and the largest semiconducting nanotube for each frequency. These are the extremes

of the two types of contributions so if we can distinguish between them, then we

can also set a value which helps to decide if a random nanotube is semiconducting
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Figure 5.7: O3 near-field phase maps of the same region of interest taken at different
excitation frequencies. The two metallic nanotubes present obviously the highest phase
contrast in all the images. By repeating these measurements for more frequencies, we can
extract the spectral dependence of the phase contrast.
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Figure 5.8: (a) Phase spectrum of the largest semiconducting nanotube (2.5 nm) and the
smallest metallic nanotube (1.7 nm). (b) Phase spectra of even smaller nanotubes from
the sample. They show that the phase remains in the same order of magnitude as in the
case of larger nanotubes.

or not. The resulting near-field phase contrast is plotted in Fig. 5.8 (a). The

figure shows that the phase contrast of the metallic nanotube overcomes that of the

semiconducting one in the whole spectral range. Additionally, the phase decreases

with increasing excitation frequency. It can be assigned to two effects. One is that

the imaginary part of the dielectric function drops, thus the phase gets lower. The

other effect is related to the SiO2 substrate. Its near-field phase increases as we

approach slowly its phonon resonance, thus the relative contrast decreases.

As a result, we can safely say that if a nanotube has higher phase value than 0.09

rad at 960 cm-1, then it is surely a metallic one. To check this fact I measured even

smaller nanotubes in the sample at different regions. In Fig. 5.8 (b) I show some of

these spectra of different nanotubes. The statement still holds for also these nan-

otubes and we can undoubtedly differentiate between metallic and semiconducting

ones. One can note that the spectra were measured in a wider frequency range.

These spectra were measured at NeaSpec in Münich where broadly tunable lasers

were available. The spectra were measured only up to 1250 cm-1 because at higher

frequency we are outside of the Reststrahlen band of SiO2 which means there is no

signal enhancement from the substrate and the near-field signal drops to zero.
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5.4 Conclusion

In this study I found that s-SNOM is an effective method for the identification of the

metallicity of individual carbon nanotubes. I found that the size of the nanotube

does not have a significant role in case of nanotube identification. Distinguishing

between metallic and semiconducting nanotubes is possible even on thick SiO2 sub-

strates. The theoretical results from the modified EFDM model agree well with

the measurements. I also confirmed by spectroscopic measurements that the phase

contrast spectrum accurately reflect the differences in the imaginary part of the

dielectric function of the two types of nanotubes.

Thesis points

1. I applied scattering-type scanning near-field optical microscopy to differentiate

between carbon nanotubes based on their metallicity. I found that the near-

field phase contrast at 960 cm-1 unambiguously tells nanotube metallicity. It

is in good agreement with the calculations based on the extended finite dipole

model modified to describe the cylindrical nanoparticle.

P1 G. Németh, D. Datz, H. M. Tóháti, Á. Pekker, K. Otsuka, T. Inoue, S.

Maruyama, and K. Kamarás: Nanoscale characterization of Individual Hori-

zontally Aligned Single-Walled Carbon Nanotubes. phys. stat. sol. (b), 254,

11, 1700433, (2017)
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6 Nanoscale mapping of Ni clusters inside carbon

nanotubes

6.1 Motivation

In general, nanotubes are considered as one-dimensional nanowires, however, their

tubular shape cannot be neglected. At the molecular scale, they are hollow cylinders

that contain a cavity which is a few nm in diameter and can be multiple micrometers

long. This opens the possibility to utilize carbon nanotubes as nano-sized containers

or reaction chambers where molecules can be encapsulated. The diameter of the

nanotube directly imposes what size and shape the encapsulated molecule can have.

The filling of nanotubes with different molecular species can result in different effects.

On the one hand, the interaction of the encapsulated molecules can lead to a change

of the original properties of either the nanotube or the molecule and even new

properties can emerge from the molecule-nanotube hybrid system. On the other

hand, the encapsulation can influence the possible chemical reactions between the

encapsulated molecules as they are confined in a space defined by the nanotube walls

[138, 139, 140, 141, 142].

Organometallic compounds such as metallocenes or metal acetylacetonates present a

special group of functional molecules that were studied in regard to carbon nanotube

encapsulation. A variety of phenomena can be observed in such a hybrid system.

Nano-sized metal clusters or inner nanotubes were grown inside and even the doping

level of the outer nanotube can be controlled through charge transfer from the

encapsulated species to the hosting nanotubes [143, 144, 145, 146, 147]. Nickel

clusters formed inside carbon nanotubes are of special interest as they were proven

to be high performance single-domain magnets with high coercivity [148]. Their

diameter is defined by the nanotube diameter and their length is controlled by the

annealing temperature and time [148]. My goal here was to use s-SNOM to probe

such small metallic clusters inside carbon nanotubes and establish the sensitivity of

the method.
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6.2 Introduction

In this study I examined the visibility of nickel clusters formed inside carbon nan-

otubes in s-SNOM phase images. To create the Ni clusters, the nanotubes have to

be filled with nickel containing molecules first. In my case, the e-Dips single-walled

carbon nanotubes with diameters of ≈ 1.7 nm were filled with Ni(II) acetylacetonate

molecules. The encapsulated molecules can be converted to nickel clusters by high

temperature annealing. The duration and the temperature of the annealing process

defines the number and the aspect ratio of the clusters [147, 148].

To predict the detectability of the nickel clusters I used the extended finite dipole

model with slight modifications. Since the metal clusters are finite-sized cylinders,

we have to change the polarizability of the nanoparticle in the model. In the original

model we used the polarizability of a sphere, then in section 5.2.2 we treated the

nanotube as an infinitely long needle-like object but now we need to describe a finite-

sized cylinder. For this reason, I used the polarizability of a prolate spheroid as their

polarizability is very close to that of a cylinder which cannot be given in closed form.

The schematic of the model system is depicted in Fig. 6.1. Another important

approximation I made was that I neglected the contribution of the nanotube to

the near-field scattering. We could see in section 5.3.2 that for semiconducting

nanotubes this is a fair assumption since they give almost no phase contrast in the

spectral region of our studies. To validly use this approximation I only examined

nanotubes with negligible phase contrast in the measurements.

The near-field signal will be dominated by the contribution of the Ni clusters. In

the model I replaced the polarizability of the nanoparticle with that of a prolate

spheroid lying with its semi-major axis perpendicular to the surface which is given

by the formula [132]:

α⊥ =
4

3
R2L

(
2R

L

)2
ε− 1

1 +N⊥(ε− 1)
, (6.1)

where ε is the dielectric function of the nanoparticle (Ni clusters), L is the length

of the particle, R is the radius, and N⊥ is the depolarization factor that we already

discussed. In the case of a finite ellipsoid it can be expressed as

N⊥ =
1

2
(1−N‖) N‖ =

1− e2

1e3

(
ln

1 + e

1− e
− 2e

)
, (6.2)
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where the eccentricity of the spheroid is given by e =

√
1−

(
R
L/2

)
. Another modifi-

cation I introduced was the size-dependent dielectric function of the nickel clusters.

When the mean free path of the electrons in the metal nanoparticle becomes com-

parable with the diameter of the particle, the dielectric function has to be modified

compared to the generally used Drude term for bulk metals [149]. This usually

means that the dielectric function should be adjusted already at a nanoparticle di-

ameter of around 20 nm. According to Ref. [149] a size-dependent expression for

the dielectric function can be written as

ε(ω,R) = 1−
ω2
p

ω2 + iωγ + iωC vF
R

, (6.3)

where vF = 280 nm·THz is the Fermi velocity, γ = 31.6 THz the damping, ωp = 6408

THz the plasma frequency and C = 0.8 is a constant parameter that depends on the

scattering processes inside the nanoparticle [149, 150]. The substrate was silicon,

taken into account with εsubs = 12, and the third-harmonic near-field phase signals

were calculated and compared with the measurements. Despite the sophisticated

dielectric function and the consideration of the aspect ratio of the clusters, we do

not expect high influence of these factors in the measurements. Fig. 6.2 shows

the third-harmonic near-field phase contrast of a hypothetical nickel cluster with

different aspect ratios. As the figure shows, the phase contrast changes very slightly.

The noise level is much higher in real measurements which hinders the observation

1.3  

Si

Ni

0.2  

0.2  

Pt !p

E

Figure 6.1: Schematic representation of the tip-nanoparticle-substrate configuration to
describe the near-field signal of small nickel clusters inside carbon nanotubes. The nickel
cluster is represented by a prolate ellipsoid. The wall of the nanotube separates the cluster
from the tip and the substrate because of van der Waals distances. Thus, since the average
nanotube diameter is 1.7 nm, the clusters are modelled with diameter of 1.3 nm.
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Figure 6.2: Third-harmonic phase contrast of a nickel cluster represented by the model
system shown in Fig. 6.1 considering different aspect ratios (L/D) for fixed D = 1.3 nm.
All data are normalized to the value of the silicon substrate.

of this eccentricity dependence. I attribute this negligible eccentricity dependence

to the fact that the tip is much larger than the particle itself and additionally the

aspect ratio does not have a large effect of the out-of-plane polarizability of the

elliptic nanoparticle.

6.3 Experimental

6.3.1 Samples

The samples I studied consist of e-Dips single walled carbon nanotubes with tube

diameters of ≈ 1.7 nm. They were filled with Ni(II) acetylacetonate (NiAcAc)

molecules. Filling was done by Oleg Domanov and Hidetsugu Shiozawa at the

University of Vienna by thermal evaporation which is described in details in Ref.

[148]. They provided the nanotubes with the encapsulated NiAcAc in a bucky paper

form. Bucky paper is a layer of aggregated nanotubes, which is a common form of

bulk nanotube samples.

Before s-SNOM measurements the nanotubes had to be deposited on the surface of

a silicon substrate. For this purpose a small piece of the bucky paper was dispersed

in an aqueous solution of Triton-X surfactant. To get well separated, individual or

small bundle nanotubes, I applied 2 hours ultrasonication to the solution, followed

by further diluting with distilled water until one could barely see its grayish tint.

I filtered this solution by vacuum filtration onto an acetone soluble nitrocellulose
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Figure 6.3: Mid-IR ATR spectra of the NiAcAc filled nanotubes before and after anneal-
ing at 700◦C for 2 hours. The absorption peaks of the NiAcAc molecules are marked by
the black arrows. They clearly vanish after vacuum annealing.

filter membrane with 0.1 µm pore size. The membrane with the nanotube was

transferred onto a piece of undoped silicon chip and the membrane was dissolved

in multiple steps with refluxing acetone from the surface. The CNT-Si samples

were then further washed with ethanol and isopropyl alcohol. s-SNOM control

measurements were performed on these samples then they were annealed at 700 ◦C

for 2 hours in dynamic vacuum at 10−7 mbar to create the Ni clusters. The annealing

temperature and time was considered based on Ref. [147, 148].

Additional samples were created to assess the transformation of the NiAcAc molecules.

First the annealing process was followed by attenuated total internal reflection

(ATR) infrared spectroscopy on the bulk nanotube bucky papers. I recorded the

ATR spectra before and after the annealing process. The corresponding mid-IR

spectra are plotted in Fig. 6.3.

ATR spectra suggest that the process provided the expected results and there is

no NiAcAc inside the sample and inside the nanotubes. However, previous studies

suggest that the IR spectrum cannot give reliable information about the molecules

inside the nanotube. For this reason I prepared additional samples from the an-

nealed nanotubes to investigate and corroborate the presence of nickel clusters, first

with transmission electron microscopy (TEM). I sonicated the annealed nanotube

bucky paper in toluene and transferred a thin layer onto a lacey carbon TEM grid.
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The STEM-HAADF (scanning transmission electron microscopy high-angle annu-

lar dark-field) images with the corresponding EDS (energy dispersive X-ray spec-

troscopy) map in Fig. 6.4 show the Ni clusters inside a carbon nanotube bundles. In

previous studies [147, 148] and also in our TEM images the Ni clusters were found to

be face centered cubic structure. The TEM and EDS measurements were conducted

by Béla Pécz at EK MFA using a JEOL 3010 and FEI THEMIS microscopes.

Figure 6.4: (a) STEM-HAADF (Scanning transmission electron microscopy high-angle
annular dark-field) and (b) EDS (energy dispersive X-ray spectroscopy) image of carbon
nanotube bundles after high temperature annealing. The nickel clusters grown inside the
nanotubes can be seen as bright spots on the HAADF image. The EDS map also verifies
that those clusters contain Ni.

6.3.2 Results and discussion

After confirming that the nanotubes are truly filled and the annealing process cre-

ates nickel clusters, I conducted the s-SNOM measurements first on the as-prepared

NiAcAc-filled nanotubes. The sample preparation process described above yielded

nanotube bundles with diameters ranging from 100 nm down to 3-4 nm, well dis-

persed on the Si surface. The AFM topography of the sample is pictured in Fig. 6.5

(a) and (c). In the measurements I was looking for the smaller nanotube bundles

with no phase contrast to avoid the high contrast of the metallic nanotubes that

would complicate the interpretation of the measurements. In the optical measure-

ments I used only the phase information. Since the amplitude depends very strongly

on the tip-sample separation, its interpretation is more difficult. Especially in case
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Figure 6.5: (a) and (c) typical AFM topography map of the as-prepared, NiAcAc-filled
nanotubes cast onto the silicon substrate, (b) and (d) third-harmonic near-field phase
maps acquired simultaneously. The larger nanotube bundles show high phase contrast
along their axis presumably because of the presence of metallic nanotubes in the bundle.

of 1-2 nm sized objects, the near-field amplitude is more sensitive to the tip-sample

distance than the extra contribution of the small clusters [131].

Fig. 6.5 (b) and (d) show the corresponding third-harmonic phase images. We see

that large nanotube bundles can provide high phase contrast continuously along

their length. Supposedly, these bundles also contain metallic nanotubes, presenting

high phase contrast as it was shown in the previous section. A small nanotube

bundle with ≈ 3 nm diameter is shown in (c) and (d). The phase contrast image

measured at 970 cm-1 is completely homogeneous, presenting no high contrast spots.

Such a small bundle contains probably three nanotubes and based on the lack of

phase contrast, those are all semiconducting [151, 152]. Since the nanotubes were

not annealed at this point, we didn’t expect any phase contrast from the NiAcAc

molecules themselves. Based on these measurements we expect that any high con-

trast local signal after annealing will appear from the nickel clusters and not from

other nanotube-related sources. In the next step I annealed the whole silicon chip

with the nanotubes in dynamic vacuum at 10−7 mbar at 700◦C for 2 hours to form

nickel clusters.
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After annealing, I repeated the s-SNOM measurements on the nanotube bundles.

Unfortunately, the same nanotube bundles could not be found but I tried to study

only small bundles with a diameter of around 3-4 nm. This way we can be sure that

the bundle is not too much populated with the nickel clusters and we should observe

them as local hotspots with a phase contrast around ≈ 0.14. Fig. 6.6 presents such

a nanotube bundle. The optical phase map in Fig. 6.6 (b) clearly demonstrates

bright, high contrast spots appearing along the nanotubes. The inhomogeneous

distribution of the spots is in agreement with the TEM images acquired before. The

phase contrast from the measurement ϕ ≈ 0.139 rad also agrees remarkably well

with the calculations, however I want to note that the phase contrast in the images

can originate from multiple clusters closer to each other than the resolution of the

s-SNOM technique. If the distance between two clusters is less then 30 nm, they

can appear as one spot with higher contrast. This can be a possible scenario as we

can also observe similar spots with lower phase contrast.

Additional examples of nickel clusters observed inside nanotubes in this sample are

presented in Fig. 6.7. In both cases we can mark the unevenly distributed nickel

clusters as high contrast spots appearing along the nanotubes. It is important to

note that there are spots with phase value lying out from the expected values. These

can correspond to much larger nickel nanoparticles in a nanotube with much larger

diameter, or formed in nanocavities between few nanotubes in the bundle. Similar

objects can be observed also in the TEM images (see Fig. 6.4).

Additionally to the presented measurements, we can further verify that we truly

measure the phase signature of the nickel clusters. Since the plasma frequency of

nickel is in the ultraviolet region, its dielectric function in the infrared is frequency-

independent. This means that their near-field phase contrast should be also frequency-

independent. To validate this, I measured the spectral dependence of the phase

contrast of representative nickel clusters. By tuning the frequency of the QCL laser

I re-imaged the same area and measured the phase contrast in each image. The

results are plotted in Fig. 6.8.

The black dotted line in Fig 6.8 shows the theoretical phase value calculated using

the modified EFDM model. The figure proves that the phase contrast is not changing

with the illumination frequency in the range of our available lasers, as we expected,

thus, it further corroborates that we were able to visualize the nickel clusters.

As a measure of sensitivity we can also estimate the number of atoms in a typical
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Figure 6.6: (a) AFM topography and (b) s-SNOM near-field phase map of a representa-
tive nanotube bundle after annealing. The diameter of the nanotube bundle is 3 nm, thus
it consists only of 2-3 nanotubes. The phase image shows a few high contrast spots that
correspond to the nickel clusters grown from NiAcAc molecules.
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Figure 6.7: Other nanotube bundles in the samples show similar near-field phase be-
haviour. Randomly distributed high contrast spots can be seen in most of the nanotube
bundles which is a sign of a very effective initial filling by NiAcAc molecules.
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Figure 6.8: Third-harmonic near-field phase spectrum of a nickel cluster inside a carbon
nanotube. Blue stars represent the measured values with the blue shaded area giving the
uncertainty range. The black dotted line marks the theoretical phase value calculated
using the modified EFDM model.

nickel cluster. As mentioned, the nickel clusters inside the nanotube have f.c.c.

crystal structure. If we consider such an atom cluster with an aspect ratio L/D = 4,

and we take into account the lattice constant of f.c.c. nickel (0.35 nm), we can

estimate how many unit cells fit into such a cylinder. The number of unit cells

than has to be multiplied by four because the unit cell of an f.c.c. lattice contains

four atoms. The calculation yields the number of atoms to be 644. The results

shown here present the remarkable sensitivity of the s-SNOM method which makes

it possible to probe the optical properties of objects 10000 times smaller than the

wavelength of the probing light.

6.4 Conclusion

In the work presented in this section, I was able to detect and visualize nickel

clusters grown inside carbon nanotubes via s-SNOM, based on the infrared optical

properties of the clusters. I found that the near-field phase contrast is extremely

sensitive to localized metallic species. Even with 25 nm spatial resolution defined by

the tip, s-SNOM is able to detect metal clusters containing less than 700 atoms. The

modified EFDM model that I used here also predicts the s-SNOM contrast reliably

which I also corroborated by spectral measurements. The s-SNOM measurements
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showed that most of the nanotubes contained nickel clusters, thus the filling ratio

of the nanotubes is very high. This finding agrees well with the results from TEM

measurements.

Thesis points

2. I applied scattering-type scanning near-field infrared microscopy to observe

the formation of nickel clusters inside carbon nanotubes. I showed that nano-

sized metal clusters can be efficiently detected in near-field phase images. I

corroborated the metallic nature of the near-field phase signatures by addi-

tional spectroscopic measurements. Studying multiple nanotube bundles I

found that the initial filling of the nanotubes was very efficient which is in line

with the results from transmission electron microscopy measurements.

3. I applied a modified version of extended finite dipole model to predict the s-

SNOM signature of the small metallic clusters inside carbon nanotube. I found

that the experimentally observed phase contrast agrees well with prediction

by the modified the model quantitatively.

P2 G. Németh, D. Datz, Á. Pekker, T. Saito, O. Domanov, H. Shiozawa, S.

Lenk, B. Pécz, P. Koppa, K. Kamarás: Near-Field Infrared Microscopy of

Nanometer-Sized Nickel Clusters inside Single-Walled Carbon Nanotubes. RSC

Advances, 9, 34120-34124, (2019)
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7 Ultrastrong coupling of nanotube plasmons and

phonon polaritons

7.1 Motivation

In section 5, we claimed that from the technological point of view, the semicon-

ducting nanotubes are the important ones. Semiconductor electronics such as CNT

FETs harness the high electron mobility of carbon nanotubes to create high on-off

ratio devices. Beside the obvious technological advantage of semiconducting CNTs,

metallic ones were also proven to show exciting physical properties. Previous works

reported an additional broad shoulder in the Drude peak in the optical conductivity

of both semiconducting and metallic nanotube thin film ensembles in the THz/far-

infrared regime. There was a controversy about the origin of this peak, but it was

shown that beside the presence of a curvature-induced low energy gap, there is

another contribution originating from thin film plasmon excitations [153].

Furthermore, due to the one-dimensional structure of carbon nanotubes, electrons

are tightly confined in space. Under these circumstances the electron-electron inter-

actions become significant and electrons behave as Luttinger-liquid [154, 155, 156].

The Luttinger-liquid state of electrons was observed in carbon nanotubes by various

different experiments [157, 158, 159, 160]. Importantly, a few years ago Luttinger-

liquid plasmons were visualized by polariton interferometry using s-SNOM [161]. As

Luttinger-liquid plasmons are long-lived, coherent excitations with extremely con-

fined electric field, their interaction with other excitations of matter can result in

exotic nanophotonic phenomena.

The goal here was to study the interaction between vibrational states of matter and

1D Luttinger-liquid plasmons in individual carbon nanotubes for the first time. The

study shown in this section contributes to realize future applications like enhanced

molecule detection or nanotube-based phonon customizable nanocircuits.

7.2 Introduction

7.2.1 Polaritons and surface waves

The properties of light as electromagnetic waves are described by the wavevector k

which also defines the propagation direction and characteristics. The absolute value
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of |k| = 2πν gives the angular wavenumber of the light, where ν = 1/λ. Let us

recall the formalism used in Section 2.1.1 and split k into an out-of-plane (vertical)

component kz and an in-plane component q:

q =
√
k2
x + k2

y =
√
|k|2 − k2

z . (7.1)

Here q is related to the in-plane momentum of the photons through p = qh̄. The

role of momentum is very important in the excitation of surface waves which will be

discussed in the next section.

In case of a plane wave in homogeneous media q = k sin Φ thus, where Φ is the angle

of incidence. In this case Φ = 90◦ gives the highest in-plane momentum achievable

with propagating waves. In Fig. 7.1 the dashed line represents the dispersion

relation, q(ω) = 2πν = ω/c of a plane wave under angle of incidence 90◦ (parallel to

x and y plane), called light line. The area on the left side of the light line corresponds

to the momentum range that can be accessed by propagating waves in vacuum. This

range is denoted as the lightcone.

When q > k = 2πν, kz becomes imaginary. As we have seen, this represents an

evanescent character with a decaying electric field in the z direction. The range to

the right from the light line belongs to the momentum range outside of the lightcone,

defining the evanescent regime.

Let us now consider the situation when we have a material interface. In the half

space z < 0 we have material (b) with a dielectric function εb(ν) is given by the

Drude model or by the Lorentz model. Let the other half space at z > 0 be material

(a) with εa. When a plane wave with its magnetic field perpendicular to the plane

of incidence (transverse magnetic - TM polarization) travels through the material

interface, Maxwell’s equations and condition for continuity for electric and magnetic

fields imply the momentum at the interface to be

q = 2πν

√
εaεb(ν)

εa + εb(ν)
. (7.2)

This is the dispersion relation of surface waves present at the interface. It is impor-

tant to note that true confinement in the z direction happens for -Re(εb(ν)) > Re(εa).

The dispersion relation and the surface waves themselves can physically originate

from the coupling of photons with different excitations of matter involving collec-

tive oscillations of polarization charges. These hybrid modes of light and matter
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Figure 7.1: Dispersion relation of surface polaritons. (a) Fresnel reflection coefficient for
p-polarized optical fields hitting SiC that support surface phonons. The dispersion relation
of surface phonon polaritons is plotted as solid black lines while the dotted curves show
the dispersion of bulk phonons. The dashed black line in both figures corresponds to the
highest possible momentum carried by propagating light (in air). (b) renders the dispersion
of plasmon polaritons (surface - solid line, bulk - dotted line) with the corresponding Fresnel
reflection coefficient for a Drude material with arbitrary charge carrier density.

are called polaritons. The most studied examples amongst them are that of surface

plasmon polaritons (SPPs), hybrid light-matter quasi-particles that are formed by

collective oscillations of charge carriers coupled to light. The other relevant po-

laritons in this work are surface phonon polaritons (SPhPs) which involve atomic

vibrations in polar dielectrics. I want to note that there are other types of polari-

tons consisting of excitons, Cooper pairs, or spin resonances [77] but they won’t be

discussed in more details because they are out of the scope of this section.

Fig 7.1 shows two examples for the dispersion of surface waves in case of surface

phonon polaritons at a SiC interface (a), and surface plasmon polaritons based on

the Drude model to represent an arbitrarily doped semiconductor (dielectric data

in Appendix). The color maps present the Fresnel reflection coefficient for each

case. The solid lines present the dispersion relation of the surface wave calculated

according to Eq. 7.2. The bent dispersion is a typical sign of the hybridization. As

one can see from the dispersion plots, the lower branch of the polariton dispersion

results in high momentum (outside the lightcone) polaritons, thus surface wave

excitations. A very important consequence of the evanescent character of SPPs and

SPhPs is the high concentration of electromagnetic field in the close proximity of

the material interface and the reduced wavelength of polaritons compared to light

with the same frequency. The wavelength of the polariton is given by λp = 2π/q.

The reduced wavelength enables to guide, modulate and control light with nanoscale
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structures that are in the size range of technologically relevant electronic structures

[162].

In the calculations of q(ν), damping of the polaritons was not taken into account. By

including damping, q becomes complex which means a reduced propagation length

along the surface which is given by L = (2Im(q))−1 [163].

Additionally, bulk polaritons can also exist inside the medium. Their dispersion is

plotted as dotted lines and is given by

q = 2πν
√
ε(ν). (7.3)

In case of plasmons, bulk polaritons are present if ν > νp (plasma frequency), where

νp defines the plasma edge. In case of phonons, bulk polaritons can be excited

outside of the Reststrahlen band defined by νTO < ν < νLO, where νLO and νTO

are its lower and upper limits, respectively. The Restrahlen band is the territory

of surface waves as the dielectric function is negative in this region. Because they

cannot be excited by propagating wave the far-field reflection coefficient equals one

here.

From the values of the Fresnel reflection coefficient, we can obviously see that the

behaviour of the evanescent waves greatly differs from that of propagating waves. A

remarkable difference is that for evanescent waves |rp| can exceed 1 without violating

energy conservation. This is because they do not transport energy away from the

surface, or from their source [1]. This can be clearly seen as the Fresnel reflection

coefficient only becomes larger than one for the surface polariton (lower) branch of

the dispersion.

Geometric restrictions and dimensionality have also important effects on the polari-

ton spectrum. For example in stratified media each material interface could support

polaritons and if the layer thickness is small, interface polaritons can interact electro-

magnetically, regardless of the origin of their polarization charges (different type of

polaritons - plasmon, phonon, etc). This will radically alter their dispersion relation,

damping pathways and excitation characteristics.

Low-dimensional materials such as 2D van der Waals (vdW) structures and one-

dimensional nanotubes support various polaritonic excitations from the mid-infrared

to the visible range. They display a variety of matter excitations that makes them

ideal hosts for exotic polaritons such as Dirac plasmons, hyperbolic phonons, magnon

polaritons, edge plasmons, or topological plasmons [77]. Furthermore, their build-
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ing blocks are 2D atomic layers which are held together with relatively weak van

der Waals forces, thus their thickness is easily controllable by different exfoliation

methods. The exfoliated layers are easily amenable and can be used to assemble

artificial heterostructures from different vdW materials. In these heterostructures

more complex photonics modes can form due to the hybridization between different

types of polaritons of the constituent materials [164, 165].

Graphene, for example, possesses a Drude peak in its optical conductivity in the

infrared range (section 4.1.3). As a consequence, graphene hosts surface plasmon

polaritons waves with very high confinement ratio (λ0/λp ≈ 50 − 100) and easy

tunability by the dielectric environment or electrostatic gating [82, 166, 167]. Fur-

thermore, the high momentum yields sub-wavelength trapping of light with extreme

concentration of the electromagnetic field, which can even lead to the modification

of light-matter interactions.

7.2.2 Launching polaritons with the AFM tip

The major question in the utilization and study of infrared polaritons is how to

excite them. The compression of free space photons with wavelength λ0 ≈ 10µm into

polaritons with λp ≈ 100nm comes with a high momentum mismatch q >> 2π/λ.

To create a polariton at a given energy, the missing momentum has to be supplied

to satisfy momentum conservation.

As we have discussed before, optical near fields can carry large in-plane momentum

because of their evanescent character. As the tip’s near fields are highly confined and

localized to the close vicinity of the tip apex, their extent is comparable to the tip

radius which is typically around R=25 nm. In reciprocal space, this means around

q ∝ R−1 ≈ 4 · 105 cm-1. In the whole process the metal-coated AFM tip acts as an

intermediate converter that creates a momentum bridge between free space photons

and polaritons. The schematic of the process is depicted in Fig. 7.2 (a). A very

important fact is that the whole process can also work in the opposite direction. Our

AFM tip can also probe surface waves and local electric fields created by different

launchers in the sample. It is important to note that other approaches also exist to

launch polaritons, for example using electron beams [168], periodic structures [169,

170, 171], optical antennas on the surface [172], sample edges [173, 174], or localized

emitters [175, 167].

In s-SNOM experiments, we control the frequency, thus the energy of the incoming
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Figure 7.2: (a) The schematic illustration of launching a polariton with optical near-
field generated by an AFM tip. SPP are surface plasmon polaritons formed by light and
collective charge carrier oscillation. SPhPs are surface phonon polariton formed by light
and atomic vibrations of matter available to excite by light in polar dielectrics. The
colored spots and the blue lines represents schematically the electric field of a surface
wave regardless of the matter states generating it. (b) Presents how we can asses the
possibility of polariton excitation based on its dispersion relation. It plots Im(rp(q, ω) as
a colormap and the corresponding dispersion relation (yellow dashed line) of single layer
graphene plasmons on a substrate with εsubs = 4. The upper panel shows the coupling
weight function of a SNOM tip with r = 25 nm. The maximum of its function marks the
dominant momentum of the near-field at the tip’s and which also shown in the dispersion
map by the white dashed vertical line. Energy and momentum conservation has to be
satisfied thus at a specific excitation frequency (horizontal line) the plasmon excitation is
possible if there is available near fields with the proper momentum given by the crossing
point of graphene plasmons dispersion and the horizontal line.

light which defines the energy of the polariton through energy conservation (upon

elastic process). The tip radius is also a known parameter that determines the

approximate momentum that we can feed into the polariton excitation. A polariton

is launched by the tip when both momentum and energy conservation are satisfied.

This requirement is fullfilled where horizontal and vertical lines in Fig. 7.2 (b)

cross each other. When the crossing point is on the dispersion line of the polariton,

all circumstances are provided to excite them. Fig. 7.2 (b) shows the imaginary

part of the Fresnel reflection coefficient of single layer graphene on an arbitrary

substrate with εsubs = 4. The maximum of Im(rp) shows high values of dissipation

due to plasmon polaritons. Im(rp) is commonly used to examine the collective

mode spectrum of polaritonic systems. This kind of color plots will be referred to

as dispersion maps in the following discussion.
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As it was shown in Fig. 7.2 (b), the polariton dispersion in planar bulk samples is

significantly different from that in a thin film sample. The former is already flat in

the range of qtip ≈ 105 cm-1 (see Fig. 7.1). In this case rp(q)|qtip = rp(q)|∞ = β which

is the electrostatic reflection factor, introduced and used in the FDM model. The flat

dispersion marks that surface waves are localized (group velocity is vg ≡ ∂ν(q)/∂q)

and we don’t have propagating modes for such high in-plane momentum. This also

justifies the use of the electrostatic approximation to model the s-SNOM signal. In

this bulk sample limit, surface polaritons are excited when ε(ν) = −1 which is the

same condition as for maximum phase contrast in s-SNOM (considering vacuum for

the upper half medium), thus the excitation of surface polaritons has a huge impact

on the s-SNOM signals.

A more accurate description of the tip-sample near-field coupling can be given by

introducing the so-called coupling weight function. The interaction takes place in

terms of electric fields of the tip spheroid (Ez) which can be written in the FDM

model as

Ez = −∂Φ

∂z
=

∫ ∞
0

[rp(q)] e
−2qz0qeqz dq. (7.4)

This leads to the so called coupling weight function for the finite dipole model:

Wq = e−2qz0qeqz. (7.5)

The upper panel of Fig 7.2 (b) shows the coupling weight function for the case of

z = z0 = W0, when the tip is in contact. The coupling weight function has its

maximum around 3 · 105 cm-1 which is comparable to the inverse radius of the tip

qmax ≈ R−1 ≈ 4 · 105 cm-1. According to the FDM the tip couples dominantly with

the in-plane momentum around qmax. The spectral position of a surface polariton

mode at the dominant tip momentum predicts the near-field excitation spectrum of

the specific polariton. In case of highly dispersive surface modes, as in the case of

2D materials and layered samples, the near-field spectra depend very sensitively on

the dominant in-plane momentum of the tip.

To describe such systems and predict SNOM signals, the FDM still can be used,

replacing the electrostatic reflection factor β by the appropriate Fresnel reflection co-

efficient calculated at qmax. This way, FDM becomes a quasi-electrodynamic model

that can qualitatively predict the near-field spectral features of polaritonic materials.

This approach was already used in some cases in the literature [166, 55]. Since rp can
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be calculated for very complex stratified systems via the transfer matrix method,

this quasi-electrodynamic extension of the FDM can describe challenging systems

in quite a straightforward way.

As it was mentioned, s-SNOM is sensitive to any source of additional local electro-

magnetic field at the tip’s location. In section 3.5, I already showed some examples

which are sometimes considered artifacts but can also provide valuable information.

In the same way we can detect the electric field of surface polaritons propagating

from a non-local source towards the tip’s position [176]. In other words, the s-SNOM

tip can ”couple out” or convert surface polaritons to propagating fields that can be

detected in the far field. A novel method involving this sensitivity of s-SNOM,

called scanning polariton interferometry, made it possible to spectro-spatially study

polaritons in nanoscale systems [176]. The same technique was used in this study

to examine carbon nanotube plasmons.

Figure 7.3: Schematic illustration of the working principle of scanning polariton inter-
ferometry. (a) The first step is to launch a propagating polariton. The tip-produced near
field provides the necessary momentum to launch a propagating polariton which then (in
the case of this example) travels through the surface like circular waves with electric field
bound and confined in the close proximity of the air-material interface. In this case the ex-
citation of the polariton only manifests in the near-field spectrum. (b) In case of reflecting
artifacts in the sample such as edges or grain boundaries, the polaritons can be directly
visualized by the interference pattern formed by the forward propagating and the reflected
polariton waves. The interference pattern carries information about the wavelength and
propagation characteristics of polariton waves.

The working principle of scanning polariton interferometry is depicted in Fig. 7.3.

Let us assume that we excite propagating surface waves with the tip, as illustrated

in Fig. 7.3 (a). Considering an isotropic in-plane dielectric function (εx(ν) = εy(ν)),

polaritons propagate as circular waves on the surface. Upon introduction of scat-
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tering objects (geometric or dielectric obstacles) the polariton propagation is dis-

turbed. The back-scattered or reflected part of the polariton interferes with the

forward propagating wave, creating interference standing-wave patterns on the sur-

face. Typical examples are edge and material boundaries as shown in Fig. 7.3

(b). When the tip scans towards the material edge, the path difference (L) is var-

ied between the incident and reflected waves. High values of the s-SNOM signal are

measured in case of constructive interference caused by the intense local electric field

under the tip. This happens when the reflected wave accumulates phase difference

∆ϕ = 2 · 2πL/λp + Φ0 = 2mπ, where Φ0 is the reflection phase change. Therefore

the polariton wavelength is simply twice the signal oscillation period observed in

the s-SNOM experiments.

Near-field maps in Fig. 7.4 show what a typical near-field polariton interference

looks like. The left and right panels present the second harmonic (O2) near field

amplitude and phase maps of a 20 nm thick hexagonal boron nitride (hBN) flake,

respectively. All values in the images were normalized to the underlying silicon

layer. The images were acquired at 1410 cm-1 right in the Reststrahlen band of

boron nitride, where surface phonon polaritons can be excited. The polariton inter-

ference fringes are evidently recognizable in both amplitude and phase maps. By

measuring the distances of adjacent maxima of the fringes, we can acquire the po-

lariton wavelength. Repeating the measurement at different excitation frequencies,

the ν(q)(ω(q)) dispersion relation can be measured.

Figure 7.4: Interference patterns formed by type I hyperbolic phonon polaritons prop-
agating in a hBN flake. The pattern was caused by the interference of the tip-launched
phonon polariton and its back-propagating part that was reflected from the flake edges.
(a) shows O4 near-field amplitude maps and (b) presents the O4 near-field phase map
acquired at 1410 cm-1.

One can also notice that the oscillations near the upper or lower edge of the hBN

flake are not identical. This is caused by the fact that an incoming IR beam’s direc-
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tion is perpendicular to the lower edge. This edge can also introduce propagating

phonons. The final local s-SNOM contrast then contains contributions from both

tip-launched and edge-launched phonon polaritons. Additionally, the edge launched

polariton properties are affected by the edge orientation, thus the final fringe image

can be rather complex. Nevertheless, scanning polariton interferometry is a unique

and powerful tool to characterize highly confined polaritons in nanoscale systems.

It made possible to study numerous new effects in real space from tunable Dirac

plasmons in graphene through excitons in transition metal chalcogenides (TMDCs)

to in and out-of-plane hyperbolic polaritons or local polariton density of states. In

the course of my work, I also use this technique to examine the dispersion relation

of hybrid plasmon-phonon modes in carbon nanotubes.

7.2.3 Enhanced light-matter interaction

As it was discussed in the previous sections, the electromagnetic field of surface

polaritons is highly confined in the perpendicular direction. This confinement results

in high field concentration. The density of available states of electromagnetic modes

plays a major role in light-matter interactions. Already in the 1960s, it was shown

experimentally by Drexhage et al. [177] that the emission probability of fluorescent

molecules can be altered by the local density of states.

The effect of the local density of optical modes is rigorously and extensively described

in the context of cavity quantum electrodynamics, where they consider an atom or

molecule (with a chosen transition) as an emitter inside an optical cavity [178]. The

emission rate itself is governed by Fermi’s golden rule:

W =
2π

h̄2 |M
2
12|G(ω), (7.6)

where M12 is the transition matrix element and G(ω) is the density of states. In this

setting the most important parameters are the rate of dissipation of the cavity pho-

tons (κ) and the material transition (γ) that influence the light-matter interaction

through impacting M12 and G(ω). The exact dependence on the dissipation rates

is defined by the system in question. For atoms in optical cavity, the formulation

is derived in Ref. [178]. The other crucial parameter is the strength of light-matter

coupling (g) which depends on the frequency of the energy exchange (called Rabi

frequency Ωr) between the light mode and material transition involved. Depending

on the relation of dissipation and coupling strength, two main regimes can be distin-
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guished. When g < (κ, γ) the system is in the weak coupling limit. In this case the

photons are lost faster than they could interact with the emitter. In this regime the

main phenomenon is the enhancement or suppression of the emission rate of mate-

rial depending if it is on or off resonance with the cavity mode. This phenomenon

is known as the Purcell effect. It already emphasizes the importance of the optical

environment. The so-called Purcell factor compares the modified emission rate to

that in free space:

FP =
3Q(λ/n)3

4π2V0

, (7.7)

where Q is the quality factor of the cavity, n is the refractive index, and V0 the

volume of the single-mode cavity. This formula shows that the important parameters

to enhance light-matter interaction are the quality factor and the mode volume.

Figure 7.5: (a) Schematic representation of the new hybrid states arising from the inter-
action of the two oscillators representing the light field and the material excitation. In the
analogy of a pendulum, the lower energy state represents the case when the two pendulums
swing in-phase, an the higher energy state shows when they move in the opposite phase.
(b) shows that the new hybrid modes are realized in a transmission measurement as two
distinct peaks instead of one of the empty cavity.

An even more interesting regime can be found in the case when g > (κ, γ) thus the

exchange of energy is faster than dissipating channels. This is the strong coupling

regime where both emission properties and energy levels are altered due to the

reversible, coherent energy transfer between light and matter. In this case new

hybrid light-matter states emerge which are different from the original ones. The

energy diagram of the strongly coupled system is shown in Fig. 7.5 (a). The

interaction of the excited matter state and the confined electric field mode results in

two new hybrid states separated by the Rabi splitting energy h̄ΩR. The effect can

also be considered as two coupled harmonic oscillators with the ability to exchange

energy. The hybridization of light and matter states and the energy level splitting
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can be thus presented by classical, semi-classical, or quantum approaches.

In an experimental situation the new light-matter states can be measured as trans-

mission or absorption double maxima, depending on the setup, as depicted in Fig.

7.5 (b). To characterize the strong coupling, the two peaks corresponding to the

hybrid modes need to be distinguishable. For this reason the splitting has to be

larger than the linewidth of the hybrid modes 2g > (κ + γ)/2. In a single emitter

case, quantum mechanical Jaynes-Cummings model properly shows us the essential

parameters that define the splitting value. Its value is given by

g = d

√
h̄ω

2ε0Vm
ΩR = 2d× E0

√
nph + 1. (7.8)

To achieve the strong coupling regime, high value of d (transition dipole moment)

and sufficiently small Vm are required. The dipole moment can be increased by

placing many emitters inside the electromagnetic mode volume. In this case the

formation of a collective dipole can significantly enhance the coupling. As suggested

by the Dicke model, the number of dipoles directly influences the splitting by ΩR ∝√
N/Vm =

√
C, where C is the concentration of dipoles in the mode volume. When

the dipole moment cannot be increased further, the mode volume should be as small

as possible. In case of cavities, their size is limited by the wavelength of the light

used which is a huge drawback. A possible way of overcoming this strong limitation

is to utilize surface waves for more concentrated fields. The wavelength compression

and the out-of-plane confinement of surface polariton waves can lead to extreme

values of the normalized mode volume Vm/λ0. A localized plasmon field in metal

nanostructures was already used to realize strong coupling with exciton states of

molecular ensembles [179, 180]. The high electric field concentration of plasmons

and large dipole moment of exciton states can compensate for the relatively low

lifetime of metal plasmon resonators (few 10 of femtoseconds lifetime ≈ 2000 cm-1

linewidth [181]), however, they are mostly limited to the near-infrared/visible region.

In contrast, the highly confined fashion and versatility of van der Waals polaritons

makes them a promising platform to achieve strong coupling at nanoscale volumes in

all spectral regions. Compared to conventional ones, plasmon lifetimes in graphene

can reach even 10ps. Additionally, acoustic graphene plasmons generated and local-

ized below gold cubes enabled to realize normalized mode volumes down to 5×10−10

[182], compared to nanostructured metal giving 10−5 − 10−7 [183]. Strong coupling

is a particularly important phenomenon which permits applications like induced
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transparency, polariton lasing, changing the rate of chemical reactions or enhanced

sensitivity in infrared and Raman spectroscopy [181, 184, 185, 186, 187, 188, 189].

From our perspective, the coupling of vibrational modes of matter (molecules or

solid state) and light (vibrational strong coupling - VSC) is the most interesting

amongst the applications. Electromagnetic coupling of plasmons or phonon polari-

tons with molecular vibrations were shown to increase the detection limit in infrared

spectroscopy. Depending on the regime of coupling, the polariton excitation spec-

trum changes significantly at energies where molecular vibrations are located. This

effect was demonstrated in the case of graphene plasmons and hBN phonons in

specially designed samples. Further, the hybridization is even possible between dif-

ferent types of propagating polaritons altering their confinement, group velocity,

spectral position, and lifetime. The relatively uncomplicated way of assembling van

der Waals heterostructures and the advances in nanostructuring procedures opened

new avenues in controlling the nanoscale propagation of light.

Beside 2D materials, 1D nanotubes could further increase field confinement. Phonon

polaritons in boron nitride nanotubes, exciton polaritons in TMDC nanotubes and

plasmons in single walled carbon nanotubes are promising candidates to enhance

light-matter interaction. In the work here, I studied the hybridization of carbon

nanotube plasmons with substrate interface phonons. Achieving strong coupling

in the mid-infrared regime is quite cumbersome due to the low oscillator strengths

of vibrational excitations. I show here that the extremely confined optical field of

carbon nanotube plasmons is a capable and powerful platform to realize VSC in this

frequency range.

7.2.4 Carbon nanotube plasmons

As we could see from section 7.2.3, achieving strong coupling between different quasi-

particles requires high electric field confinement and long lifetime of the excitations

involved in the process. As it was recently demonstrated, individual single-walled

carbon nanotubes possess one-dimensional (1D) plasmon polaritons at mid-IR fre-

quencies that can be excited and visualized by scanning polariton interferometry

[161]. Owing to the 1D structure of the carbon nanotubes, the electrons are highly

confined in space. This results in the fact that the electron-electron interactions

are not negligible anymore. The confined electrons will behave as a Luttinger liquid

whose properties are largely different from the quasi-free Fermi-liquid electrons. This
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new electron state exerts a significant influence on the collective behavior of conduc-

tion electrons. In contrast to classical plasmons that are determined by the Drude

conductivity, Luttinger-liquid plasmons in metallic carbon nanotubes are indepen-

dent of the charge carrier density, show anomalous nanotube diameter dependence

and have a linear dispersion relation which is directly defined by the Luttinger liquid

interaction parameter and the Fermi velocity of the electrons [190, 191, 192].

From our point of view here, the most important advantage of Luttinger-liquid plas-

mons in carbon nanotubes is that the backscattering of the electrons is forbidden due

to the opposite handedness of the forward- and backward-moving electrons. This

results in a natural protection against damping pathways by acoustic phonons or

slowly varying charge impurity potentials [193, 194, 195], leading to long plasmonic

lifetimes. In comparison, metal nanostructures at visible or infrared frequencies offer

only picoseconds of plasmonic lifetimes [196]. Graphene plasmons can reach a few

tens of femtoseconds in lifetime, however, such a lifetime requires cryogenic temper-

atures [75]. In carbon nanotubes, the plasmonic lifetime is expected to overcome

these values as we will see in the measured damping of the plasmons. It can reach

more than 100 ps.

Additonally, the nanotube plasmons provide very high wavelength confinement,

reaching λ0/λp ≈ 100. The out-of-plane confinement of the electromagnetic field

of the nanotube plasmons is even higher. Numerical simulations showed that the

transverse electric field distribution is localized in the very close vicinity of the nan-

otube in the range of its diameter [161, 197]. In a case of a 1 nm nanotube, it means

1000 times confinement at λ0 = 10µm.

Based on these highly advantageous properties of the carbon 1D plasmons in carbon

nanotubes, I propose that they are able to provide very strong coupling with matter

excitations in the mid-infrared spectral range such as lattice or molecular vibration.

My goal here is to prove the existence and quantify the enhanced light-matter inter-

action at the level of individual carbon nanotubes. An ideal playground for this is a

substrate with a proper phonon excitation in the range of our QCLs. With s-SNOM

based scanning polariton interferometry we can study the plasmon-phonon coupling

in details and quantify the interaction.
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7.3 Experimental

7.3.1 Samples

To properly visualize the nanotube plasmons, the same type of CVD-grown single-

walled carbon nanotubes were used that are presented in Section 5. The long,

straight shape of the nanotubes makes the data processing method much easier.

Additionally, it excludes any effect of large geometric distortion on the plasmon

propagation.

Considering the substrate, we need a material that supports surface phonon exci-

tation in the desired spectral region but provides high near-field signal trough the

whole range. The main problem is that the real dielectric function above the LO

phonon frequency starts with small positive values. This results in a giant drop of

the s-SNOM signal (as seen from Fig. 3.4). The absence of scattered light makes it

hard to visualize the carbon nanotube plasmons with sufficient signal-to-noise level.

As a work-around of this problem one can use a very thin layer of polar dielectric

on a non-phononic substrate giving a spectrally independent s-SNOM signal.

A perfect candidate for such a system is an undoped silicon wafer. Silicon has a

constant dielectric function in the mid-infrared with ε1 = 11.7 [198]. The other

advantage is that it possesses a very thin layer of native silicon oxide (SiO2 - silica)

layer which is always present on the surface and has a thickness of 1-4 nm. The

structure of silica contains a tetrahedral group of a central silicon atom surrounded

by four oxygen atoms. The tetrahedrons are connected through common oxide ions.

Silica has its main Reststrahlen band between 900-1300 cm-1 that is caused by the

asymmetric stretching vibration of Si-O-Si subunits [199]. By utilizing the very thin

oxide we still have the enhancement of the tip’s near fields and we also have surface

phonons to interact with.

Beside native silica, I also studied the coupling with other phononic layers. Namely,

hexagonal boron nitride (hBN) was used as a secondary polar dielectric layer with its

phonon excitation between ωTO = 1378 cm-1 and ωLO = 1610 cm-1. Moreover hBN

polariton modes are very special due to the high anisotropy of hBN. As it is a layered

vdW material, the in-plane (ε||) and out-of-plane (ε⊥) dielectric function components

are very different. This results in a scenario where Re(ε||) > 0 and Re(ε⊥) < 0. The

isofrequency curve for light waves in such a material defines a twofold hyperboloid

called dielectric-type or type I hyperbolic response [200]. Apart from our goals here,
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hyperbolic materials enable a number of exotic phenomena like all-angle negative

refraction, concave wavefronts, and large enhancement of photonic density of states

[201, 202, 203, 204, 205, 206]. Using different phonon bands of different substrates
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Figure 7.6: (a) Real part of the dielectric function of SiO2 and hBN. In case of hBN the
out-of-plane component of the dielectric tensor is shown as it represents the Reststrahlen
band in a type I parabolic material. The grey-shaded areas represent the Reststrahlen
bands of these two materials where surface waves can be excited. (b) Illustration of the
ideal sample arrangement. A long nanotube is located partially on silica and partially on
hBN. The near field of the AFM tip launches nanotube plasmons which then exchange
energy with silica and hBN phonons forming hybrid polaritons.

one could change the spectral position of the hybridized states that could be formed

by the nanotube plasmon-substrate phonon interaction. During the experiment I

wanted to study the effect of both substrates in the same near-field map. To achieve

this, I exfoliated hBN flakes onto a silicon substrate before the nanotubes were

transferred onto the chip. Since a huge number of long parallel nanotubes were put

on the surface, I could select an area where a metallic nanotube goes from the silicon

across an hBN flake. The schematic illustration of the arrangement is shown in Fig.

7.6. The samples were made by the following routine:

1. hBN exfoliation: I exfoliated hBN flakes mechanically from a large piece of

hBN crystal (HQgraphene, hBN, BN2A1) using blue Nitto tape (Nitto Denko

Co., SPV 224P). The tape with the exfoliated flakes was brought in contact

with the silicon substrate, then peeled off leaving a number of hBN flakes with

a variety of size and thickness.

2. CNT growth: SWCNTs were grown by chemical vapor deposition technique on

an r-cut quartz substrate using iron catalyst nanoparticles described in detail

in [207].
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3. CNT transfer: 4 wt% PMMA solution in anisole was spin-coated at 2000 rpm

on the SWNTs. The substrates were heated at 170 ◦C in air for 15 min and

then immersed in heated aqueous KOH (1 mol/L, 100 ◦C). The PMMA film

was peeled off from the substrate in cold distilled water and picked up by the

substrates. The substrate was annealed at 170 ◦C for 15 min. The PMMA

layer was dissolved using acetone followed by a 3 hours long annealing in Ar/H2

atmosphere at 350 ◦C.

4. Additional annealing: before the measurements I applied an additional an-

nealing in dynamic vacuum at 400 ◦C for a few hours to get rid of some of the

remaining polymer residues

The CVD growth and the transfer (Points 2 and 3) of the nanotubes to the substrate

were performed by our collaborators from the University of Tokyo.

-0.05

0

0.05

0.1

0.15

O
4

 P
h

a
se

 [
ra

d
]

2    m

-0.1

-0.05

0

0.05

0.1

0.15

O
4

 P
h

a
se

 [
ra

d
]

100 nm

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

O
4

 a
m

p
li

tu
d

e
 [

a
rb

. u
.]

2    m

hBN flakes

Fe catalyst

particles

CNT growth direction

(a) (b)

(c)
(d)

Figure 7.7: Parallel nanotubes on a Si/hBN sample: (a) O4 amplitude image of a typical
hBN flake with nanotubes on top. (b) O4 phase image of the same area acquired simul-
taneously with (a). (c) Optical microscopy image of the sample. Small brown objects are
the hBN flakes with thickness 4-20 nm. (d) High-resolution O4 phase image of the selected
area from (b) identified as a metallic nanotube from the high phase contrast. Oscillations
at the end of the nanotubes show the presence of propagating plasmons. All the near-field
maps were acquired at 920 cm-1 and the values were normalized to the silicon substrate.
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An overview of one of the samples is presented in Fig. 7.7. It shows the microscopy

image (c) captured by the optical microscope looking down on the AFM tip. Iron

catalyst particles were deposited in parallel lines 100 µm apart marked by the blue

arrow. The nanotube growth starts from these lines and they grow perpendicular

to it as shown by the yellow arrow. Small hBN flakes are also apparent on the

surface. Their thickness can be guessed by their color in the microscopic image.

The thickness of the very light brown colored flakes ranges from 4 to 20 nm. Fig.

7.7 (a) and (b) shows the O4 near-field amplitude and phase maps of a typical hBN

flake with various nanotubes crossing it. Metallic nanotubes can be apparently

identified by their high phase contrast as I showed in Section 5. After a straight,

metallic nanotube is selected, a subsequent near-field imaging with higher resolution

(at least 10 nm/pix) is used to check for signs of polariton interference fringes at

the end of the nanotubes. Such a close-up shot can be seen in Fig 7.7 (d). The

plasmon waves launched by the tip reflect back from the nanotube end and interfere

with the forward propagating ones creating a very clear interference pattern. During

the measurements, I concentrated on these fringes to gather information about the

propagation and the basic properties of the polariton in question.

7.4 Measurements

To comprehensively study the interaction between carbon nanotube plasmons and

surface phonon polaritons of the underlying substrate, near-field maps had to be

captured in a broad spectral range where both silica and hBN phonon bands are

included. This spectral imaging requires much more broadly tunable lasers than our

laboratory can provide.

The measurements thus were conducted at the SMIS beamline in Synchrotron

SOLEIL. The near-field microscope at the beamline is the new version of the same

type of instrument that we have in our laboratory. It was deployed in 2021 and

equipped with a broadly tunable QCL (MIRCat QT, Daylight Solutions) covering

the spectral range of 920-1800 cm-1. The microscope was also aligned with the syn-

chrotron, however, sequential single wavelength imaging proved to be a better way

to visualize nanotube plasmons than point-by-point nano-FTIR spectroscopy.

During the measurements I searched for a nanotube which lies partially on a thin

hBN and partially on the Si part of the substrate and shows proper plasmon fringes

near the material boundary between hBN and silicon. The chosen area is depicted
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in Fig. 7.8 (b) and (c) presenting the AFM topography and the O4 near-field phase

map at 920 cm-1. The plasmon fringes can be seen very clearly on the Si/silica side

but also apparent on the hBN. The metallic nanotube that was measured is 0.8 nm

in diameter as can be seen from the inset in (b). The hBN flake was 6 nm thick which

is advantageous as we still have the signal enhancement from the underlying silicon

when the hBN signal drops after its Reststrahlen band. Further, it should separate

the nanotube from the silica enough to cancel to interaction with its phonons.
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Figure 7.8: Overview of the measured area of the sample. (a) Schematic illustration
of the arrangement of the nanotube on the substrate. (b) AFM topography of the area
of interest. The inset shows the height profile of the nanotube. It proves the nanotube
diameter is 0.8 nm. The thickness of the hBN flake is measured to be 6 nm. (c) The
corresponding O4 phase image (ϕ4) taken at 920 cm-1. The phase values are normalized
to those of silicon. The plasmon interference fringes are clearly visible. The inset shows a
line profile taken along the purple dashed line.

Regarding the origin of the nanotube plasmon fringes, in this situation we don’t

have a nanotube end but we have a material boundary and a geometric obstacle as

the nanotube climbs up to the hBN flake. The plasmons launched by the tip reflect

from this boundary creating interference fringes on both domains of the measured

area giving us the opportunity to acquire the most possible information in one

measurement.

The inset in Fig. 7.8 (c) shows a line profile taken along the nanotube on the silica

part of the sample. The interference fringes are very clearly visible. It is important

to note that the fringe pattern is sustained over a very long distance. This is the

consequence of two important facts. First, it proves the long lifetime or in other

words high quality factor, or low-loss nature of carbon nanotube Luttinger-liquid

plasmons. They live long enough to travel micrometer distances and remain coherent

to create an interference pattern. Second, as the interference pattern is not uniform

and possesses additional modulation, we might have additional scattering centers
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along the nanotube. These scattering centers might be defects in the nanotube wall.

Nevertheless, the fringe pattern is clear enough to use it to retrieve the plasmon

wavelength.

I find it important to note here that the first spot in the interference pattern (mea-

sured from the material boundary) is less intense than the second one. This effect

shows us that there is a significant phase shift upon the plasmon reflection. This

reflection phase shift (RPS) was observed previously in case of plasmon reflection

at nanotube ends [208]. In our case the origin of RPS can be rather complex as the

material boundary introduces also a geometric and a dielectric discontinuity. My

goal here was not to study the RPS more in details but it was found to have similar

values than in the case of nanotube termination. Its value can be found if we fit the

phase profiles with a damped oscillator in a form of A · e−2πx/(Qλp) · cos (4πxλp + Φ),

where x is the distance from the end of the nanotube, λp the polariton wavelength,

Q the quality factor, and Φ the reflection phase shift. Fig. 7.9 shows the fit for two

frequencies, 920 cm-1 and 1400 cm-1. The acquired values of RPS920= 0.08π and

Figure 7.9: Reflection phase shift of the nanotube plasmon polariton waves from the
hBN/silica material boundary measured on the area where the nanotube lies on the silica.
The fitted damped oscillator formula with an additional phase term gives RPS920= 0.08π
and RPS1400= 0.38π which are consistent with the literature [208].
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RPS1400= 0.38π are in the range of uncertainty of the measurements reported in the

literature [208].

The spacing of the adjacent maxima along the plasmon interference corresponds

to half of the plasmon wavelength, thus measuring the average spacing one can

calculate the plasmon wavelength as λp = 2d and the plasmon wavevector then

becomes q = 2π/λp. I measured the spacing of the adjacent maxima and calculated

both the average plasmon wavelength and its standard deviation. At 920 cm-1 the

plasmon wavelength turns out to be λp = 109 ± 3.8 nm that is in good agreement

with the previously reported values in the literature [209]. The small difference

results from the different dielectric screening of our substrate and the dependence of

the plasmon wavelength on the nanotube diameter. Another way to get the plasmon

wavenumber is to calculate the fast Fourier transform (FFT) of the fringe profile. It

gives then the spatial frequency (fp) of the fringe pattern which gives the plasmon

wavenumber or momentum as q = 2πfp. Further, the spatial frequency spectrum

also provides the amplitude of the oscillation. It is important as the amplitude of

the fringe pattern is proportional to the absorption by the plasmon excitation.

To study the interaction between nanotube plasmons and substrate phonons we have

to acquire the q(ω) dispersion relation and the plasmon amplitude spectrum. For

that I captured near-field images in the same region of interest as shown before at

discrete wavenumbers from 920 cm-1 to 1700 cm-1 by 20 cm-1 steps. A few of these

images at some representative excitation frequencies are plotted in Fig. 7.10 which

highlight the spectral characteristics of nanotube plasmon excitation in our sample.

During spectral imaging the relative phase between the silica and hBN part of the

images is changing drastically as we reach the Reststrahlen band of the respec-

tive material. The images were thus normalized row-by-row to the underlying sub-

strate. The scanning direction of the measurements were set in a way that the

material boundary is close to horizontal. This way the row-by-row calculation of

ϕ4,CNT − ϕsubs removes the differences between the substrate phase signals, and we

can visualize and concentrate on the relative phase of the nanotube itself compared

to its support material.

After the background correction the plasmon fringe profiles were extracted along the

nanotube from all measured images. Both FFT and the manually measured plasmon

wavenumber was calculated. The results of these experiments are discussed in the

next sections.
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Figure 7.10: Near-field phase images at several representative excitation frequencies. In
the map at 1100 cm-1, the phase contrast of the nanotube on native silica is near zero and
the plasmon fringes are missing. On the other hand, the phase contrast on hBN is still
apparent and only disappears at 1400 cm-1. The two frequencies correspond to phonon
excitation in native silica and hBN, respectively, and these images are the first proofs
that plasmons are coupled to the phonons of each substrate, yielding a significant dip in
the near-field phase spectrum presumably as a consequence of strong coupling between
nanotube plasmons and substrate phonons.

7.5 Results and discussion

Let us begin the analysis of the measurement with the conclusion we can drawn

from Fig. 7.10. The first and most obvious effect is the change of the amplitude of

the fringe pattern, consequently the change of plasmon amplitude. On the native

silica part (upper part of the images) the relative contrast and thus the plasmon

amplitude decreases and vanishes at around ω = 1100 cm-1. There is no visible fringe

pattern in the image, only some random spots with elevated phase contrast, which

are actually the signs of polymer residues from the transfer process. By increasing

the illumination frequency, the phase contrast is restored along the whole nanotube

and at around ω = 1300 cm-1 the plasmon fringes are very sharply observable and

even overshoot the low frequency version in amplitude with very high phase contrast

going above ϕ = 0.24 rad. By further increasing the illumination frequency the phase

contrast fades monotonically away. The very same effect can be seen on the hBN

domain (lower part of the images) with the difference that the fringes only vanish at

ω = 1400 cm-1. These two distinct excitation frequencies are marked by red frames

for the respective area of interest in Fig. 7.10. These two examples of excitation
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frequencies are exactly in the Restrahlen band of the underlying substrate located

between the TO and LO phonon frequencies. For SiO2 these are ωTO = 1071 cm-1

and ωLO = 1184 cm-1 [166], and for hBN ωTO = 1378 cm-1 and ωLO = 1610 cm-1

[210]. We can also see that while the phase contrast of the nanotube disappears on

the silica at 1100 cm-1 , in the meanwhile it remains high on the hBN part. This

observation shows us the fact the the 6 nm hBN separates the nanotube enough

from the silica, so that its plasmon field does not reach the silica/hBN interface

proving its extreme confinement.

The other unmistakable result from the images is that the plasmon wavelength

decreases (thus the plasmon momentum q increases) with increasing excitation fre-

quency. This wavelength decrease is more or less monotonic, however, one could

notice that λp,1000 cm-1 looks smaller than λp,1300 cm-1 which breaks the monotonic

behaviour. Actually, this tendency fits perfectly into the picture of hybridized

plasmon-phonon states as we will see in the more thorough analysis.

First, I will concentrate on the silica part for the more comprehensive examination

of the measurements. On the silica part of the maps I extracted a line profile along

the nanotube from each measurement beginning with the most intense peak to the

upper end of the nanotube. I calculated the Fourier spectrum of each profile for

each excitation frequency. Then I assembled the Fourier spectra into the single

frequency-momentum map that represents the experimentally measured dispersion

map of the hybrid plasmon-phonon quasi-particles. This experimental dispersion

map is depicted in Fig. 7.11 (c). Additionally, the momentum values were also

calculated manually from the distances of adjacent peaks of the profile and these

values were superimposed on the dispersion map with error bars presenting the

standard deviation of the calculated momenta as yellow lines.

The dispersion map clearly renders a significant gap of any excited modes in the

Restrahlen band of the silica marked by the orange dashed line. Beside just looking

at the TO and LO frequencies, we have to find out what is the exact phonon mode

of the native silica. As it is a thin layer, it acts as a waveguide for phonons and

the thickness determines which kind of phonon mode is supported in the layer. For

this reason we have to determine first he thickness of the native silica layer. The

thickness measurement was conducted by Benjamin Kalas at EK MFA photonics

group by ellipsometry. He determined the silica layer thickness to be 2.17 nm. The

native silica film supports phonon-polariton modes at both interfaces. The air-silica

interface mode is close to the ωLO and the silicon-silica interface mode is located
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Figure 7.11: (a) Dielectric function of SiO2. The orange dashed lines show the Rest-
strahlen band defined by TO and LO frequencies. (b) The imaginary part of the calculated
Fresnel reflection coefficient of 2 nm of native silica on top of silicon for p polarized light.
The very pronounced excitation around the LO frequency belongs to the air-silica interface
phonon polariton. The white line represents the linear dispersion relation of the nanotube
Luttinger-liquid plasmon. (c) The experimental dispersion assembled from the Fourier
spectrum of the interference fringe profiles for every excitation frequency. The manually
measured plasmon momentum values with the corresponding error bars are plotted as
yellow lines.

close to ωTO frequency. As the nanotube lies at the air-silica interface, presumably

this mode has a more intense effect on the nanotube plasmons. To compare the two

modes and to acquire their frequency, I calculated the Fresnel reflection coefficient

(rp) of the silicon/silica system for light fields in the same momentum and frequency

range as in the measurements. Here p marks that I calculated the coefficient for

field with p-polarization as the tip’s near field dominantly selects these components.

The calculation was done by the transfer matrix method and the imaginary part of

rp(q, ω) is plotted in Fig. 7.11 (b).

The plotted Im(rp(q, ω)) obviously shows that the air-silica mode is very pronounced

over the silica-silicon interface mode. The is due to its polarization being mostly

perpendicular to the surface, thus it aligns well with the tip’s near-field. Further, the

ω(q) relation of the air-silica phonon-polariton mode is almost perfectly constant.

For the sake of simplicity I considered it to be ωSiO2 = ω(q)|7·105 = 1176.1 cm-1.

To understand the interaction, we also need to know the dispersion relation of the

nanotube plasmon also. It was previously shown that the dispersion relation of 1D

Luttinger-liquid plasmons in metallic carbon nanotubes is linear, which satisfies the

equation ωp = vp · q. Here vp is the plasmon velocity that depends on the Luttinger-

liquid interaction parameter G via vp = vf/G, where vf is the Fermi velocity in

metallic carbon nanotubes. The linear dispersion is plotted in Fig. 7.11 (b) as the
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white dashed line.

Now we can start to see what happens exactly in the experiments. The AFM tip

provides a wide distribution of optical near field. Owing to this wide distribution,

there is an available near-field component at every excitation frequency to launch

a plasmon with the corresponding momentum governed by the dispersion relation.

However the launched plasmons are interacting with the thin film phonons at their

specific frequency range and they form, new hybrid Luttinger-liquid plasmon phonon

polaritons (LPPhPs) with highly altered dispersion relation.

In order to prove, analyse and assess the degree of coupling, I used the classical

coupled harmonic oscillator model. In the model I took into account the nanotube

plasmon and the air-silica phonon mode as two mutually coupled oscillators. For the

sake of simplicity only the nanotube oscillator is driven by the external near fields.

At zero detuning (ωSiO2 = ωCNT ), with the properly large coupling strength g the

system will have two eigenmodes which are significantly different from the original

oscillators. The new eigenfrequencies can be calculated according to [211]:

ω± =
ωCNT + ωSiO2

2
±

√
g2 +

1

4

(
∆− iγCNT − γSiO2

2

)2

. (7.9)

In this equation ωSiO2 and ωCNT are the resonance frequencies of the uncoupled

oscillators, γSiO2 and γCNT the respective damping parameters and ∆ = ωCNT −
ωSiO2 is the detuning between the two oscillators at a given momentum. In the

experiments the detuning is realized by tuning the nanotube plasmon, as its spectral

resonance is governed by its linear dispersion relation. The slope of the dispersion

line is given by the plasmon velocity vp. By fitting the linear dispersion of the

measured ω(q) values, it turns out to be vp = 3.32 ·106 m/s. With the two oscillator

frequencies in hand we can find the zero detuning value which is q = 6.7·105 cm-1.The

two remaining parameters of the oscillators are the damping values. For the silica the

damping is known from the Lorentz oscillator model γSiO2 = 30 cm-1. The damping

of the nanotubes plasmon can be obtained from the measurements in two different

ways. The most obvious way is to fit the excitation profile of the bare (uncoupled)

plasmon far from zero detuning. This can be done by taking a vertical line cut

from the experimental dispersion map and fit the data with the imaginary part of a

Lorentz oscillator which reads as y = Im(A2/(ω2
i − ω2 − iγω)). Unfortunately, the

data suffers from significant noise thus we cannot go very far from zero detuning. For

this reason I chose to extract a quasi-line cut at around q = 7·105 cm-1 which includes
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several columns from the dispersion map and calculates their average. This way I

overestimate the damping of the nanotube plasmon but it is necessary to enhance

signal-to-noise ratio (SNR) of the data for the fit. The area and the corresponding

fit is plotted in Fig. 7.12. The fitting results in a damping of γCNT = 150 cm-1.

This method provides us an estimated value of the plasmon damping, however, it

can include several uncertainties.

Figure 7.12: (a) The experimental dispersion map with the red rectangle marking the area
that was cut out and used to fit the damping of the nanotube oscillator. (b) Lorentzian fit
to the excitation spectrum obtained from the marked area. It shows the excitation profile
of the uncoupled nanotube plasmon, thus the fit consists of only one oscillator.

Additionally, I used another approach to determine the plasmon damping indirectly.

As it was mentioned in section 7.2.3, the newly formed hybrid plasmon-phonon

polariton states at zero detuning have a damping of γLPPhP = (γSiO2 + γCNT )/2.

Utilizing this formula, we can calculate γCNT as γSiO2 is known. I extracted a

similar vertical line cut from the experimental dispersion. The polariton amplitude

spectrum now contains to distinct peaks as expected. γLPPhP was found by fitting

the sum of two Lorentz oscillators to the spectrum. The fit and the quasi-line cut

area that was used is presented in Fig. 7.13.

The damping of the hybrid modes was found to be γLPPhP = 90 cm-1 and using

γSiO2 = 30 cm-1 the plasmon damping was calculated and found to be the same

γCNT = 150 cm-1. Further, the fit provides us the splitting of the two hybrid modes

Ω = 305 cm-1. Based on the description about strong coupling, the coupling strength

of nanotube plasmons and silica thin film phonon mode is g = Ω/2 ≈ 150 cm-1.

Now we can plot the eigenmode curves of the coupled system given by Eq. 7.9. The

result is shown in Fig. 7.14 (a) as dashed red lines. The calculated curves aligns

well with the dispersion map as we can see. The result shows a very pronounced
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Figure 7.13: (a) The experimental dispersion map with the red rectangle marking the
area that was cut out and used to fit the damping of the hybrid polariton modes. (b) The
average polariton spectrum obtained from the area marked by the red box. The fitted
curve consists of two Lorentzian functions.

avoided crossing of the eigenmode curves with a large mode splitting. Now it is

time to determine the regime of coupling based on the obtained parameters of the

system. For this we have to compare the coupling strength with the damping of the

oscillators. As g = 150 cm-1, it reaches the value of the nanotube damping which

is considered to be γCNT = 150 cm-1 similarly. It means that the energy exchange

between the plasmon and the phonon polariton mode is at least as fast as it leaks

away which is the requirement for strong coupling. This state, however, has to be

more precisely defined so I will apply a commonly used quantity to prove the strong

coupling. The criterion for strong coupling is usually defined as

C ≡ Ω2/

(
γ2

CNT

2
+
γ2

SiO2

2

)
> 1, (7.10)

where Ω = 2g [181]. By applying the presented oscillator parameters, I obtained

C = 7.7 which fulfills the requirement. Furthermore, we can notice that there is only

an order of magnitude difference between the value of splitting Ω = 300 cm-1 and the

mid-gap frequency ωg = ωSiO2 = 1176.1 cm-1. This suggests to calculate the so-called

normalized coupling strength η = g/ωg. If we do so, we find that η = 0.13 > 0.1

which show that the regime of coupling even reaches the ultrastrong coupling (USC)

[212]. This means that the coupling is so strong that the damping actually can be

neglected when calculating the eigenfrequencies. In this case the solution for the

eigenmode curves is different from Eq. 7.9. While it was an approximate solution,

by neglecting the damping terms in the coupled oscillator model, the exact solution
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can be written as [213, 181]:

ω± =
1√
2

√
ω2

CNT + ω2
SiO2

+ 4g2 ±
√(

ω2
CNT + ω2

SiO2
+ 4g2

)2

− 4ω2
CNTω

2
SiO2

. (7.11)

It is important to note here that the frequencies given by Eq. 7.11 match those

given by the quantum-mechanical approach based on the Hopfield model as shown

previously [214, 213, 215, 216]. Ultra strong coupling is very hard to achieve at

mid-infrared frequencies as oscillator strengths of different excitations are relatively

weak in this range. As it was proposed, one way to enhance the coupling is to

increase the density of dipoles involved in the interaction. Generally, g ∝
√
N/V

where N is the number of dipoles and V is the interaction or mode volume. The
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Figure 7.14: (a) Experimental dispersion map of hybrid Luttinger-liquid plasmon-phonon
polaritons formed by nanotube plasmons and silica phonons. The red dashed curves show
the LPPhP eigenmodes according to Eq. 7.9 considering coupling strength g = 150 cm-1.
(b) The theoretical dispersion map of hybrid LPPhP states calculated by the harmonic
oscillator model. The white points and bars show the manually measured polariton mo-
mentum (wavevector) values which perfectly match with the calculated map. Dashed and
dotted white lines show the uncoupled dispersions while the red dashed lines here mark
the dispersion curves according to Eq. 7.11

achieved USC exposes the unprecedented properties of carbon nanotube Luttinger-

liquid plasmons. In recent studies the electric field distribution of carbon nanotube

plasmons was calculated via finite element methods [161, 217, 197]. The authors

showed that the electric field is concentrated in the close proximity of the nanotube

surface. The electric field decays on the scale of the nanotube diameter. This means

that the plasmon field is strongly confined into the 2 nm thick native silica layer. This

extreme mode confinement and high quality factor/low damping of Luttinger-liquid

plasmons make the system suitable to achieve USC in the mid-infrared frequency
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range. This result is so far unprecedented with propagating plasmon modes, it was

only achieved with nanocavities [215].

For further analysis I fully reproduced the dispersion map with the coupled harmonic

oscillator model. The equation of motion for the two oscillators contained in our

system can be described by the following equation system:

ẍcnt + γcntẋcnt + ω2
cntxcnt + 2gẋSiO2 =

e

m
Eloc (7.12)

ẍSiO2 + γSiO2ẋSiO2 + ω2
SiO2

xSiO2 + 2gẋcnt = 0 (7.13)

where 2gẋa, a = SiO2, cnt term represents the coupling between the two oscillators.

As I stated before, in the model only the nanotube oscillator is considered to be

driven by the external field, which is the near field of the tip in this case. In

such a thin layer the silica phonon mode is weakly excitable by the tip [218], and

additionally, the silica oscillator would be driven by the same external field as the

nanotube plasmon on the same interface, thus the two driving forces would have the

same phase.

With that said, we seek the solution of the equation system in the form of xj =

Aje
−iωt. The equation system then becomes

Γcntxcnt +KxSiO2 =
e

m
Eloc (7.14)

ΓSiO2xSiO2 −Kxcnt = 0 (7.15)

where Γj = ω2
j − iωj − ω2, j stands for either nanotube (cnt) or silica (SiO2) and

K = 2igω.

xcnt =
f · ΓSiO2

ΓcntΓSiO2 +K2
. (7.16)

where f ∝ e/mEloc. With this solution the polarization induced in the nan-

otube is P = e · x. A theoretical dispersion map can be visualized by plotting

Im(P (q, ω) as the effectiveness of the polariton excitation. More exactly, in case

of nanoparticles, the near-field phase spectrum (and signal) is proportional to the

absorption cross-section (Cabs) of the nanoparticle, thus it shows clearly the absorp-

tion characteristics, despite the complicated near-field interaction [219]. Because

Cabs = k0Im(αeff ) ∝ k0Im(Peff ), I will create the theoretical dispersion map by

calculating ω · Im(P (q, ω)). For each q, I calculate the polarization spectrum ac-
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cording to Eq. 7.16, with ωSiO2
= 1176.1 cm-1 and ωcnt = vp · q and the coupling

strength was set the same as acquired earlier g = 150 cm-1. The resulted theoret-

ical dispersion map is shown in Fig. 7.14 (b). The red dashed lines set out the

eigenfrequency curves by Eq. 7.11. They match perfectly with the dispersion map.

The result is perfectly in line with the experimentally measured LPPhP momentum

values, plotted as the white points with errorbars.

This calculated dispersion map can be used to derive additional quantities. There

are situations when the polariton fringes cannot be observed properly to reliably

measure the polariton wavelength, however, the phase contrast apparently shows

the effect of plasmon-phonon coupling. In this case the phase contrast as a single

value at the specific illumination frequency represents the integral of the dispersion

map for all q with the proper weighting for the tip’s launching capability. Let us call

this quantity, the theoretical phase contrast spectrum Cϕ,T , which can be written as

Cϕ,T (ω) =

∫ ∞
0

W (q) · P (q, ω) dq. (7.17)

Here, the only problematic part is the exact form the the weight function W (q)

because the classical coupled harmonic oscillator model is fairly simple and thus

we don’t even know the proper oscillator strength, plus we don’t exactly know the

distribution of near-fields at the apex of the tip. For the sake of simplicity I used a

simple Gaussian function as it can be expressed as the sum of multiple contributions.

Fig. 7.15 (a) shows the weighted theoretical dispersion map and (b) plots the weight

function itself. Its position and the width was set to match the weighted dispersion

with the experimental one.

The calculated Cϕ,T spectrum can be compared to the measurement in two different

ways. First, the very similar integrated spectrum can be calculated also from the

experimental dispersion. Secondly, an averaged phase contrast spectrum can be

directly extracted from the near-field phase maps. This comparison is plotted in

Fig. 7.15 (c). To have fair comparison I normalized both spectra to a common

scale using their peak value around 1300 cm-1. The trend of the experiments is well

reflected in the model calculations. The fluctuations and uncertainties in the spectra

are mainly caused by the remaining polymer residues and other disturbing effects

arising from sample quality (here we speak about 0.8 nm object so any dirt or defect

can introduce artifacts). The trend only shows a significant difference in the range

between 900 cm-1 and 1100 cm-1. This diversion can arise from some interaction with
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Figure 7.15: (a) Weighted theoretical dispersion map. The Gaussian weight function
shown in (b) was applied row-by-row to mimic the experimentally observed values. The
position of the Gaussian function is marked by the red dashed line. The theoretical con-
trast spectrum is calculated by integration over q which is illustrated by the purple arrow.
(c) Phase contrast spectra of LPPhPs. The blue line indicates the model based result
while the green and red points represent the experimentally obtained values by either
integration of the experimental dispersion map or from direct phase contrast mea-
surement.

the silica/silicon interface phonon polariton mode and also from the very simplistic

nature of the classical harmonic oscillator model, as it cannot produce the proper

spectral weights. Beside these downsides, it presents and predicts the the spectral

features of the strongly coupled system very well and can be used to assess coupling

strength in cases when the polariton fringes cannot be sampled properly and large

external disturbances are present.

The method introduced above comes in handy when we want to analyze the mea-

surements on the hBN part of the sample. The interference fringes of the LPPh

polaritons cannot be observed properly for every frequency on the hBN. As a con-

sequence, we cannot retrieve the experimental dispersion as we did in the case of

silica. However, the phase contrast spectrum can be measured and the theoretical

phase contrast spectrum can be used to describe the coupling.

For this, we have to find the oscillator parameters for the hBN thin film phonon

polariton mode for the 6 nm thick flake. To determine the dispersion of the hBN

phonon mode I calculated the Fresnel reflection coefficient for p-polarized field with

the transfer matrix method using the dielectric function of hBN [210]. The maximum

of Im(rp,hBN(ω, q) gives the dispersion curve (ω(q)) of the hBN phonon polaritons

in the flake. Using this dispersion for hBN and the previously used linear dispersion
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for the CNT plasmons, I calculated the theoretical dispersion map for the nanotube-

hBN LPPhPs and the result is shown in Fig. 7.16 (a). The goal is now to determine

the coupling strength for the hBN system by using the theoretical phase contrast

spectrum and to fit the experimental phase spectrum.
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Figure 7.16: (a) Theoretical dispersion map of the hybrid LPPhP quasiparticles formed
by the hBN phonon and nanotube plasmons. The coupling strength was increased to
g = 200 cm-1 in order to fit the phase contrast spectrum (b) correctly. The white dashed
line presents the linear dispersion of the plasmon while the white dotted line depicts the
dispersion of the 6 nm thick hBN phonon mode. The red dashed lines plot the dispersion
of the hybrid mode according to 7.11 (b) The red point with error bars represents the
directly measured phase contrast spectrum of the nanotube. The blue curve shows the
theoretical absorption spectrum of the coupled system derived from the dispersion map in
(a)

I found that g = 200 cm-1 gives very good agreement with the measurements as

depicted in Fig. 7.16 (b). Using the higher value of g and the lower damping

γhBN = 5 cm-1, the criterion value of strong coupling becomes C = 14.2 which

is again obviously larger than one. The midgap frequency has also changed to

1427 cm-1 which results in a normalized coupling strength of η = 0.14. As again

η > 0.1, the system is in the ultrastrong coupling regime, thus the newly formed

Luttinger-liquid plasmon phonon polaritons are the result of strong hybridization

between hBN phonons and nanotube plasmons. The other very important fact that

can be see from 7.16 (b) is that there is no wide dip in the spectrum around 1100 cm-1

that could be a consequence of coupling with the silica under the hBN flake. This

means that the 6 nm hBN flake isolates the nanotube perfectly from the effect of the

hBN/silica interface that shows again the extremely confined nature of the hybrid

LPPh polaritons.
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7.6 Conclusion and outlook

The study shown here demonstrates the exceptional properties of carbon nanotube

Luttinger-liquid plasmons to realize ultrastrong coupling in the mid-infrared range.

Due to their coherent nature and the high concentration of electromagnetic field

they couple very effectively to surface phonon polaritons. The hybridization was

visualized in real space and further corroborated and examined in momentum space

by scanning near-field polariton interferometry. The large transparency gap opened

by the hybridization and the pronounced mode splitting was observed. The coupling

was further inspected by a classical harmonic oscillator model. Based on theoretical

dispersion maps and derived phase spectra, the degree of coupling was measured

with both silica and hBN phonons. The normalized coupling strength reaches the

level of ultrastrong coupling even in the case of 2 nm thick native silica. The

result is unprecedented as USC was so far only achieved by localized modes in

specially engineered nanocavity structures. By changing the substrate to hBN, the

coupling goes even higher and cancels the effect of silica even with a 6 nm thick

hBN layer. Carbon nanotubes are promising candidates as basic element of photonic

nanocircuits [220]. This study shows that substrate phonons can provide additional

customizability to possible nanotube based circuits. Furthermore the demonstrated

effectiveness of nanotube plasmon in enhancing light-matter interaction forecasts an

effective use of them for enhanced molecule detection. As nanotubes can serve as

nanosized reaction chambers facilitating special chemical reactions, the tracking of

products with high spatial resolution at individual nanotube level is very important.

Luttinger-liquid nanotube plasmons thus could be exploited for enhanced infrared

molecular sensing which has to be studied in future works.
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Thesis points:

4. I performed scanning polariton interferometry in the mid-infrared range for

different excitation frequencies and visualized the hybridization between sub-

strate surface phonon polaritons and carbon nanotube Luttinger-liquid plas-

mons in real space on two different polar dielectric support layers, namely

silica and hexagonal boron nitride. I corroborated the hybridization in real

space by observing the transparency window in phase contrast and also in

momentum space by calculating the dispersion relation of the hybrid modes

from the measurements that shows characteristic avoided crossing and mode

splitting.

5. I carried out the analysis of the experimentally measured dispersion relation

and phase contrast spectrum of hybridized carbon nanotube plasmons and

substrate phonons by applying a classical coupled harmonic oscillator model.

I showed that the coupling reaches the ultrastrong regime. I showed that the

coupled oscillator model can be used to examine the coupling strength properly

even if only direct phase contrast is measured instead of polariton interference

fringes.

6. I showed that the electric field of carbon nanotube plasmons is so strongly

confined in the out-of-plane direction that a few nm of separation layer is able

to suppress the effect of an underlying phononic substrate.

P3 G. Németh, K. Otsuka, D. Datz, Á. Pekker, S. Maruyama, F. Borondics,

K. Kamarás: Direct Visualization of Ultrastrong Coupling between Luttinger-

Liquid Plasmons and Phonon Polaritons Nano Letters, 8, 3495–3502, (2022)
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8 Summary

Scattering-type near-field optical microscopy is a novel method to study nanoscale

systems with spatial resolution well below the diffraction limit. Although such device

is commercially available, it still requires significant expertise from both technical

and theoretical side to confidently utilize its capabilities in state-of-the-art research.

In my thesis I introduced the concept of s-SNOM and the details on how to use it to

characterize carbon nanotubes and how to acquire additional information compared

to classical microspectroscopy. As I showed, the contrast mechanism is more complex

than in conventional microscopy and the interpretation of the s-SNOM signature

of nanoparticles has to be conducted with care due to multiple sources of artifacts.

Supplemented by quasi-electrostatic models, we can use s-SNOM to identify different

component of the samples with 20 nm resolution even at infrared wavelengths.

I showed that s-SNOM can be successfully applied to unambiguously distinguish

individual carbon nanotubes based on their metallicity. Semiconducting nanotubes

give ignorable near-field phase contrast compared to metallic ones, due to their low

charge carrier concentration. I validated this finding with the help of the EFDM

model which qualitatively describes the contrast of the nanotubes even with dielec-

tric functions acquired from bulk measurements.

Based on the facts that s-SNOM is extremely sensitive to local metallic components

of the sample and the semiconducting nanotubes only provide low phase contrast, I

applied s-SNOM to observe the formation of nickel clusters inside carbon nanotubes.

I could identify the nano-sized metal clusters and found quantitative agreement of

the near-field phase spectrum with model calculations based on my modified EFDM

model. I found that most of the nanotubes express phase signatures of nickel clusters

which corresponds to high filling ratio, also supported by TEM measurements.

With the knowledge acquired during the first two parts I turned to more complex and

more exotic phenomena to study quantum plasmons in metallic carbon nanotubes

based on the fact that optical near fields can support high in-plane momentum

required to launch propagating surface waves. By realizing scanning polariton in-

terferometry I studied the interaction of nanotube plasmons and substrate phonons.

I imaged the standing wave patterns of the forward propagating and back-reflected

plasmons and retrieved their dispersion relation. I found a surprisingly effective

hybridization between nanotube plasmons and phonon polaritons. The new hybrid

plasmons-phonon states express significant mode splitting and a coupling strength
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reaching the ultrastrong coupling regime. I corroborated my findings with the cou-

pled harmonic oscillator model to both fit the dispersion curves and also the phase

contrast spectrum.

The first part of my thesis uncovers the power of s-SNOM as a characterization

method for carbon nanomaterials, while the second part truly highlights that car-

bon nanotubes still hold uncovered potential in the field of nanophotonics. The

results provide evidence to further examine carbon nanotube plasmons for enhanced

vibrational spectroscopy of small molecules attached to or encapsulated into carbon

nanotubes. Further, similar coupling between molecular vibrations and graphene

plasmons was already proposed but is still an unexplored area. With the help

of graphene and/or nanotube plasmons, we could improve detection sensitivity of

weakly absorbing molecules in the infrared fingerprint range. Involving other tip-

enhanced optical measurements, for example tip-enhanced Raman scattering or tip-

enhanced photoluminescence correlative measurement would add futher information

on non-infrared active excitations.

Other than plasmonics, other polaritons are still to be explored in details in low

dimensional materials. We could see that s-SNOM is a powerful tool to examine the

propagation and spectral characteristics of polaritons. Stacking and mixing one- and

two-dimensional materials become a hot topic very recently and far-infrared phonons

are still an unexplored area in this field. Combining s-SNOM with synchrotron radia-

tion would lead to a capable method to study these low energy excitations. This also

requires further technical development as high-speed, high-resolution nano-FTIR s-

SNOM measurements would be needed. We can see that near-field microscopy is a

very promising technique and its potential is not yet fully exploited.
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8.1 Thesis Points

1. I applied scattering-type scanning near-field optical microscopy to differentiate

between carbon nanotubes based on their metallicity. I found that the near-

field phase contrast at 960 cm-1 unambiguously tells nanotube metallicity. It

is in good agreement with the calculations based on the extended finite dipole

model modified to describe the cylindrical nanoparticle. [P1]

2. I applied scattering-type scanning near-field infrared microscopy to observe

the formation of nickel clusters inside carbon nanotubes. I showed that nano-

sized metal clusters can be efficiently detected in near-field phase images. I

corroborated the metallic nature of the near-field phase signatures by addi-

tional spectroscopic measurements. Studying multiple nanotube bundles I

found that the initial filling of the nanotubes was very efficient which is in line

with the results from transmission electron microscopy measurements. [P2]

3. I applied a modified version of extended finite dipole model to predict the s-

SNOM signature of the small metallic clusters inside carbon nanotube. I found

that the experimentally observed phase contrast agrees well with prediction

by the modified the model quantitatively. [P2]

4. I performed scanning polariton interferometry in the mid-infrared range for

different excitation frequencies and visualized the hybridization between sub-

strate surface phonon polaritons and carbon nanotube Luttinger-liquid plas-

mons in real space on two different polar dielectric support layers, namely

silica and hexagonal boron nitride. I corroborated the hybridization in real

space by observing the transparency window in phase contrast and also in

momentum space by calculating the dispersion relation of the hybrid modes

from the measurements that shows characteristic avoided crossing and mode

splitting. [P3]

5. I carried out the analysis of the experimentally measured dispersion relation

and phase contrast spectrum of hybridized carbon nanotube plasmons and

substrate phonons by applying a classical coupled harmonic oscillator model.

I showed that the coupling reaches the ultrastrong regime. I showed that the

coupled oscillator model can be used to examine the coupling strength properly

even if only direct phase contrast is measured instead of polariton interference

fringes. [P3]
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6. I showed that the electric field of carbon nanotube plasmons is so strongly

confined in the out-of-plane direction that a few nm of separation layer is able

to suppress the effect of an underlying phononic substrate. [P3]
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L. Kótai: Dynamic disorder in the high-temperature polymorph of bis[diammine-

silver(i)] sulfate—reasons and consequences of simultaneous ammonia release

from two different polymorphs. J. Coord. Chem., 74, 2144-2162, (2021)

4. D. Datz, G. Németh, K.E. Walker, G.A. Rance, Á. Pekker, A.N. Khlobystov,
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L.P. Biró, K. Walker, A.N. Khlobystov, K. Kamarás: Cloaking by π-electrons

in the infrared. phys. stat. sol. (b), 253, 2457-2460, (2016)
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Appendices

In these appendices, I provide additional information which is not necessarily indis-

pensable to understand the main message of my work but gives some further insight

into the details and helps reproducibility.

EFDM equation system

P1 = p1 · C17

P2 = p0 · C26 + p2 · c28 + p0m · C26m + p1m · C27m + p2m · C28m

P3 = P1m · C31m + P2m · C32m + P3m · C33m

Q0 = E0 · U40

Qind = p0 ·B56 + p1 ·B57 + p2 ·B58 +Q0m · A54m +Qindm · A55m + P1m ·B51m +

+P2m ·B52m + P3m ·B53m + p0m ·B56m + p1m ·B57m + p2m ·B58m

p0 = E0 · u60 + P2 · b62 + P3 · b63 + P1m ·B61m + P2m · b62m + P3m · b62m +

+Q0m · b64m +Qindm · a65m + p1m · b67m

p1 = P1 · b71 +Q0 · a74 +Qind · a75

p2 = p0m · b86m + p2m · b88m

P1m = P1 · β

P2m = P2 · β

P2m = P2 · β

Q0m = −Q0 · β

Qindm = Qind · β

p0m = p0 · β

p1m = p1 · β

p1m = p2 · β
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The different coefficients (small and capital letters in the equation system) corre-

spond to the appropriate expressions in table 1 and 2, respectively. u,a and b are

connected to cases #1,2,3 and U,A,B,C to #1,2,3,4 from the tables. The first num-

ber in the subscript denotes the induced charge and the second number marks the

inducer charge. The indices are summarized in tables below.

0 1 2 3 4 5 6 7 8
E0 P1 P2 P3 Q0 Qind p0 p1 p2

0m 1m 2m 3m 4m 5m 6m 7m 8m
E0m P1m P2m P3m Q0m Qindm p0m p1m p2m

By solving the equation system one can acquire the effective dipole moment of the

tip-nanoparticle-sample system as peff = −2Q0L−QindL+P1+P2+P3+p0+p1+p2.

Dielectric data

Here I provide the Drude or Lorentz oscillator parameters to describe various exci-

tations that were used in the main text for demonstrational or study purposes. The

dielectric functions (ε(ω) = ε1 + iε2) that were used are written in the from:

ε(ω) = ε∞

(
1 +

∑
j

ω2
p,j

ω2
0,j − ω2 − iγjω

−
ω2
p

ω2 + iγ0ω

)

The parameters for the dielectric function of SiC and an arbitrary semiconductor

material to calculate the fresnel reflection coefficient plotted in 7.1 (a) and (b) re-

spectively, are given in the table below. In the case of SiC only the Lorentz term is

used, and in the case of the semiconducting material only a Drude contribution was

taken into account, as 9

SiC Drude semicond.

ε∞ ωp ω0 γ ε∞ ωp γ

6.56 552.9 797 5.9 1 1000 100

Additionally, phonon resonances can also be described in the form:

ε(ω) = ε∞

(
1 +

ω2
LO − ω2

TO

ω2
TO − ω2 − iγω

)
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These oscillator parameter of SiO2 and hBN are very important to calculate the

results in section 7. hBN is a highly anisotropic crystal with different in-plane and

out-of-plane dielectric properties. Both components of its dielectric function are

listed in the following table together with the parameters used for the silica.

Silica hBN (TM) hBN (TE)

ε∞ ωTO ωLO γ ε∞ ωTO ωLO γ ε∞ ωTO ωLO γ

1.89 1071 1184 30 4.87 1370 1610 5 2.95 780 830 4

Unit conversion

For the sake of convenience, multiple types of unit were used in different formulas

throughout my thesis. To help the reader to convert these units to each other, I

provide the following table.

eV cm-1 µm THz

eV 1 8065.54429 1.23984 241.79893

cm-1 1.24·10−4 1 10000 0.01998

µm 1.23984 10000/µm 1 299.78

Thz 4.14·10−3 33.35641 299.78 1
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List of notations and acronyms

The following notations are commonly used in the thesis:

k - wavevector

λ - wavelength

ν - wavenumber

ω - frequency

c - speed of light, or path difference between the direct and reflected radiation

Φ - angle of incidence

q - in-plane momentum

n - index of refraction or oscillation harmonic index

Ω - tip oscillation frequency

p - electric dipole

Q - electric monopole

α - polarizability

β - electrostatic reflection factor

ε - dielectric function

H - tip-sample separation

R - tip’s apex radius

A - tip oscillation amplitude

σ - scattering coefficient

r - Fresnel reflection coefficient

γ - oscillator damping

σ(ω,EF ) - optical conductivity

EF - Fermi level

N - depolarization factor

νp - plasma frequency (in cm-1)

νTO, νLO - Transverse and longitudinal optical phonon frequency

λp - polariton wavelength

G - Luttinger-liquid interaction parameter

g - coupling strength

ΩR - Rabi splitting

P (q, ω) - theoretical dispersion map
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The following acronyms are commonly used in the thesis:

s-SNOM - scattering-type Scanning Near-field Optical Microscopy

CNT - carbon nanotube

SWCNT - single-walled carbon nanotube

CNTFET - carbon nanotube field-effect transistor

SEM - scanning electron miroscopy

TEM - transmission electron microscopy

NiAcAc - Ni(II) acetylacetonate

PDM - point dipole model

FDM - finite dipole model

EFDM - extended finite dipole model

AFM - atomic force microscopy

hBN - hexagonal boron nitride

TMDC - transition metal dichalcogenides

RPS - reflection phase shift

FFT - Fast Fourier transform

LPPhP - Luttinger-liquid plasmon-phonon polaritons
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[181] P. Törmä and W. L. Barnes. “Strong coupling between surface plasmon po-

laritons and emitters: a review”. Rep. Prog. Phys. 78.1 (2015), p. 013901.

[182] I. Epstein et al. “Far-field excitation of single graphene plasmon cavities with

ultracompressed mode volumes”. Science 368.6496 (2020), pp. 1219–1223.

[183] S. Huang et al. “Ultrasmall Mode Volumes in Plasmonic Cavities of Nanoparticle-

On-Mirror Structures”. Small 12.37 (2016), pp. 5190–5199.

[184] C. Huck et al. “Strong coupling between phonon-polaritons and plasmonic

nanorods”. Opt. Express 24.22 (2016), pp. 25528–25539.

[185] H. Memmi et al. “Strong Coupling between Surface Plasmon Polaritons and

Molecular Vibrations”. Phys. Rev. Lett. 118.12 (2017), p. 126802.

[186] A. Shalabney et al. “Enhanced Raman Scattering from Vibro-Polariton Hy-

brid States”. Angew. Chem. Int. Ed. 54.27 (2015), pp. 7971–7975.

[187] S. De Liberato, C. Ciuti, and C. C. Phillips. “Terahertz lasing from inter-

subband polariton-polariton scattering in asymmetric quantum wells”. Phys.

Rev. B 87.24 (2013), p. 241304.

[188] A. Thomas et al. “Tilting a ground-state reactivity landscape by vibrational

strong coupling”. Science 363.6427 (2019), pp. 615–619.

[189] J. del Pino, J. Feist, and F. J. Garcia-Vidal. “Signatures of Vibrational Strong

Coupling in Raman Scattering”. J. Phys. Chem. C 119.52 (2015), pp. 29132–

29137.

[190] S. Wang et al. “Logarithm Diameter Scaling and Carrier Density Indepen-

dence of One-Dimensional Luttinger Liquid Plasmon”. Nano Letters 19.4

(2019), pp. 2360–2365.

[191] S. Wang et al. “Metallic Carbon Nanotube Nanocavities as Ultracompact

and Low-loss Fabry–Perot Plasmonic Resonators”. Nano Letters 20.4 (2020),

pp. 2695–2702.

[192] S. Wang et al. “Nonlinear Luttinger liquid plasmons in semiconducting single-

walled carbon nanotubes”. Nature Materials 19.9 (2020), pp. 986–991.

127



[193] P. L. McEuen et al. “Disorder, Pseudospins, and Backscattering in Carbon

Nanotubes”. Phys. Rev. Lett. 83 (24 1999), pp. 5098–5101.

[194] H. Suzuura and T. Ando. “Phonons and electron-phonon scattering in carbon

nanotubes”. Phys. Rev. B 65 (23 2002), p. 235412.

[195] T. Ando, T. Nakanishi, and R. Saito. “Berry’s Phase and Absence of Back

Scattering in Carbon Nanotubes”. Journal of the Physical Society of Japan

67.8 (1998), pp. 2857–2862.

[196] P. Vasa et al. “Real-time observation of ultrafast Rabi oscillations between

excitons and plasmons in metal nanostructures with J-aggregates”. Nature

Photonics 7.2 (2013), pp. 128–132.

[197] S. Wang et al. “Gate-tunable plasmons in mixed-dimensional van der Waals

heterostructures”. Nature Communications 12.1 (2021), p. 5039.

[198] D. Chandler-Horowitz and P. M. Amirtharaj. “High-accuracy, midinfrared

(450cm-1≤ ω ≤ 4000cm-1) refractive index values of silicon”. J. Appl. Phys.

97.12 (2005), p. 123526.

[199] M. K. Gunde. “Vibrational modes in amorphous silicon dioxide”. Physica B:

Condensed Matter 292.3 (2000), pp. 286–295.

[200] S. Dai et al. “Tunable phonon polaritons in atomically thin van der Waals

crystals of boron nitride”. Science 343.6175 (2014), pp. 1125–1129.

[201] R. A. Shelby, D. R. Smith, and S. Schultz. “Experimental Verification of a

Negative Index of Refraction”. Science 292.5514 (2001), pp. 77–79.

[202] A. V. Kildishev, A. Boltasseva, and V. M. Shalaev. “Planar Photonics with

Metasurfaces”. Science 339.6125 (2013), p. 1232009.

[203] N. Yu and F. Capasso. “Flat optics with designer metasurfaces”. Nature

Materials 13.2 (2014), pp. 139–150.

[204] Z. Jacob, I. I. Smolyaninov, and E. E. Narimanov. “Broadband Purcell effect:

Radiative decay engineering with metamaterials”. Appl. Phys. Lett. 100.18

(2012), p. 181105.
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