
Tip-enhanced near-field optical microscopy: from
symmetry selectivity to single molecule sensitivity

D I S S E R T A T I O N

zur Erlangung des akademischen Grades

doctor rerum naturalium (Dr. rer. nat.)
im Fach Physik

eingereicht an der
Mathematisch-Naturwissenschaftlichen Fakultät I

Humboldt-Universität zu Berlin

von
Herr Dipl.-Phys. Corneliu Catalin Neacsu

Präsident der Humboldt-Universität zu Berlin:
Prof. Dr. Dr. h.c. Christoph Markschies

Dekan der Mathematisch-Naturwissenschaftlichen Fakultät I:
Prof. Dr. Lutz-Helmut Schön

Gutachter:
1. Prof. Dr. Thomas Elsässer
2. Prof. Dr. Markus B. Raschke
3. Prof. Dr. Oliver Benson
eingereicht am: 28. April 2008
Tag der mündlichen Prüfung: 18. July 2008



La steaua care-a răsărit
E-o cale-atât de lungă,

Că mii de ani i-au trebuit
Luminii să ne-ajungă.

La steaua, Mihai Eminescu (1886)



Abstract

This thesis describes the implementation of scattering-type near-field optical micros-
copy (s-SNOM) for linear and nonlinear optical imaging. The technique allows for
optical spectroscopy with ultrahigh spatial resolution on the order of few nanometers.
New results on the microscopic understanding of the imaging mechanism and the em-
ployment of s-SNOM for structure determination at solid surfaces are presented.
The method relies on the use of metallic probe tips with apex radii of only few

nanometers. The local-field enhancement and its dependence on material properties
are systematically investigated. The plasmonic character of Au tips is for the first
time identified and its importance for the optical tip-sample coupling and subsequent
near-field confinement are discussed. The experimental results offer valuable criteria in
terms of tip-material and -structural parameters for the choice of suitable tips required
in s-SNOM.
An apertureless near-field optical microscope is developed for tip-enhan-ced Raman

spectroscopy (TERS) studies. The principles of TERS and the overwhelming role of
the tip plasmonic behavior together with clear distinction of near-field Raman signa-
ture from far-field imaging artifacts are described. TERS results of monolayer and
submonolayer molecular coverage on smooth Au surfaces are presented. Near-field Ra-
man enhancement factors of up to 109, corresponding to field enhancements of up to
130 are obtained, allowing for Raman detection down to the single molecule level.
Second harmonic generation (SHG) from individual tips is investigated. As a par-

tially asymmetric nanostructure, the tip allows for the clear distinction of local surface
and nonlocal bulk contributions to the nonlinear polarization and the analysis of their
polarization and emission selection rules. With SH response being generated only
at the tip apex, the local-field enhancement factor is estimated for bare tips. Tip-
enhanced SH microscopy and dielectric contrast imaging with high spatial resolution
are demonstrated. With its symmetry selectivity, SHG couples directly to the ferroelec-
tric ordering in materials, and in combination with scanning probe microscopy can give
access to the morphology of mesoscopic ferroelectric domains. Using a phase-sensitive
self-homodyne SHG s-SNOM imaging method, the surface topology of 180◦ intrinsic
domains in hexagonal multiferroic YMnO3 is resolved.

The present work demonstrates the s-SNOM versatility. Its combination with time-
resolved optical spectroscopy is possible over a broad frequency range.
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Zusammenfassung

Die vorliegende Arbeit beschreibt neue Entwicklungen im Verständnis und in der Um-
setzung der aperturlosen, optischen Nahfeldmikroskopie (scattering - type scanning
near-field optical microscopy, s-SNOM) für die lineare und nichtlineare optische Bild-
gebung mit ultrahoher Auslösung und Empfindlichkeit.
Die fundamentalen Mechanismen, die der Feldverstärkung am Ende von ultraschar-

fen metallischen Spitzen zugrunde liegen, werden systematisch behandelt. Die plasmo-
nischen Eigenschaften der Spitze wurden erstmalig beobachtet, und ihre Bedeutung für
die optische Kopplung zwischen Spitze und Probe sowie für die sich ergebende Einen-
gung des Nahfeldes wird diskutiert. Aus den experimentellen Ergebnissen ergeben sich
wertvolle, die Struktur und das Material betreffende Kriterien für die Wahl geeigneter
Spitzen für die Nahfeldmikroskopie.
Ein aperturloses Nahfeldmikroskop für die spitzenverstärkte Ramanspektroskopie

(tip-enhanced Raman spectroscopy, TERS) wurde entwickelt. Die Grundlagen der
TERS und die wesentliche Rolle des plasmonischen Verhaltens der Spitze sowie die
klare Unterscheidung von Nahfeld-Ramansignatur und Fernfeld-Abbildungsartefakten
werden beschrieben. TERS-Ergebnisse, die bei einer molekularen Bedeckung von ma-
ximal einer Monolage auf glatten Gold-Oberflächen erzielt wurden, werden vorgestellt.
Nahfeld Raman Verstärkungsfaktoren von bis zu 109 wurden erreicht, was einer Feld-
verstärkung von bis zu 130 entspricht und Raman-Messungen bis auf Einzel-Molekül-
Niveau ermöglichte.
Die optische Frequenzverdopplung (second harmonic generation, SHG) an einzelnen

Spitzen wurde untersucht. Aufgrund ihrer teilweise asymmetrischen Nanostruktur er-
lauben die Spitzen eine klare Unterscheidung von lokalen Oberflächen und nichtlokalen
Volumenbeiträgen zur nichtlinearen Polarisation sowie die Analyse ihrer Polarisations-
und Emissions-Auswahlregeln. Da die Frequenzverdopplung nur am Ende der Spitzen
stattfindet, kann der Feldverstärkungsfaktor für einzelne Spitzen abgeschätzt werden.
Die spitzenverstärkte Frequenzverdopplungs-Spektroskopie und die räumlich hoch auf-
gelöste Abbildung auf Basis des dielektrischen Kontrasts werden demonstriert. Auf-
grund ihrer Symmetrieempfindlichkeit koppelt die Frequenzverdopplung direkt mit der
ferroelektrischen Ordnung in der Probe und kann daher in Verbindung mit der Ras-
tersondenmikroskopie die Morpholgie von mesoskopischen ferroelektrischen Domänen
aufklären. Mit Hilfe einer phasen-sensitiven, Selbst-homodyn-Frequenzverdopplungs-
s-SNOM-Abbildungsmethode kann die Oberflächen-Struktur der intrinsischen 180◦-
Domänen im hexagonal multiferroischen YMnO3 aufgelöst werden. Prinzipiell ist die
gleiche Technik auch für Materialien mit einer beliebigen Orientierung der Domänen
anwendbar, und sie erlaubt sogar die Abbildung von gleichzeitig existierenden ferro-
elektrischen und magnetischen Domänen in Multiferroika.
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1 Introduction

The optics on mesoscopic length scales is concerned with the study of phenomena occurring
in structures with at least one dimension on roughly between 1 and 100 nmi. This nanoscale
is unique because here the properties of bulk materials meet the properties of atoms and
molecules. Furthermore, at the nanoscale the chemical and physical properties of materials
change, evident when they (i) are dependent on the finite size of the structure, (ii) might
be dominated by particular interfacial effects, and (iii) exhibit properties due to a limited
number of constituents. For example, the electronic and optical properties of quantum
dots, quantum wires and quantum wells are dictated by a quantum confinement effect.
This manifests as a change in the energy spectrum from continuous to discrete when the
diameter of the particle is on the same order of magnitude as the wavelength of the wave
function of electrons [1].

The ability to resolve, image, identify and investigate samples down to the atomic/mole-
cular level is of central importance in a wide variety of scientific disciplines and emerging
technologies. The combination of optical microscopy and spectroscopy is highly desirable
for spatially resolving spectral features, which would give new insights into the fundamental
microscopic physics. Reaching the above goals is highly dependent on two vital parameters:
sensitivity and spatial resolution.

1.1 Spatial resolution in far-field optics

Image formation in a classic (far-field) microscope is achieved by specimen illumination
using a plane wave. The light scattered by the object is then collected by transmission or
reflection and focused on a detector. The lens is situated more than several wavelengths
away from the object, in the optical far-field. The highest achievable spatial resolution in
such an optical system is determined by the wave nature of light, which manifests itself in
diffraction. According to the Rayleigh criterion, two objects are just resolved if the two
central diffraction peaks are separated by at least their half-width [2]. Abbe showed that
the smallest distance between objects that can still be spatially resolved is given by [3]:

dmin ∼
0.61λ
n sin θ , (1.1)

where λ is the wavelength of the incident light, n is the refraction index of the embedding
medium and θ is the half-angle subintended by the object and the lens [4]. The factor nsinθ
defines the numerical aperture (NA) of the imaging instrument. Hence, the resolution of

i The prefix nano is derived from the Greek νανoζ and it means dwarf. It is used in the SI system of
units denoting a factor of 10−9, e.g., one nanometer represents one billionth of a meter.
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1 Introduction

an optical microscope is fundamentally limited to about half of the wavelength of incident
light.

Different far-field techniques were developed in order to further stretch the spatial reso-
lution. In immersion-lens microscopy and 4π-microscopy the NA is extended by a large
refraction index n and large acceptance angle θ, respectively [5]. Confocal microscopy
has become an established tool for material characterization [6, 7], and in conjunction
with Raman and fluorescence spectroscopy, this technique provides sensitivity down to the
single molecule level. In dark-field microscopy individual objects much smaller than the
wavelength of light can be imaged by making use of the scattered light (Mie scattering).
The invention of pulsed laser radiation propelled the field of nonlinear optics: multiphoton
microscopy, second-harmonic and third-harmonic generation, coherent anti-Stokes Raman
scattering are extremely important for visualizing processes with high spatial resolution.
Besides nonlinear interactions, it has also been demonstrated that saturation effects (e.g.,
stimulated depletion) can be applied to achieve arbitrary spatial resolution [8]. However,
for most applications the desired spatial resolution often exceeds the one attainable through
far-field optical methods.

1.2 Near-field optical microscopyii

In 1928, E. H. Synge introduced the concept of ultra-microscopy [14], based on the discovery
of evanescent light by Sir Isaac Newton by frustrated total internal reflection in his "two
prisms experiment" [15]. Synge’s idea was to illuminate the sample through a subwavelength
aperture brought close to the sample (Fig. 1.1 b). The light passing through the aperture
illuminates only a sample area comparable with the aperture opening (and thus, smaller
than the diffraction limit). By raster-scanning the aperture above the sample while the
proximity is preserved, a point-by-point image can be recorded. The resolution is dictated
by the aperture size and the distance between the aperture and the sample, rather than
the diffraction limit.

The need for very small apertures (<10−7 m) and controllable sample-aperture distance on
the nanometer lengthscale was not possible at the time when the concept was introduced
(see facsimile in Fig. 1.1 a). The first near-field experiments were performed by Ash and
Nichols, with incident radiation in the microwave spectral range [16].

It was the invention of the scanning probe techniques (e.g., STM, AFM) which allowed for
the implementation of Synge’s idea at optical frequencies [17]. In this modern version of
Synge’s microscope, the end of a tapered optical fiber forms the subwavelength aperture. A
near-field optical image with spatial resolution beyond Abbe’s limit can be recorded when
scanning the fiber over the sample surface [18, 19, 20, 21]. The technique is called scanning
near-field optical microscopy (SNOM).

There are several modi operandorum employed in SNOM, depending on the position of the
iiA detailed review of the theory and physics of near-field imaging is not the subject of the present work. For

an in-depth analysis the reader is referred to several reviews [9, 10, 11, 12, 13] (and references therein).
Specific aspects of relevance for the present study are offered in the subsequent chapters, together with
the results.
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1.2 Near-field optical microscopy

Figure 1.1: a) Facsimile from the original paper of E.H. Synge showing the difficulties he saw in
realizing his idea. b) Conceptual illustration of Synge’s idea.

probe with respect to the sample: (i) the collection mode, where the sample is illuminated in
the far-field region and the near-field is collected through the aperture, (ii) the illumination
mode where the incident light is through the fiber and the optical response is detected in
the far-field, and (iii) the illumination-collection mode as a combination of the two previous
modes.

Aperture-based near-field microscopes are confronted with a number of difficulties, such
as the attenuation of the fields as the aperture opening diameter d is reduced below the
wavelength dimensions. The light throughput falls off as (d/λ)4 when d << λ, resulting in
a rather low efficiency (10−3-10−5) [22]. Increasing the diameter d would result in a higher
sensitivity, but at the expense of spatial resolution, and therefore a trade-off must be made
between the two limiting factors.

1.2.1 Scattering-type near-field optical microscopy

An elegant way to surpass the above difficulties is offered by the scattering-type scanning
near-field optical microscope (s-SNOM) where the aperture-tip is replaced by a nanoscopic,
in general metallic tipiii [23, 24, 25, 26]. Here, the incident light is focused onto the tip-
sample gap, and the tip acts primarily as a local scatterer which partially converts the
evanescent waves into propagating radiation, which is then is detected (Fig. 1.2). The
spatial resolution is independent of the incident light wavelength, and is given by the
tip-apex radius alone. By raster scanning the sample, spatially resolved optical mapping
with nanometer resolution can be obtained simultaneously with the topography in atomic
force microscopy (AFM) or surface electronic properties in scanning tunneling microscopy
(STM). The main experimental schemes employed for s-SNOM are (i) the axial illumination
and/or detection which allows for higher NA but in general requires transparent samples
or substrates [27, 28], and (ii) the epi-illumination and -detection geometry which allows
for a greater flexibility in the selection of light polarization and k-vector as well as the use
of non-transparent samples [29, 30].
iiiAs alternative denomination for s-SNOM, apertureless near-field optical microscopy is frequently used.
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1 Introduction

Figure 1.2: Conceptual schematics of the s-SNOM arrangement. The incident light is focused onto
the tip-sample gap and the tip-scattered and -enhanced response is detected.

Under appropriate incident polarization conditions and the use of suitable tip materials
and geometries, the localized electromagnetic field at the tip apex regioniv can be strongly
enhanced with respect to the incident field, and thus providing a nanoscopic light source.
The origins of the field enhancement are attributed to the singular behavior of the electro-
magnetic field, akin to the lightning rod effect [33]. In addition, the spatial confinement
allows for possible excitation of localized surface plasmon-polaritons (tip-plasmons) for cer-
tain tip materials, leading to a resonant enhancement of the local field at the driving laser
frequency and thus for greater sensitivity and contrast [12]. Therefore, the tip is used as
an active probe which concentrates and enhances the incident radiation into the tip-sample
gap and simultaneously serves as efficient scatterer, in a similar way to electromagnetic
antennas [34].

With its virtues of spatial resolution down to a few nm, ultrahigh sensitivity and access
to a broad frequency range, s-SNOM represents a powerful technique for material char-
acterization. In combination with optical spectroscopy, it provides chemical specificity on
the nanoscale, with information on a single and chosen emitter, spectroscopically and to-
pographically resolved. All-optical resolution down to just several nanometers has been
achieved for linear scattering in the visible [26, 35, 36] and infrared (IR) spectral regions
[37, 38, 39, 40]. Processes as two-photon fluorescence [36], second harmonic generation
[41, 42, 43] and vibrational Raman spectroscopy [27, 44, 30] are also successfully employed.

Despite important progress in s-SNOM being routinely reported, there are still a number of
challenges associated with the technique which require special attention and new directions
of development are still open. The performance of s-SNOM critically depends on the
degree of confinement and enhancement of the optical field at the tip apex. for probing
electronic and dielectric properties of a medium by means of the aforementioned technique,
the spectral response of the probe tip has to be known [45, 46]. At a fundamental level, a
detailed knowledge of the microscopic mechanisms underlying the enhancement is desirable,
including the role of the plasmonic character of the metallic tips, the nature of the tip-

iv These strong field-gradients have been previously proposed and used for whisker diodes or optical nan-
otweezers [31, 32].
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1.2 Near-field optical microscopy

sample optical coupling and the local field confinement.

From the experimental point of view, the differentiation of true optical contrast from to-
pographic imaging artifacts is in general difficult due to the strong dependence of the
scattering efficiency on the tip-sample distance. Furthermore, a clear distinction between
the enhanced near-field response and various far-field artifacts requires the demonstration
of the near-field localization on the lengthscale of the tip apex.

In addition to providing the field enhancement and confinement, and hence sensitivity and
spatial resolution, the tip provides one with its unique spatial symmetry. This has yet
received comparatively little attention. As a result of the mirror symmetry being broken
along the main axis, tapered tips are partially asymmetric (∞mm) nanostructures, and
thus allow for, e.g. the distinction of different sources for second-order polarizations [47].
By proper choice of polarization directions and k-vectors of the incident and detected light,
selection of desired components of the second order susceptibility tensor can be implemented
for nonlinear optical near-field imaging. Similarly, combined with the selection rules of
Raman process, s-SNOM might allow for the determination of crystallographic orientation
on the nanoscale.

5



1 Introduction

The present work is organized as follows:

Chapter 2 is centered around the experimental concepts and techniques. The basic prin-
ciples of the shear-force atomic force microscope (AFM) are discussed, and the setup of
the apertureless near-field optical microscope (s-SNOM) is introduced. This is followed by
the description of the electrochemical etching procedure of ultrasharp metallic tips. The
various light sources and optical signal detection schemes used for the experiments are
presented.

Chapter 3 is devoted to the characterization of the optical properties of metallic tips.
Their plasmonic resonant behavior in the degree of local field enhancement at the tip
apex is experimentally identified for the first time. The fundamental processes leading to
local field enhancement, confinement and the tip-sample optical coupling are theoretically
discussed. The experimental findings are found to agree with a theoretical model where
the tip is modeled as a prolate hemispheroid and its relative polarizability is calculated.

Chapter 4 integrates these results in the context of scanning probe Raman spectroscopy
on the nanoscale. Used in conjunction with optical microscopy, the Raman effect may give
access to the intrinsic chemical specificity and spatial heterogeneity and composition of
analytes. The basic principles of tip-enhanced Raman spectroscopy (TERS) are discussed
together with its experimental implementation. After a clear distinction between near-
field character and far-field imaging artifacts in the Raman response is made, tip-enhanced
near-field spectra of monolayer and sub-monolayer of molecular adsorbates on smooth Au
surfaces are presented. Near-field Raman enhancement factors of up to 109 are experimen-
tally found and compared with theoretical simulations. This high sensitivity allowed for
the detection of TERS response with single molecule sensitivity.

In chapter 5 the optical characterization of metallic tips is extended to nonlinear optics
by means of second harmonic generation (SHG) from the tip apex region. As a partially
asymmetric nanostructure the tip allows for the distinction of otherwise inseparable local
surface and nonlocal bulk second-order polarizations. Selection rules for SH emission from
tip apex are found and implemented for tip-enhanced second harmonic microscopy, allowing
for nonlinear optical imaging with ultrahigh spatial resolution. Phase-sensitive SHG s-
SNOM is employed for surface topology imaging of the intrinsic 180◦ ferroelectric domains
in single crystalline YMnO3.

Chapter 6 summarizes the work and identifies new and promising extensions of the tip-
enhanced near-field optical microscopy and spectroscopy.

6



2 Experimental setup

The present chapter describes the experimental technique used, covering the general con-
cepts common to all the experiments performed. Issues concerning experimental elements
and arrangements specific to the experiments on linear spectroscopic characteristics of the
metal tips, the scanning-probe Raman spectroscopy and the second-harmonic imaging of
ferroelectric nano-domains will be described later in the respective chapters together with
the results.

The room temperature scanning probe near-field optical microscope is based on a home-
built atomic force microscope (AFM) [48, 17] using the shear-force distance control mech-
anism [49, 50, 51]. As scanning probes we use electrochemically etched metal tips [52].

The optical studies are performed by focusing a laser beam onto the tip-sample gap region,
and detecting the scattered signal in an epi-illumination and detection geometry. The
side-on illumination of the tip has the main advantages of also allowing for the study of
nontransparent samples and flexibility in the selection of the polarization and k-vector. In
order to maintain constant illumination conditions at the tip apex, the sample – rather
than the tip – is scanned. A diagram of the experimental setup is shown in Fig. 2.1.

7



2 Experimental setup

Figure 2.1: Experimental setup for the tip-enhanced near-field experiments. The incident light
beam is focused onto the tip-sample gap using a long working distance microscope
objective and the back-scattered signal is detected. A CCD camera is employed in
order to better control the focusing conditions. The polarization direction of incoming
and scattered light is varied by means of waveplates and polarizers, respectively.

8



2.1 The shear-force atomic-force microscope

2.1 The shear-force atomic-force microscope

For the purpose of the experiments described in the present work a shear-force AFM is used.
This approach provides us with a number of advantages. Unlike the dynamic cantilever
AFM methods, the distance between the tip and the sample is kept constant and small, and
thus the sample surface is continuously subject to the strong optical near-field enhancement
localized around the tip apex. The interaction forces between the tip and the sample are
much smaller than in the case of contact AFMs. If for the latter the typical forces are on
the order of 10 - 100 nN [53, 54], for shear-force based AFMs they are smaller than 100 pN
[51, 55, 56]. Furthermore, the shear-forces are relatively long range (up to 25 nm) [57], and
therefore tip-sample physical contact can be avoided, making it a non-destructive imaging
technique for the scanning probe. This non-contact operation is also important in the
context of the tip-enhanced Raman experiments described in Chapter 4, where the contact
would lead to the contamination of the tip with the analyte adsorbed on the sample.

The shear-force damping and distance control mechanism were introduced by Betzig et
al. [49] and Toledo-Crow et al. [50]. They found that the vibration of a tip in a direc-
tion parallel to the sample surface is damped at sub 25 nm tip-sample separation. This
effect is the foundation of shear-force AFM. It found widespread applications especially in
conventional near-field optical microscopy using tapered fiber tips (e.g., [58]).

Despite that practical success, the details of the shear-force damping mechanism are still
not fully understood [10]. Van-der-Waals forces [59] were discussed as possible explanations
of the origin of the shear-force. Later, other models were proposed, e.g. the non-linear
bending force model which considers the transfer of the energy of a vibrating probe to the
sample due to elastic collision [60], or the dry contact friction model for vacuum or low
temperature conditions when the tip is in mechanical contact with the sample surface [61].
For the latter conditions experiments showed that the force depends strongly on the sample
properties [62, 63]. The role of Coulomb forces was also emphasized [64].

It was suggested [51, 65] that a tip oscillating along a parallel direction with respect to
the sample surface behaves as a damped harmonic oscillator which experiences viscous
damping from a thin water layer on the surface of the sample [65, 66, 67, 68, 69, 70, 71].
When the tip is close to the surface (10-20 nm) the liquid film becomes confined [72, 73]
and new dynamic behavior emerges. This gives rise to a viscoelastic shear-force [74], which
can be described as a force with an elastic and a dissipative component [75].

The equation describing the driven harmonic oscillation with damping of the lateral tip
motion x(t) is [76, 77]:

m
∂2x(t)
∂t2

+mγ
∂x(t)
∂t

+mω2
0x = Fsin(ωt) (2.1)

where m is the effective oscillator mass, γ is the damping coefficient and ω0 = 2πf0 is the
resonance frequency of the system. F is a driving force which is, for example, supplied by
a dither piezo element attached to the tuning fork. The solution of equation 2.1 has the
form:

x(t) = A(ω,Q)sin(ωt+ ϕ) (2.2)

9



2 Experimental setup

with the amplitude A(ω) being a Lorentzian-shaped function of the frequency:

A(ω) = F/m√
(ω2

0 − ω2)2 + γ2ω2
(2.3)

Here, we use quartz crystal tuning forks as mechanical resonators. They were originally
developed for time-standards in quartz watches. The used tuning forks (part # 78D200,
Bürklin OHG) have the resonance frequency at 32768 (i.e., 215) Hz. The quality factor
Q can be defined as Q = f0/∆f , where ∆f is the full frequency width at half maximum
(FWHM) of the amplitude curve corresponding to γ [78]. Having a high quality factor
translates into high sensitivity [51]. With Q-factors on the order of 103− 104 when used in
ambient conditions, forces down to the pN range can be detected [79]. It has to be noted,
however, that very high Q-values (Q > 104) would require slow scanning velocities due to
the damping time constant τ = 2Q/ω0 ≥ 1s [80].

For our purposes the metal case encapsulating the fork is removed. The tip is then glued
along one prong of the fork, using a UV curing glue (Norland Optical Adhesive 81, Norland
Products Inc.). The length of the tip protruding the fork-end is about 0.3 mm. It is
important to keep this length as short as possible to avoid the oscillation of the tip itself
at its resonance frequency.

Both prongs of the tuning fork are coupled through surface metallic electrodes (pads A
and B in Figure 2.2, respectively) which serve as a pickup for the piezoelectric signal. The
layout of the electrodes ensures that only movements of the prongs relative to each other
can be detected. Two contact pins attached to the electrodes hold the fork onto a plastic
socket.

In order to excite the mechanical resonance of the fork, the socket is attached to a ceramic
piezoelectric element (PL055.20, Physik Instrumente GmbH, maximum displacement 2.2
µm at 100 V). This serves as a dithering element, giving rise to a tip-oscillation parallel
to the surface. The tip-sample distance regulation detection scheme is based on the piezo-
electric properties of the quartz crystal [57, 81]. The piezoelectric signal acquired from the
tuning fork is on the order of 1µV to 1 mV. It is amplified using a home-made differential
voltage preamplifier with an amplification factor of 1000 (two stages: LT1101 from Linear
Technology, gain 100; OP27G from Texas Instruments Inc., gain 10). The preamplifier is
connected to the tuning fork using short electrical wires in order to diminish capacitive
load and leakage of long connection cables [82]. For finding the resonance frequency we use
lock-in detection. Experimentally this is done by using the Easy PLL FM Detector and
Sensor Controller (Nanosurf AG) operated in the "Self-Oscillating mode". The excitation
frequency provided by an incorporated function generator is swept through a wide range
(10 - 40 KHz, 5.5 mHz resolution) while the excitation amplitude is kept constant. The
piezoelectric tuning fork signal is measured using a lock-in technique synchronous with the
dither frequency.

With the gold tip attached, the resonance frequency ω0 of the tuning fork shifts to lower
frequencies (typically 29-32 kHz), due to the weight of the tip and corresponding to the
asymmetric loading of the tuning fork. The quality factor decreases to typical values of
less than 1000. A measured resonance curve (circles) with Q = 780 is shown in the inset
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2.1 The shear-force atomic-force microscope

Figure 2.2: Left panel: Schematic of quartz tuning fork fixed rigidly inside a socket having the
dither piezo and the z-piezo attached; on one of the tuning fork’s prongs a Au tip
is glued. Right panel: Typical force-distance curve for quartz tuning fork - metal
tip system. The 0 distance is defined as being into the surface plane of the sample;
inset: representative resonance curve for quartz tuning force with tip, with ω0 = 30.074
KHz and Q= 780. The experimental data (circles) are fitted with a lorentzian-shaped
function (line).

of the right panel of Fig. 2.2, together with a lorentzian-shape fit (solid line), according to
Eq. 2.3.

The damping of the oscillation increases with increasing force between the tip and the
sample. This can be seen in Fig. 2.2 (right panel) where the amplitude of the oscillation is
damped to almost 0 when the tip is in physical contact with the sample. Its monotonous
behavior allows for the oscillation amplitude to be used as distance control parameter.

With apex radii of the tips as small as 10 nm and hence very sensitive to any mechanical
contact, the tip-sample distance control is one of the main issues in the good functioning
of a s-SNOM. As in other types of scanning-probe techniques, an active feed-back loop is
required. It has to keep the tip close to the sample (within few nm) while avoiding any
possible contact between tip and sample surface. It also needs to allow for smooth tip
approaches and respond fast enough to enable the scanning of the tip above the surface
topography. For this purpose a home-built PID (Proportional/Integral/Differential) elec-
tronic feedback loop acting on a z-piezo actuator (PL055.20, Physik Instrumente GmbH,
maximum displacement 2.2 µm at 100 V) is implemented. A single-channel low-voltage
piezoelectric amplifier (E-660, Physik Instrumente GmbH) controls the z-piezo element.
The excitation frequency and amplitude are kept constant and the amplitude response of
the sensor is measured. While in feed-back, the vertical stability of the tip with respect to
the sample is within 1 nm.

The sample is positioned on a small magnetic holder (7 x 7 x 2 mm) glued onto the piezo
scanner. The latter is a piezoelectrically driven multi-axis (100 x 100 x 20 µm) nano-
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2 Experimental setup

positioning linearized stage (Piezo Flexure Stage P-517.3CL, Physik Instrumente GmbH).
Its linearized movements are realized in a closed loop operation modus. This is done via a
Position Servo Controller (E-509.X3, Physik Instrumente GmbH), offering a resolution of
less than 1 nm. The controller unit for the scanner is a Computer Interface and Display
Module (E-516 PZT, Physik Instrumente GmbH), operated from the computer via the
IEEE-488 GPIB interface. The voltage amplification necessary for the piezo stages is
achieved through the low voltage (0-100 V) amplifier (E-503, Physik Instrumente GmbH).

The scanner performs line scans of the x axis, and after each line scan the y axis is moved
incrementally. The measurements were always performed in both forward and backward
scan directions (along x axis), hereafter referred to as trace and retrace, respectively. The
two-way scanning is realized in an interleaved manner, i.e., each retrace line is acquired
immediately after the corresponding line of the trace direction. This allows for a better
interpretation of the acquired data. It also enables the discrimination between real signal
change and possible drifts, noise or other signal changes random in time during the scanning.

Figure 2.3: Screen-shot with the wave-like scanning step. The four regions of the motion for one
step (see text) are indicated. The ordinate scale of the figure presents the scanning
step in µm.

Abrupt lateral movements of the sample have to be avoided especially in the case of high
topographic relief. The PID feed-back loop has to respond quickly to vertical sample
variations in order to avoid physical contact between the AFM tip and the surface to
allow the acquisition of an accurate topographic image. For that we implement a smooth
displacement procedure of the piezo stage for each scan step. A wave-like movement was
used for the line scans. This results in a gradual change of the sample position. In Fig. 2.3
one period – equivalent to one scan step– of the wave-like motion is displayed, for a trace
case. The retrace direction motion is the reverse of the one shown here. Each step of the
line scan comprises of 4 regions: the region where the stage is at rests while the optical
data are acquired, the acceleration region where the stage accelerates from 0 to a constant
velocity, the region with constant velocity and the deceleration region where the stage
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2.1 The shear-force atomic-force microscope

Figure 2.4: Topography scan of an Al Fischer pattern. Both trace and retrace images are shown.
Line (blue and red for trace and retrace, respectively) profiles along the scanning di-
rection (x), averaged over 5 consecutive pixels along y, are shown on the right hand
side.

comes back to rest. The determining factor in choosing the scan velocity is the strength of
the optical signal detected. Typically, the experiments were performed on a time-scale of
10-100 ms/step.

Due to the high sensitivity of the system with respect to the tip-sample distance, damping
the low frequency vibrations coupled to the AFM from the surrounding environment (
e.g. building vibrations) is extremely important. The AFM is situated on a optics board
(Newport) which is placed on three vertical stacks composed of alternating Viton rings and
aluminum plates. This suppresses the coupling of vibrations from the environment to the
system. To minimize the influence of air currents the AFM is enclosed inside a plastic box.
The acoustic range vibrations are damped by using an insulating foam on the inner walls
of the box.

Fig. 2.4 shows a typical topographic scan obtained with our shear-force AFM. The sample
is a so-called Fischer pattern, with triangular Al island on glass substrate. A gold tip with
apex radius r ∼ 15 nm is used. Both trace and retrace images are shown. The sample is
scanned with a step of 5 nm in both x and y directions, and the total area is 1280 nm x
700 nm. Thus the image comprises of 256 x 141 pixels. The images presented here are only
corrected for the small tilt of the sample surface with respect to the scanning direction.
The synchronized scan profiles (blue and red for trace and retrace directions, respectively)
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on the right hand side of the figure correspond to the marked lines inside the images. They
are averaged over five consecutive pixels on a direction perpendicular to the scanning lines.
The lateral differences between the two profiles are on the order of one scan step. Vertical
differences of about (1 - 2) nm are visible for a maximum height of ∼ 23 nm. All these
together with the only minor lateral drifts of the sample with time observed, enable us to
use the home-built shear-force AFM for sensitive optical near-field studies.

2.2 Electrochemical etching of metallic tips

The single most important element of the setup is the metallic tip used as scanning probe.
Both the geometrical shape and the material of the tip prove to be of crucial importance
for the near-field optical experiments [83], as will be discussed in Chapter 3.

Since the development of the scanning probe microscopy, many ways of obtaining sharp
metal tips were developed: angle-cutting the metal wire was used in the beginning [84], then
DC or AC voltage electrochemical and milling procedures were considered [52, 85, 86, 87].
For the experiments presented here, we chose a DC voltage electrochemical etching method
for both tungsten and gold tips. It involves the anodic dissolution of the metal wire used
as electrode [88].

In the case of the gold tips, a Au wire with a diameter of φ = 125 µm (purity 99.99% ,
temper as drawn, Advent Research Materials Ltd.) was etched into sharp tips. As etching
solution a 1:1 mixture of hydrochloric acid (HCl, aq. 37%) and ethanol (CH3CH2OH ) was
used. The main chemical reactions driving the etching process are:

Anode : Au+ 4Cl− −→ AuCl−4 + 3e−

Chatode : H3O
+ + e− −→ 1/2H2 +H2O

3H3O
+ +Au+ 4Cl− −→ 3/2H2 +AuCl−4 + 3H2O (2.4)

A schematic of the electrochemical cell used is depicted in Fig. 2.5 panel a). After careful
cleaning in acetone the Au wire is partially immersed (∼ 2-3 mm) into the etching solution.
It serves as anode for the electrical circuit. As the cathode, a platinum wire (φ = 0.3 mm)
circular ring with a diameter of ∼ 1 cm is used. It is disposed around the anode, on the
surface of the solution. The etching occurs when a DC voltage difference is applied between
the Au wire and the Pt ring. The voltage is provided by a DC power supply (Laboratory
Power Supply, Voltcraft) and is set to a value of 2.2V, which was found to give the best
tips. Under these conditions, the etching process takes a few minutes for each tip.

The surface tension of the solution causes a meniscus to form around the wire once it is
placed into the electrolyte. This is shown schematically in Fig. 2.5 panel b). It is primarily
the shape of the meniscus which determines the aspect ratio and overall shape of the tip
[89]. The etching proceeds as a continuous necking of the Au wire, until the lower immersed
wire portion falls off. The remaining upper part of the wire is used as the AFM tip. Since it
still remains in the solution (under the meniscus) after the detaching of the lower part, it is
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2.2 Electrochemical etching of metallic tips

of important to break the electrical circuit as fast as possible. Further etching would result
in blunt tips. A home-built fast cut-off electronic circuit can be used for that purpose. It
is based on a fast 10 ns comparator (LT1016, Linear Technology) followed by a high speed
MOSFET driver (EL7104, Intersil Corporation).

The vertical alignment of the Au wire with respect to the solution surface and the centering
inside the cathode are of major importance. Any deviation gives odd shapes of the tip-
apex. This, together with fresh electrolyte, low vibration and air-draft free environment,
are prerequisites for obtaining good tips.

A telescope (2 bi-convex achromatic lenses, f = 99.6 mm, Astromedia) with a CCD video-
camera are used for a good visualization of the etching process and precise alignment of
the setup. The total magnification (optical + digital) of the system is 40X.

After etching the tips are cleaned in distilled water and stored in isopropanol prior to usage,
to avoid possible contamination from air.

Tips having apex radii as low as 10 nm are obtained with this procedure, as characterized
by electron microscopy (JSM-6400 F Scanning Microscope, JEOL). Only those tips with a
smooth surface and apex radii lower than 30 nm are used for the optical experiments.

The same etching procedure is used for the tungsten tips. A W wire (φ = 200 µm) is
immersed for 2-3 mm in 2M KOH as electrolyte. The counter electrode is a stainless-steal
cylinder centered around the W wire and a 3V DC bias voltage is used.

Representative micrographs of obtained Au and W tips are displayed in Fig. 2.6. The left
hand side panels show the apex area of the tips where the smooth surface and the small
radius can be seen. The right hand side shows a larger region of the tip-shaft. Panels a)
and b) show Au tips with radii r ∼ 10 - 15 nm. The W tip in panel c) of the figure has a

HCl + CH3CH2OH

Pt

cathode

Au

anode

+
-2.2 V

CCD

Au

wirePt 

ring

AuCl4
-

AuCl4
-

a ) b )

Fast

cut-off

Figure 2.5: Schematics of the electrochemical etching cell. a) The Au wire (anode) is immersed
partially into the solution. It is surrounded by the Pt cathode-ring. The etching
process is monitored using a video-camera. b) The etching take place just underneath
the meniscus formed around the Au-wire. The downward flow of AuCl−4 is showed.
For W-tips a similar procedure is used (see text).
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Figure 2.6: Electron-microscope micrographs of electrochemically etched tips. Left panel displays
the tip apex zoom-in region, of the tips shown on the right. a) and b) Au tips, c) W
tip.

radius r ∼ 15 nm.

2.3 Illumination sources and optical signal detection

The apertureless scanning near-field optical experiments were performed in a back-scatter-
ing geometry. The incident laser light is focused onto the tip-sample gap by means of a
long working distance microscope objective with the optical axis at an angle θ ∼= 70◦ with
respect to the tip axis direction as shown in Fig. 2.1. The back-scattered optical signal is
acquired by the same objective and then spectrally filtered and detected.

The nonlinear optical studies were realized using a passively Kerr-lens mode-locked (ML)
Titanium Sapphire Oscillator (Femtosource, Femtolasers Produktion GmbH) [90, 91]. It is
pumped by a an intra-cavity doubled Nd3+:YVO4 laser (Millennia Vs, Spectra Physics).
The pulse duration was measured using interferometric autocorrelation and found to be
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Figure 2.7: Left panel: Spectrum of the Titanium-Sapphire laser working in mode-locked regime.
The center wavelength is λ ≈ 805 nm and the full width at half maximum is
FWHM=105 nm. Right panel: Interferometric autocorrelation of the laser pulse after
the oscillator.

τ=11 fs. The pulses have a repetition rate of 78 MHz. The spectrum is centered around λ
= 805 nm with the full width at half maximum FWHM = 105 nm (Fig. 2.7). The maximum
power in the mode-locked regime was PML = 405 mW (corresponding to a pulse energy
of 5.2 nJ) at a pump power of Ppump= 4.04 W. In continuous wave (CW) operation, the
maximum output power for the same pump power was PCW=760 mW.

Studies using ultrafast laser sources require dispersion control because of the large band-
width of the short pulses [92]. In order to keep the pulse short, mainly reflective optics was
employed, except for the thin air-spaced half-lambda waveplate (B. Halle Nachfl. GmbH).
After being steered by the reflective elements the beam was focused onto the tip-sample gap
using a microscope objective (Nikon CF Plan 20x, ∞/0 Epi SLWD, N.A=0.35, W.D.=20.5
mm).

To account for the severe group delay dispersion (GDD > 2000 fs2) introduced by the
microscope objective, a specially designed (Femtolasers Produktion GmbH) dispersion pre-
compensator was used (shown in Fig. 2.1). It consists of a pair of dispersive "chirped"
mirrors and a pair of thin fused-silica optical wedges (minimum thickness 200 µm, opening
angle 2◦48′). The laser beam is reflected five times onto the surface of each mirror before
passing through the two wedges. Each reflex introduces a negative dispersion of -225 fs2.
The wedges account for fine adjustments of the dispersion [93, 94].

Without the precompensator, the pulse duration in the focus of the microscope objective is
few hundred femtoseconds. With compensation, the pulse duration was τ = 13 fs. For this
measurement a dispersion-balanced Michelson interferometer was inserted into the beam
path, as shown in Fig. 2.8. The second order interferometric autocorrelation was recorded
with a two-photon photodiode (GaAsP) placed in the focal plane of the microscope objective
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Figure 2.8: Interferometric autocorrelation measurement of the laser pulse into the focal plane of
the microscope objective after passing through the specially designed dispersion pre-
compensator. Left panel: scheme of the experimental setup. Right panel: measured
second order interferometric autocorrelation of the laser pulse in the focus of the mi-
croscope objective.

(2-Photon Femtometer, Femtolasers Produktion GmbH). The photodiode has the cut-off
wavelength λ = 550 nm and is sensitive within the range (600 - 1100) nm.

For detecting the optical signal originating from the tip-sample near-field region, two
schemes are employed. One is making use of an avalanche photodiode (APD) (SPCM-200,
EG&G) followed by a single photon counter (SR400 Two Channel Gated Photon Counter,
Stanford Research Systems). After being appropriately filtered, the back-scattered optical
response is focused onto the surface of the APD. The photon counter can be operated both
in gated and non-gated modes and the two acquisition modes are discussed in detail with
the experiments in the corresponding chapters.

For spectroscopic studies, the optical signal is filtered and then focused into multimode
optical fiber (BFH22-200-CUSTOM, Thorlabs GmbH) with a numerical aperture NA=0.22,
and a transmission T≥ 99% throughout the used spectral range. The fiber directs the signal
onto the entrance slit of an imaging spectrometer (Spectra Pro 500i, Ropers Scientific), (see
Fig. 2.1). The latter has a focal length of f=500 mm with three interchanging diffracting
gratings: 150, 1200 and 1800 groves/mm, respectively. An important point into choosing
the appropriate grating for each experiment is the intensity level of the detected signal.
Most of the described experiments were performed using the 150 groves/mm grating. The
dispersed light is then imaged onto a deep depletion N2 cooled charge coupled device (CCD)
camera connected to the exit slit of the spectrometer.

To better control the focusing conditions on the tip apex, a video camera is employed
after the microscope objective. The collimated beam formed by the microscope objective is
focused onto the CCD chip of the camera by means of a tube lens (convex lens, f=100 mm)
and then displayed on a TV monitor. In the case of the infinity corrected objective used
in our experiments the magnifications specified by the manufacturers are for a nominal
tube length of 200 mm. With a tube lens focal length of only 100 mm and an infinity
"afocal" space (defined by parallel light beams in every azimuth between the objective and
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2.3 Illumination sources and optical signal detection

the tube lens) of ∼ 600 mm, the optical magnificationi of the system is ∼ 30X. The digital
magnification is 40X, and the total magnification is then ∼1200X. This is also used to
visualize the coarse approach of the tip to the sample surface.

With the microscope objective at a ∼ 70◦ angle with respect to the sample surface-normal,
it is difficult to distinguish certain regions of interest onto the sample. For that purpose,
an additional color video camera (Sony XC-555, Edmund Optics) was employed. It was
positioned near the sample at an angle of ∼ 30◦ with respect to the surface-normal. It
is used in combination with a small optical microscope (Video Lens VZM-1000, Edmund
Optics) which offers an optical magnification M=8X at a working distance WD=32 mm.

i The calculation holds for angles between the axial and off-axial light flux which obey the small angle
approximation (sinα ' α), as is the case here.
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3 Plasmonic light scattering from nanoscopic
metal tips

The concept of apertureless near-field optical microscopy is based on a number of physi-
cal phenomena such as optical field enhancement and spatial confinement at the tip-apex,
which provide the sensitivity needed for studies on the nano-scale. The optical characteris-
tics of dielectric tips (e.g., tapered glass fiber) have intensely been investigated because of
their importance as probes for scanning near-field microscopy (SNOM) [13]. In contrast,
the optical properties of metallic tips have received comparatively little attention.

In the present chapter, the spectral characteristics of elastic light scattering from individual
sharp metal tips are investigated. Their details are correlated with the tip structural and
material properties and the results are discussed in the context of the local plasmonic
resonant behavior.

3.1 Metallic tips as optical nano-antennas

It is known from microwave engineering that far-field radiation couples effectively to a
receiver if the latter is attached across the feed-gap terminals of an antenna [34]. When the
two are impedance-matched, all of the incident power will couple to the receiver. Therefore,
the design of an optical near-field probe can be viewed a classical antenna problem.

Antennas are structures designed for radiating or receiving electromagnetic waves and
concomitant energy transfer to or from a confined volume [95]. The radio-wave antenna
converts radiation into a local oscillation in its so called feed-gap, the space between the
antenna arms. This near-field region comprises of two zones: the reactive zone is the
closest to the antenna and up to one wavelength λ away from it. Here, the field is highly
concentrated and spatially bound to medium, strongly enhanced over the radiated far-field
intensity. The near-field radiating zone extends from the reactive boundary to a distance
defined as 2D2/λ, where D is the antenna dimension. Here, the average energy density
remains fairly constant at different distances from the antenna [96].

From a theoretical point of view, the simplest antenna is the dipole antenna [97]. Prac-
tically, it is realized as a half-wave (λ/2) dipole antenna formed by two conductors whose
total length is half the wavelength as schematically depicted in Fig. 3.1 a). For a sinusoidal
electrical current traversing the antenna arms, the maximal amplitude of the current I(z)
is at the antenna center.

The size of half-wave dipole can be reduced by replacing the lower half by conducting ground
(Figure 3.1 b), resulting in a quarter wave (λ/4) antenna (first introduced by Guglielmo
Marconi [98]). The conducting ground acts as a mirror and the system radiates only in
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Figure 3.1: a) Schematics of a half-wavelength dipole antenna. b) Schematics of a quarter wave
dipole antenna. One antenna arm is replaced by a ground plane. The current distri-
bution for both antennae has a maximum at the center.

the upper half-space. In this region the emitted field has the same amplitude of the field
radiated by a half-wave dipole fed with the same current.

Currently, much effort is devoted to scaling dimensions down to the optical regime. A
molecule emitting a photon in the optical spectral range corresponds to a point dipole or,
in the antenna theory language, a strongly mismatched antenna with the optical wavelength
of several hundred nm and the sub-nanometer-size molecule. This situation corresponds
to the bare radio wave coaxial cable [99]. In contrast, large efficiency can be obtained
coupling the radiation into a matched, typically half-wave antenna structure. For example,
the excitation rate of a single molecule close to an optical antenna can be strongly increased
due to the local field enhancement [100]. Note that here nonradiative energy transfer to
the metal could impose loss channels [101, 102].

However, whereas for radio waves, a metal can be modeled by a perfect conductor, at
optical frequencies the field can penetrate the material and can be absorbed [103], with
the absorption depending on the frequency of light [104]. Related interests range from
an understanding of the fundamental differences compared to the radio frequency range
[105, 106] to the design and manufacturing of sophisticated device structures [107, 108,
109, 110, 111, 112, 113] for guiding and switching light, optical computing and chemical
and biological sensor applications [114, 115].

Resonant optical antennas combine (i) field line concentration at a local shape singularity,
that is, a gap [38, 27], (ii) optimum impedance matching to freely propagating waves, and
(iii) resonant collective oscillations (plasmons) of the free electron gas in the antenna arms
[116, 117]. One of the most widely used structures in this respect is the tapered tip used
as sensor in scanning probe microscopy.
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3.1 Metallic tips as optical nano-antennas

Figure 3.2: a) Schematics of the dipole-dipole model to describe the tip-sample coupling. b)
|αeff/α| versus tip-sample separation d/r for Au tip (blue) and glass tip (black). Both
have the apex radius r = 20 nm and approach a gold sample.

3.1.1 The dipole-dipole model

Using a simplified model, the tip apex can be treated as a homogeneous sphere of radius r
and dielectric function εt(ω) illuminated by a plane wave E0(ω) (wave vector k) polarized
along the tip axis [118]. Since the apex has a small size compared with the wavelength of
the incident field, the local field distribution can be considered in the quasi-static approxi-
mation. Thus retardation effects are ignored and all the fields in the region of the sphere
oscillate in phase. Note that the optical wavelength dependance is explicitly taken into
account considering the frequency dependence of the dielectric function of the tip material.
The external field E0(ω) induces a dipole pt in the tip according to [39]:

psphere(ω) = α(ω) E0(ω) (3.1)

where α is the quasi-static polarizability. For a small polarizable sphere,

α(ω) = 4πr3 εt(ω)− εm
εt(ω) + 2εm

(3.2)

with εm the dielectric constant of the surrounding medium. The field created by the sphere
is the same as the one of a point-dipole situated in its center.

If the sphere is brought near a ground plane - the surface of the sample used in s-SNOM
experiments ( schematics shown in Figure 3.2 a), it experiences a primary field Ep which
is the sum of the incident field E0 and the Fresnel field reflected by the surface [119]. The
dipole in the tip is now pt(ω) = α(ω)Ep(ω).

The tip-sample distance is d, and the sample is characterized by the dielectric function
εs(ω). The dipole model for the tip can be extended to account for the presence of the
sample by considering the image dipole [120]. This is located at a distance (d + r) inside
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the sample. In the electrostatic limit we only need to solve Laplace’s equation to describe
the system [33].

The field above the surface can be written as a superposition of the fields of two dipoles:
the one of the tip dipole pt, and the one of an image dipole pimage . The image dipole
moment writes:

pimage = εs(ω)− 1
εs(ω) + 1pt (3.3)

with
εs(ω)− 1
εs(ω) + 1 = β (3.4)

being the quasi-static Fresnel reflection coefficient. The total induced dipole moment in
the tip takes the form:

p = α[Ep + Eimage(2r + 2d)] = αeffEp (3.5)

with αeff the effective polarizability of the coupled tip-sample system:

αeff = α

(
1− αβ

16π(r + d)3

)−1
(3.6)

The mutual polarization of the tip and the sample thus enhances the optical near-field
Enf ∝ αeffEp which is subsequently scattered by the tip [121, 122].

If the incident light field is polarized perpendicular to the tip axis, the dipole pt is oriented
parallel to the sample surface. Correspondingly, the image dipole pimage points in the
opposite direction, leading to a partial cancellation of the two [10].

The distance dependence of the tip-sample optical coupling for an incident field polarized
along the tip axis is shown in Fig.3.2 b) for two selected cases: Au tip (blue) and glass tip
(black). Both tips considered have the apex radii r = 20 nm and approach a gold sample.
The calculated absolute value of |αeff/α| is displayed versus tip-sample separation d/r.
The incoming field is polarized parallel with the tip axis and its wavelength is selected
as λ = 530 nm; the dielectric constants for Au and glass are (-5.8106 + 2.1397i) and
2.37, respectively [123]. At this spectral position, the glass presents no loss. The effective
polarizability αeff decays rapidly with increasing tip-sample distance, at separations of
3r being already comparable with the polarizability α of the free sphere subject to the
same incident electric field. The tip is only sensitive to the presence of the sample when
the separation is on the order of the apex radius r or shorter. With the near-field at the
apex decaying on the same length scale in lateral directions [120], this allows for spatial
resolution in the s-SNOM experiments scaling with the apex radius. With tips as sharp
as 10 nm already available, this exceeds the diffraction limit by more than one order of
magnitude in the visible optical range.

As it can be seen, the magnitude of the effective polarizability is highly dependent on the
tip material. For the Au tip it almost doubles due to strong coupling to the Au sample,
while for the glass tip the increase is only on the order of 10% under the same conditions.
In addition, as a nearly free electron metal, Au also allows for plasmonic resonant behavior,
as discussed below.
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3.1 Metallic tips as optical nano-antennas

Likewise, the coupling is dependent on the sample optical properties (εt(ω), and εs(ω),
respectively). The scattering optical response resulting from the tip-sample coupling would
this way allow for e.g., high resolution dielectric contrast. This was already realized in a
number of experiments, both for visible and infrared wavelengths [25, 118, 121, 124, 40, 125].

It has to be said that the dipole-dipole model describe only qualitatively tip-sample cou-
pling. For a quantitative analysis more realistic models would have to be employed, to take
into account effects neglected in the model presented here (e.g., more realistic tip shape,
quadrupole or higher-order dipole contributions, retardation effects) [119, 31, 126, 127]. In
Chapter 4 of the present work the field enhancement at the apex of a hyperbolic tip is
calculated in the context of the tip-enhanced Raman spectroscopic experiments. Both ex-
perimental and theoretical results of field enhancement of the metallic tip in the vicinity of
a sample are published in ref. [126]. There the spatial distribution and spectral character-
istics of the field generated between a Au tip and Au sample when illuminated at an angle
with respect to the tip apex are calculated using a fully-3D finite-difference time-domain
(FDTD) method. The length of the tip is considered, and retardation effects are included.

3.1.2 Field enhancement at the tip apex

Much experimental [27] and theoretical effort (see, e.g., [105, 31, 128, 129] and references
therein) has been devoted to the understanding of the local-field enhancement at sharp
tips or related model structures. When we speak about field enhancement, we intrinsically
refer to the interaction of electromagnetic fields with matter. This interaction is described
by the electrodynamical theory based on the developments of Maxwell’s theory [130, 131].

Calculation of the enhancement factor and the field distribution requires in principle an
exact solution of the Maxwell equations. For particles of nanometric size – much smaller
than the light wavelength – the wave character of the governing equation (the Helmholtz
wave equation for the electric field vector) can be ignored and the field distribution can
be derived through the solution of the Laplace equation for the electric potential with
appropriate boundary conditions [132].

The field enhancement at the apex of a metal tip is due to a twofold effect. The small cur-
vature of the structure leads to a concentration of the field lines, and thus to a nonresonant
field enhancement, purely geometric in origin. This phenomenon is known in electrostatics
as the lightning rod effect. In addition, the interaction of the electromagnetic field with the
metal leads to a periodic displacement of the free electrons on the surface of the metal along
the direction of the oscillating electric field. Depending on both geometrical and material
properties of the tip, resonances can occur for certain frequencies. These so-called surface
plasmon resonances are associated with strong field enhancements.

The frequency dependent complex dielectric function ε(ω) of a material is defined as:

ε(ω) = ε0(1 + χ) + iσ/ω (3.7)

with ε0 the dielectric permittivity of the vacuum and the phenomenological coefficients χ
and σ being the electric susceptibility and conductivity, respectively [103].
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3 Plasmonic light scattering from nanoscopic metal tips

For metals, a simple and efficient phenomenological model was developed by Drude and
completed by Somerfeld with corrections based on the Pauli exclusion principle. According
to this so-called free electron model, many properties of metallic materials can be described
referring to a gas (plasma) of independent, point-like electrons which move freely in between
uncorrelated/random collisions (with other electrons, phonons, etc.). The average collision
rate is γ0 = τ−1, with τ the electron relaxation time. According to the Pauli exclusion
principle, only the electrons near the Fermi level move independently. Band structure
corrections have to be taken into account, and they are incorporated into an effective
electron mass m∗, in general different from the free-electron mass me.

In an external electric field the electrons are accelerated in between collisions resulting
in a drift motion. The frequency-dependent dielectric function ε(ω) of the metal can be
described as:

ε(ω) = 1−
ω2
p

ω(ω + iγ0) = 1−
ω2
p

ω2 + γ2
0

+ i
ω2
pγ0

ω(ω2 + γ2
0)

(3.8)

where ω is the frequency of the applied electric field. ωp is the (bulk) plasma frequency for
the metal:

ωp =

√
ne2

ε0m∗
(3.9)

with e, n and m∗ the electron charge, density and effective mass, respectively.

For Au, the plasma frequency is ωp = 13.8 × 1015s−1 and the average collision rate γ0 =
1.075 × 1014s−1 [10], which results in a negative real part of the dielectric function over
the visible optical wavelength range (Fig. 3.14). One consequence of this is the small
penetration depth - skin depth - of the light inside Au since the negative dielectric constant
leads to a strong imaginary part of the refraction index n =

√
ε. The imaginary part of ε

describes the energy dissipation associated with the electron motion in the metal.

It has to be noted that for a correct description of the optical properties in metals in the
UV-Vis range of the frequency range, the Drude-Somerfeld model has to be supplemented
with the response of bound electrons. This is because higher-energy photons can also
promote electrons of lower-lying bands into the conduction band. In Au - and noble metals
in general - the electrons responsible for these interband transitions originate in completely
filled d-bands situated close to the Fermi level.

Longitudinal density fluctuations (plasma oscillations) can be excited and propagate
through the volume of the metal [133]. The eigenmodes of collective oscillations of the
electrons in metal are described in terms of quasiparticles called plasmon polaritons, a
hybrid of the electron density oscillations in the metal (plasmons) coupled with the elec-
tromagnetic field (polaritons), in the following abbreviated as plasmons. The boundary
conditions for electromagnetic fields lead to different appearance conditions for plasmons
in bulk material, on the metal-dielectric interface and for small metal particles.

By definition, surface plasmons are the quanta of surface-charge-density oscillations. They
are electromagnetic modes bound to a metal-dielectric interface, involving charges in the
metal and electromagnetic fields in both media. The surface plasmons behave as waves
propagating along the surface and the field intensity falls off exponentially in both metallic
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3.1 Metallic tips as optical nano-antennas

Figure 3.3: Particle plasmon excited by an external field of angular frequency ω

and dielectric media.

One of the important results obtained for plasmons at a flat metal-dielectric interface is
the dispersion relation between the wave vector along the propagation direction along the
interface k|| and the frequency ω:

k2
|| =

εmεd
εm + εd

ω2

c2 (3.10)

where εm and εd are the dielectric functions of the metal and dielectric, respectively, and
c is the speed of light in vacuum [133]. The ratio ω/c = kph gives the momentum of the
incident photon.

As long as the dielectric function of the metal is negative, the momentum of surface plas-
mons is larger than the one of plane waves propagating in vacuum (Eq. 3.10). Therefore,
in order to excite surface plasmons, additional momentum is required. This is achieved
in practice using nanostructured metals such as 1D and 2D gratings [134], rough metal
films [135], arrays of subwavelength sized holes [136, 137], or letting the incident light pass
through a high refractive index medium (e.g., prism) [133].

In the case of metallic nanoparticles, we can speak about particle plasmons. Upon inter-
action with the incident light field, the conduction electrons are shifted collectively with
respect to the fixed positive charge of the lattice ions (Fig. 3.3). Consequently, a charge
separation is built which leads to the appearance of a restoring force.

The latter in turn can rise to specific particle plasmon resonances depending on the geom-
etry of the particle and the frequency of the incident field. In particles of suitable shape,
extreme local charge accumulations can occur which are accompanied by strongly enhanced
optical fields [10].

The scattering and absorption of light by small - relative to the light wavelength - particles
was first described by Lord Rayleigh. His approach is based on a quasi-static model,
where the retardation effects due to field propagation are neglected. For a small metallic
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3 Plasmonic light scattering from nanoscopic metal tips

sphere and with dielectric constant relative to the embedding medium εr = ε′r + iε′′r , the
polarizability α can be written according to the Clausius-Mossotti relation (see also Eq. 3.1):

α = 3ε0V
εr − 1
εr + 2 (3.11)

with ε0 the permittivity of the free space and V the volume of the sphere. The scattering
and absorption cross-sections write [103]:

Cs = k4

6π

∣∣∣∣ αε0
∣∣∣∣2 = k4

6π (3V )2 (ε′r − 1)2 + ε′′2r
(ε′r + 2)2 + ε′′2r

(3.12)

Ca = kIm

(
α

ε0

)
= 3kV 3ε′′r

(ε′r + 2)2 + ε′′2r
(3.13)

with k = 2π/λ the wavenumber of the external light field. The condition for a plasmon
resonance is fulfilled for the frequency where ε′r = −2.

The Rayleigh model is limited to particles much smaller than the wavelength of the incident
light field. For an exact electrodynamical treatment of the general case of a sphere of
arbitrary radius r subject to an external homogeneous field one has to resort to the Mie
treatment [103]. Defining the scattering efficiency (Qs) as the ratio between the scattering
cross-section (Cs) and the geometrical cross-section of the sphere (πr2), the Mie theory
gives:

Q(n)
s = 2

x2 (2n+ 1)
(
|an|2 + |bn|2

)
(3.14)

with n the multipole number in the multipole extension. x = kr and an and bn are the Mie
coefficients:

an = mΨn(mx)Ψ′(x)−Ψn(x)Ψ′(mx)
mΨn(mx)ξ′(x)− ξn(x)Ψ′(mx) (3.15)

bn = Ψn(mx)Ψ′(x)−mΨn(x)Ψ′(mx)
Ψn(mx)ξ′(x)−mξn(x)Ψ′(mx) (3.16)

where m = √εr and Ψn, ξn are the Riccati-Bessel functions [103].

For non-spherical particles, the spectral position of the plasmon resonance depends mainly
on the structure size and shape, the dielectric properties of the material and the surrounding
medium, and the polarization state of the incident light [138]. These elementary electronic
excitations have been the subject of extensive research, both fundamental and with view to
applications [139]. The particle plasmon excitation is accompanied by a strongly localized
field enhancement around the nanostructure.

Fig. 3.4 shows the spectral profile of the scattering intensity observed from a spherical
Au nanoparticle of ∼80 nm diameter. A very pronounced plasmon resonance is present,
with the peak at λ=565 nm (2.19 eV). Together with the experimental values (squares)
the calculation for the scattering using the Rayleigh (dashed line) and Mie (solid line)
formalisms is presented. The bulk values for the dielectric functions given in in Ref. [123]
are used throughout this work and for all considered materials. Fig. 3.14 left panel displays
both real and imaginary parts of the dielectric function for Au in the (400 - 1000) nm
spectral region. With Rayleigh calculation not taking into account the diameter of the
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3.2 Experimental

Figure 3.4: Scattering intensity of spherical Au nanoparticle with ∼80 nm diameter, showing
plasmon resonance at λ=565 nm (2.19 eV). Experimental values (squares) together
with the calculations using the Rayleigh (dashed line) and Mie (solid line) formalisms
are displayed.

particles, the resonance peak (λ=524 nm) is blue shifted with respect to the experimental
value. The Mie formalism accounts for the real dimensions of the particle, and the peak
overlaps with the experimental one. The resonance broadening observed in the experimental
data with respect to the theoretical prediction is due to radiation damping [140, 141].

3.2 Experimental

The spectral and polarization characteristics of the light scattering from individual sharp
metal tips is investigated. In our experiment we use dark-field scattering spectroscopy. The
evanescent wave based on frustrated total internal reflection at a dielectric interface serves
as light source to selectively illuminate the tip-end only.

3.2.1 Frustrated total internal reflection (FTIR)

At the end of the 17th century Sir Isaac Newton used a prism to "bend" the incident light by
means of total internal reflection (TIR) [15]. During the experiment, he brought a convex
lens in contact with the prism surface. To his surprise, light came through the prism base
on an area much larger than the physical contact area between the two glass pieces. He
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3 Plasmonic light scattering from nanoscopic metal tips

Figure 3.5: Total internal reflection at the interface between two media with formation of evanes-
cent waves. The light is incident from the optically denser medium n1 at an angle
θi > θc.

discovered the evanescent electromagnetic fields i, fields that decay exponentially on a
lengthscale given by a few wavelengths.

When light impinges on the interface between two media (with refraction indexes n1 and n2,
respectively), it is partly transmitted into the second medium and partly reflected back into
the first. The angle of incidence θi is defined as the angle between the propagation vector ki
of the incoming light and the surface normal n, and analogous the angle of transmittance
θt is the angle between the propagation vector kt of the transmitted beam and the surface
normal. If the first medium is optically denser than the second one ( i.e., n1 > n2) and
the angle of incidence (θi) exceeds a critical angle (θc), total internal reflection occurs. The
critical angle is deduced from the Snell-Descartes relation:

n1 · sin(θi) = n2 · sin(θt), (3.17)

when θt = 90◦ :
θc = arcsin

(
n2
n1

)
(3.18)

33 If the incident angle is larger than θc, we get:

cos θt = ±i
√

sin2 θi
n2

1
n2

2
− 1 (3.19)

As depicted in Fig. 3.5 the interface between the two media lies into the (xy) plane, with
iThe etymology of the word evanescent originates from the Latin verb evanescere, meaning "tending to
vanish like vapor".
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3.2 Experimental

the z direction pointing away from the optically denser medium (n1). According to the
boundary conditions imposed by Maxwell’s equations, the tangential component of the
electric field has to be continuous across the interface [4].

Considering an infinite plane wave as incident light

~Ei = ~E0
i · ei(

~k·~r−ωt), (3.20)

with ω the angular frequency, ~E0
i the amplitude of the electric field and ~k the propagation

vector. We then obtain for the total transmitted electric field:

~Et = ~E0
t · exp(iωt) exp

(
i
x sin(θi)

v1

)
exp

(
∓ωz
v2

√
sin2 θi

n2
1
n2

2
− 1

)
(3.21)

with ~E0
t the amplitude of the transmitted field. v1 = c/n1 and v2 = c/n2 are the velocities

of light into the first (n1) and the second (n2) media, respectively. Eq. 3.21 describes the
evanescent field, a transmitted wave propagating along the x direction, varying exponen-
tially on the z direction and having the same frequency as the incident one [142, 143].

A penetration depth dp of the evanescent field can be defined as being the distance along
the z axis inside the rarer medium on which the electric field intensity decreases by a factor
of e−1 [144, 145]:

dp = c

ω
√
n2

1 sin2 θi − n2
2

(3.22)

If the total internal reflection takes place at a glass-air interface, and the incident light is in
the visible spectral range, the penetration depth is on the order of few hundred nanometers
[146]. For the case of an infinitely large second medium (n2), only the minus sign in the
argument of the second exponential term of Eq. 3.21 can be considered, since otherwise
the amplitude would increase exponentially with z.

If the rarer medium is limited by a third denser medium (n3>n2), both two terms must be
taken into account. In this case, the total internal reflection is frustrated (FTIR), a term
coined by Leurgans and Turner [147]. Under these conditions, the decay of the frustrated
evanescent field does not follow an exponential behavior (see inset of Fig. 3.6). Close to
the n1 − n2 interface, the curve bends, so that when meeting the interface its slope is 0
[148]. For a more in depth mathematical analysis, the reader is referred to [145, 149] and
references therein. In analogy with the the quantum mechanical concept of tunneling -
energy barrier penetration [150, 151, 152] - FTIR is often referred to as optical tunneling
[153, 154].

The frustration of the evanescent field depends on both the optical properties and shape
of the third medium [148]. A nanoscopic tip used as third medium both frustrates the
evanescent field and it scatters the frustrated distribution. For gold as tip material, a
plasmon resonant behavior of the scattered light is to be expected in the visible range [83],
and its measurement is described in Sect. 3.3.
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Figure 3.6: Schematics of the experimental setup. The parallel white light beam is directed onto
the base of a quartz prism in a total internal reflection geometry. The scattered light is
collected via a microscope objective and spectrally analyzed by a spectrometer. Inset:
characteristic tip-prism distance dependence of the spectrally integrated response for
a W tip.

3.2.2 Experimental arrangement

The plasmonic light tip-scattering experiments are realized in a Kretschmann configuration
[155]. Here, a halogen-bulb light source (U-LH100-3, Olympus) is used for the studies
concerning the spectral and spatial characteristics of the light scattered by the metallic
tips.

Fig. 3.7 shows the broad white-light spectrum of the source employed. The near parallel
white light beam (see Section 2.3) is directed onto the base of a quartz prism in total
internal reflection conditions (θi = 45◦), as depicted in Fig. 3.6. The evanescent field of
the prism-base surface is frustrated and scattered with metallic (gold and tungsten) tips
and the scattered light is collected through an long working distance microscope objective
(Nikon CF PLan 20x, ∞/0 Epi SLWD, N.A = 0.35, W.D. = 20.5 mm) and then imaged
onto the entrance slit of a grating spectrometer (described in Chapter 2). The collection is
perpendicular with respect to the incident plane defined by the incoming (ki) light beam
and the normal direction on the interface (n).

Thin film and glass polarizers with spectrally flat response function in the (480 - 830) nm
range were used to control of polarization directions for both the incident and the scattered
beams. The metallic nanoscopic tips used are attached to a quarts tuning fork as part of
a shear force atomic force microscope (see Sect. 2.1).
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3.3 Results

Figure 3.7: Spectrum of halogen-bulb source used as white-light for the determination of spectral
and spatial characteristics of scattering from metallic tips.

3.3 Results

The light scattered by individual Au and W metal tips is measured. The excitation is
limited to the near apex region of the tip, leading to a greatly reduced background compared
to, e.g., dark-field scattering based on far-field illumination. Both spectral and polarization
dependence of the emission are measured. The results provide selection criteria for tips to
be used in scattering-type near-field microscopy.

The data presented are acquired within the spectral range (480 – 830) nm. They are
background corrected and normalized with respect to the excitation lamp spectrum, the
spectral instrument response function and if needed different integration time periods (10 -
30 s). realized Fig. 3.8 shows the spectrally integrated scattered linear optical signal for two
Au tips as a function of the tip-prism distance. The signal has its highest value on the prism
base, where the evanescent field is maximum (eq. 3.21). The two tips presented display
different scattering efficiencies. Although they have roughly the same apex radius (r∼15
nm), the overall geometry in terms of aspect ratio is rather different, with tip I somewhat
more slender than II. The higher scattering signal observed for tip II is consistent with its
larger volume frustrating the evanescent field region

The decay length of the two curves is almost the same, with 428 nm and 435 nm for the
I and II cases, respectively. For the tips investigated, the penetration depth measured is
larger than the one for the pure evanescent field. This is in accordance with the theoretical
treatment, which states that the penetration depth of the frustrated evanescent field in-
creases with the lateral dimensions of the third medium (in our case, the metal tip) [145].
The case of an unfrustrated "pure" evanescent field can be treated in the limit of infinitely
small third medium.

Similar data are obtained in the case of tungsten tips, albeit smaller scattering intensities
are observed. One distance dependence of the scattering signal for a W tip is shown as
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3 Plasmonic light scattering from nanoscopic metal tips

Figure 3.8: Distance dependence of the spectrally integrated response for two Au tips approaching
the prism surface. The characteristic penetration-depth for a frustrated evanescent field
is 428 nm and 435 nm, respectively. Inset: electron micrographs of the two tips. The
scale bar represents 100 nm.

inset in Fig. 3.6.

3.3.1 Spectral dependence

Fig. 3.9 shows representative scattering spectra for different Au (a, b) and W (c, d) tips.
Both the excitation and detected light fields are unpolarized. All spectra are acquired with
the tips within few nanometers above the prism surface, as controlled by shear force AFM.
The intensity scale is the same for all four cases, and the spectra presented are vertically
displaced for a better visualization. Their zero intensity value is indicated by small hor-
izontal lines on the left hand side of the figure, underneath each spectrum, respectively.
Electron micrographs for the tip structures investigated are presented (right).

For W tips, in general, a spectrally flat optical response is observed with weak overall
scattering intensities (Fig. 3.9 c). The spectral behavior is found to show little variation
with tip radius and tip cone angle. This is except for the case of very slender tips where
a modulation is observed, as shown in Fig. 3.9 d). The results are in agreement with the
theoretical model developed, as discussed in Sect. 3.4.

In contrast, for the Au tips, the scattering intensity is strongly wavelength dependent,
characteristic for a plasmon resonant behavior. Also off-resonant higher overall emission
intensities are observed compared to tungsten. Both scattering intensity and spectral po-
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3.3 Results

Figure 3.9: Scattering spectra for different Au and W tips. a), b) A plasmon-resonant behavior
is observed for Au tips. c), d) Weaker and in general spectrally flat signal is observed
in the case of W tips The spectral data are juxtaposed with the electron microscope
image (inset) from the corresponding tip. The scale bar corresponds to 100 nm.

sition of the resonance are found to be very sensitive to structural details of the tips.

For regular tip shapes the resonance is characterized by one (Fig. 3.9 a) (or two, as will
be discussed below) distinct spectral features. The spectral position and shape of the
plasmon resonance depend sensitively on the aspect ratio of the tip.. Inhomogeneities in the
geometric shape result in irregular peaks (Fig. 3.9 b). It should be noted, however, that in
several instances, despite a regular tip shape the spectral response defied the characteristic
signature of a plasmon resonance (not shown here). Here, throughout the spectral range
accessible experimentally the scattering intensities were found to be of order of the typical
off-resonant signal levels comparable to the data shown in Fig. 3.9 a) and b).

A spectrally resolved tip-prism distance dependence of the scattering intensity for a Au tip
with apex radius of r∼ 15 nm is shown in Fig. 3.10. Clear plasmonic resonant behavior
is present, with the resonance peak centered around λ=692 nm. An increase in scattered
intensity with decreasing the tip-prism distance is seen as the tip frustrates rising evanes-
cent field intensities. The absence of a change in the spectral scattering characteristics
demonstrates that the signal intensity observed at the strong resonance is dominated by
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3 Plasmonic light scattering from nanoscopic metal tips

Figure 3.10: Spectrally resolved signal as Au tip approaches prism surface. Clear surface plasmon
resonance centered around λ = 690 nm is present. The absence of a spectral shift as-
sociated with the tip approaching the prism surface demonstrates the tip-apex region
as the origin of the resonance peak.

the tip-apex region, with the shaft contributing to a spectrally unspecific background.

3.3.2 Polarization dependence

An interesting behavior is observed by studying the polarization dependence of the tip
scattering process. Here, the polarization directions are defined as parallel (p) and perpen-
dicular (s) with respect to the plane of incidence formed by the incoming wave vector k(ω)
and the surface normal n of the prism base.

In general, stronger emission is observed for the electric field detected parallel to the tip
axis (p-polarized emission) for both Au and W tips. The intensity ratio of p to s is typically
found to range between 2 to 5 with a maximum value of ∼ 10.

Fig. 3.11 a) displays the polarization dependence of the scattering intensity in the case of
a gold tip with slightly irregular shape in the axial direction ii. This gives rise to featured
plasmon resonance which nearly vanishes detecting polarized perpendicular to the tip axis
(i.e., s-polarized). For gold tips in general, the difference in scattering intensity between
the two polarization states is most pronounced at the plasmon resonance with only small to

ii All data presented here are normalized with respect to the difference in pump field intensities for the
evanescent electric field components oriented ⊥ and ‖ to prism surface.
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Figure 3.11: Polarization dependence of scattering spectra: (a) Au tip with slightly irregular shape
in the axial direction. (b) Example for W tip with very large aspect ratio. Note: the
smooth lines are only guides for the eye.

near-negligible off-resonance contrast. Studying the polarization dependence can provide
further information on the nature of the plasmon resonance.

The data shown in Fig. 3.11 b) represent the limiting case of the W tip with the excep-
tionally large aspect ratio shown in Fig. 3.9 d). Except for the spectral variations in p
polarized detection the behavior is typical for most W tips investigated, with the ratio of
s to p emission only weakly wavelength dependent. The variations are discussed below
within the context of the theoretical model used.

As discussed above, the occurrence of a spectrally structured plasmon response can be the
result of irregularities of the kind shown in the electron micrograph of Fig. 3.9 b). These
geometric features effectively lead to a spatial variation of the confinement of the correlated
electron motion in the axial direction at the tip apex and can thus give rise to in general
different oscillation frequencies. In that case in s-polarized emission both resonant features
would diminish simultaneously as seen in Fig. 3.11.

However, favorable conditions for the formation of a radiating plasmon resonance can also
occur for excitation with the electric field aligned perpendicular to the tip axis. Thus, in
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unpolarized detection this would give rise to two distinct resonance features as shown in
Fig. 3.12 a). Depending on polarization, these different contributions from the longitudinal
and transversal plasmon resonance can then be separated as shown in the lower panel. The
position of the resonance peak for the s-polarized output is blueshifted with respect to the
main peak of the p-polarized case. This could indicate the excitation of surface plasmons
in a geometrical structure much closer to the spherical shape [156]. In this situation the
s-polarized emission intensity can exceed p-polarized emission within certain wavelength
regions – in contrast to those tips which only allow for an axial plasmon excitation.

Figure 3.12: Resonant light scattering from a Au tip where the two distinct resonances (a) can be
attributed to the excitation of the plasmon oscillation perpendicular (p) and parallel
(s) with respect to the tip axis, respectively, as evident from the polarization resolved
study (b).

Yet, comparing the topologies of the tips shown and other data for different tips investi-
gated, we were not able to identify the relevant structural parameter responsible for whether
a tip supports just one or both, longitudinal and transversal, plasmon excitations. This
behavior in particular, and the in general small polarization ratios seem to contrast expec-
tations based on theoretical modeling of the electric field near the tip apex region. There,
from the calculated large enhancement when the electric field is oriented parallel to the tip
axis compared to the perpendicular direction [105, 27], strongly enhanced scattering for
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p-polarization should result. From the experimental point of view, a possible reason for the
reduced polarization contrast even for an ideal tip is the fact that the induced surface cur-
rent density is very sensitive to the exact orientation of the applied electric field. Thus, for
realistic structures small deviations from the rotational symmetry, surface inhomogeneities
or other structural imperfections, which are difficult to control given the preparation pro-
cedure, would give rise to a possibly complex form of the induced polarization [103, 157].

In the experimental geometry used, the excitation is limited to the outermost several 100
nm of the tip end, given by the spatial extent of the evanescent field. Yet, the general
characteristic spectroscopic response of the tips is solely determined by this near-apex
region of the tip. This is concluded from far-field spectroscopy carried out for comparison
using direct illumination exciting a tip region of several µm. Here, essentially the same
spectral dependence is observed, only offset in scattering intensity by a large spectrally
unspecific background.

3.4 Model calculation and discussion

From the experiments shown and series of other spectra taken for different tips we conclude
that the details of the optical response in terms of scattering intensity, shape and spectral
position of the resonance depend sensitively on structural details of the tip apex region.
Despite this rich behavior observed the experimental results can be rationalized with a
simple model based on the solution of the Maxwell’s equations.

Here, as an approximation of the tip apex we treat it as a small hemispheroid with semi-
major and semiminor axis a (length) and b (width), respectively. A cartoon for the case of
a prolate hemispheroid is shown in Fig. 3.13. Considering the tip to be radially symmetric,
its model-shape is reduced from an ellipsoid with a 6= b 6= c to a spheroid having a 6= b
= c. This model qualitatively describes the experimentally observed trends in the optical
response of the tips with regard to: a) dependence on tip material, b) tip apex shape,
c) scattering intensity, d) spectral, and e) polarization characteristics (vide infra). This
model has been applied previously to describe the electromagnetic mechanism of surface-
enhancement of Raman scattering [158, 159] and second-harmonic generation from rough
surfaces [160].

The incident field across the hemispheroid is considered to be uniform (i.e., kr � 1). In this
quasi-static limit and Laplace’s equation and its boundary conditions completely describes
the system. In the natural ellipsoidal coordinates (ξ, η, ζ), Laplace’s equations can be
written as [33]:

∇2Φ(η, ξ, ζ) = (η − ζ)R(ξ) ∂

∂(ξ)

(
R(ξ) ∂Φ

∂(ξ)

)
+ (ζ − ξ)R(η) ∂

∂(η)

(
R(η) ∂Φ

∂(η)

)
+ (ξ − η)R(ζ) ∂

∂(ζ)

(
R(ζ) ∂Φ

∂(ζ)

)
= 0, (3.23)
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3 Plasmonic light scattering from nanoscopic metal tips

Figure 3.13: a) Schematics of the prolate hemispheroid (a ≥ b = c) assumed to model the tip; b)
The depolarization factor A as a function of aspect ratio. A= 1.3 value for the sphere
case is indicated.

where
R(s) =

√
(s+ a2)(s+ a2)(s+ c2); s = (ξ, η, ζ) (3.24)

The potential Φ must satisfy the boundary conditions which state that Φ(η, ξ, ζ) and
∂Φ(η, ξ, ζ)/∂ξ have to be continuous across the spheroidal boundary ξ = ξ0 (i.e., the
tip surface), that Φ is finite everywhere, and that the total field at infinity is equal to the
incident field.

The field outside the hemispheroid corresponds to a superposition of the uniform incident
field and the field of an ideal dipole situated at the origin of the coordinates system, with
an equivalent dipole moment [103]:

~p = 4πεm(ω)ab2 εt(ω)− εm(ω)
εm(ω) +Ai[εt(ω)− εm(ω)]

~E0 (3.25)

with εt and εm the permittivities of the tip and the surrounding medium (here, εm = 1
for air), respectively. Ai is the depolarization factor along one axis and a function of the
structural parameters a and b only [33]:

Ai = ab2
∫ ∞

0

ds

(s+ a2)3/2(s+ b2)
, i = (x, y, z) (3.26)

.

The depolarization factor is plotted in Fig. 3.13 b) as a function of the aspect ratio a/b of
the hemispheroid. It describes the lightning rod effect and takes on the value of 1/3 for a
sphere (indicated by arrow in figure) and approaches 0 for a very slender prolate spheroid,
when (a/b ∼= a). Note that the lightning rod effect strongly increases the fields at the end
of a prolate spheroid, at the sides the fields are greatly reduced [161].

The polarizability αi of this hemispheroidal protrusion in a uniform field parallel to one of
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3.4 Model calculation and discussion

Figure 3.14: Real and imaginary parts of the dielectric function values for Au (triangles) and W
(squares) in the range of visible frequencies. The values correspond to the experimen-
tal data from Ref. [123]. The solid lines represent interpolations and are added as
guide for the eye.

its principal axes is then given by

αi(ω) = 4πab2

3
εt(ω)− εm(ω)

εm(ω) +Ai[εt(ω)− εm(ω)] (3.27)

This model allows for the direct visualization of the dependence of the polarizability and
thus the scattering efficiency on tip material and structural parameter. The hemispheroid
exhibits a resonant response to the applied field when

Re[εm +Ai(εt − εm)] = 0 (3.28)

This in general requires a negative real part of the dielectric function Re(εt) < 0 (e.g., for
the tip in air with εm ' 1). The real and imaginary part for both materials are plotted in
Fig. 3.14. With ε(ω) ranging from (−1.3 + 5.7i) to (−31 + 2.2i) for Au and (4.6 + 17i) to
(3.3 + 19i) for W in the spectral range of 450 to 850 nm, it is seen that only Au as a nearly
free electron metal would allow for a strong plasmon resonant polarizability. A primary
effect of the depolarization factor is to shift the plasmon resonance.

Using this model the dependence of the polarizability along the major axis is plotted in
Fig. 3.15 as a function of both wavelength λ and aspect ratio a/b for a Au (panel a) and
W (panel b) hemispheroid. In agreement with the experiment the optical response for
Au is dominated by a strong plasmon resonance in this wavelength range, contrasting the
spectrally flat and weak response for W.

As can be seen, the spectral position of the Au plasmon resonance is sensitive with respect
to the aspect ratio of the hemispheroid. This is in accordance with the experimental
observation where the tip plasmon for Au is found to depend critically on the shape of the
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3 Plasmonic light scattering from nanoscopic metal tips

(a) (b)

Figure 3.15: Relative polarizability of Au (a) and W (b) hemispheroids as function of aspect ratio
and excitation wavelength calculated using the electrostatic model described in the
text.

tip apex. Comparing the peak positions of the spectra for the Au tips investigated with
the results of this model one can attribute aspect ratios in the range from 2 – 6 to describe
the actual tip geometries. This is approximately consistent with the tip shapes in the apex
region, as observed in scanning electron microscopy (Fig. 3.9 and Fig. 2.6).

The appearance of multiple resonances for inhomogeneous tips is readily explained consider-
ing different confined regions at the apex which correspond to different resonant conditions.
Likewise, observing the scattering response polarized parallel or perpendicular to the tip
axis, in the model this corresponds to the excitation either parallel or perpendicular to
the major axis of the hemispheroid, respectively, which results in two distinct resonance
positions.

For tungsten as tip material, the model shows spectral modulations in the case of tips with
large aspect ratios. That is the polarizability becomes increasingly wavelength dependent
with increasing aspect ratio. This reproduces the experimentally observed behavior of the
W tip in Fig. 3.9 d, which is very slender.

The polarizability α would translate into values for the local-field enhancement L at the
tip apex defined by Eloc(ω) = LE(ω) with L ' 3αi/4πb2a [157, 103]. Its spectral char-
acteristics would thus follow that of the polarizability within this approximation. Values
for the local-field enhancement, however, can not be derived in this experiment due to a
lack of an absolute reference. They have been determined for both Au and W tips for
certain wavelengths by means of second-harmonic generation [47] or tip-enhanced Raman
scattering [27, 30] with corresponding values found to range from 8 to 25 for Au tips and
3 – 6 for both W and Pt(Ir) at λ ∼ 800 nm.

The experimental findings described here indicate that the optical response of the tip is
also sensitive to the shape of the tip rather than the apex radius alone. Yet, the latter plays
an important role when scanning experiments are performed, since the degree of near-field
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3.5 Conclusion

localization scales with the tip radius [122]. The model discussed here thus provides a qual-
itative understanding of the tip scattering response. Concerning quantitative values, the
electrostatic approximation should be viewed as an upper limit for local-field enhancement
and tip polarization. Because of the finite size of the tip, both polarizability and degree of
local-field enhancement would be diminished [162]. They rapidly decrease when the struc-
ture size increases beyond ∼ λ/10 because of dephasing or phase retardation effects [163].
Here, the fields scattered from different parts of the structure are partially out of phase
and destructively interfere [163]. The model could be generalized to the exact Mie theory,
to include retardation and radiation damping [158, 141] and for other model geometries.
While this may provide a more quantitative agreement with the experimental findings, the
qualitative behavior is not expected to change, and the conclusions drawn above would not
be altered.

With respect to the notion of tips as optical antennas, a behavior close to the dipole-antenna
is expected only for very slender highly conductive rods with diameter small compared with
the length l. In that case, the electric field reaches its maximal values when l = nλ/2 (n
is positive integer) with the global maximum at n = 1 [95]. This describes the lightning
rod effect, when the electric field lines crowd at the narrow ends of the tip. For ellipsoids,
the antenna resonance is shifted towards smaller lengths than λ/2 due to the finite width b
[156]. Since the real metals are not perfectly conducting at optical frequencies (see Figure
3.14), the degree of enhancement is reduced [162].

3.5 Conclusion

The characteristics of light scattering from individual sharp metallic tips were investigated
experimentally and modeled theoretically. Whereas for tungsten as tip material, the optical
response is found to be only weakly wavelength selective, for gold the scattering process is
characterized by a plasmon resonant behavior.

The details of the spectral response are found to depend sensitively on morphology and size
of the tips as well as surrounding medium and field polarization. The results presented here
can be generalized for other tip materials comparing the dielectric functions for different
metals. This implies that for other nearly free-electron metals such as Al or Ag plasmonic
behavior with large polarizability and local field enhancement is expected. In contrast,
similar to the case of W, e.g., Pt(Ir) alloy tips which are frequently applied in AFM related
studies have poor optical properties due to the strong absorption in the UV-vis spectral
range.

In this study the optical coupling of the tip to the quartz prism substrate could be ne-
glected. This optical near-field interaction of the tip in close proximity to the substrate
is the essence of scattering-type scanning near-field optical microscopy and spectroscopy
(s-SNOM). In the case of a weak coupling as it is the case for optically dissimilar tip and
sample materials the tip-scattered light in general would then be a spectral superposition of
the optical response of the tip and the spectral properties of the polarization driven by the
localized near-field in the substrate. In addition, for metallic substrates, strong tip-sample
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3 Plasmonic light scattering from nanoscopic metal tips

coupling results in a large field built-up in the tip-sample gap region [129] accompanied by
characteristic changes of the spectral response of the tip-scattered light [164].

Achieving good performance in s-SNOM is reportedly sensitive to structural details of the
tip which are found to be hard to reproduce, resulting in a low yield of suitable tips for
these experiments. This could be explained by the large variability of the spectral response
observed in our study which would translate into a large variation of the efficacy of near-field
enhancement in particular for excitation at fixed laser frequency.

The results presented here thus provide the necessary criteria for the selection of suitable
tips. One way for obtaining tips with well defined plasmon response, although at the ex-
pense of a large field enhancement, has been demonstrated by attaching gold metal clusters
to the apex of glass-fiber-based tips [138, 165]. It can be envisioned, however, that ongoing
improvements in the preparation techniques will allow for an optimization of the geometric
parameter of the tips by means of ion beam milling [134] or lithographic techniques and
thus tailoring of the optical response for the performance needed in respective applications.
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4 Scanning probe Raman spectroscopy

Optical spectroscopy provides nondestructive techniques for obtaining both structural and
real time dynamic information of molecules and solids. Vibrational spectroscopy in partic-
ular, by directly coupling to the nuclear motion, offers insight into chemical composition,
molecular bonds and their relative orientation, intermolecular coupling and zone-center
phonons in crystalline solids [166, 167]. In that respect ir and Raman spectroscopy pro-
vide complementary information, with the feature of Raman spectroscopy of fewer con-
straints in terms of selection rules, readily providing access to low frequencies vibrations
[168, 169, 170, 171], and being carried out in the vis-near ir spectral range in a comparably
simple experimental design.

It is highly desirable to combine the intrinsic chemical specificity of Raman spectroscopy
with optical microscopy for the investigation of the spatial heterogeneity and composi-
tion of the analyte. In that regard the optical far-field Raman microscope has become
an established tool for material characterization on the micrometer scale and in a confo-
cal implementation with spatial resolution down to just several hundred nanometers[172].
However, for most applications the desired spatial resolution needed often exceeds the res-
olution imposed by far-field diffraction [3, 173]. Near-field optical microscopy provides
access to higher spatial resolution [18, 20, 19, 13, 174, 11, 175, 10], and when employed
for nano-Raman spectroscopy is a powerful tool for identifying and analyzing molecular
composition, offering spatially resolved spectral maps with nanometer resolution [27].

The detection and chemical identification of single molecules constitutes one of the main
goals of chemical analysis, as it can reveal the full distribution of a certain molecular
property, instead of statistical average as in the case of ensemble measurements. Both
static and dynamic heterogeneity in a population of molecules in a complex condensed
system can be identified and related to the molecular environment. Therefore, a single
molecule can be viewed as a local reporter of its nano-environment.

Here, the results on near-field tip-enhanced Raman spectroscopy (TERS) on Malachite
Green molecules adsorbed on planar Au surfaces are discussed. The high degree of Raman
enhancement observed allows for sensitivity down to the single molecule level.

4.1 Raman fundamentals

When an atom or molecule is illuminated with a beam of monochromatic light of wavenum-
ber ν̃0, most photons are elastically scattered (Rayleigh scattering). In addition, inelastic
emission at ν̃ ′ = ν̃0 ± ν̃vib occurs, where the wavenumbers ν̃vib correspond to transitions
between rotational or vibrational (rarely electronic) energy levels of that molecule. The
appearance of this spectrally shifted emission is called Raman effect [176].
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4 Scanning probe Raman spectroscopy

Figure 4.1: Raman process for both Stokes (left) and anti-Stokes (right) frequency shifts of molecule
with the ground state S0 and vibrational levels ν1 and ν1.

The possibility of light scattering with a change of frequency was first predicted theoreti-
cally by Smekal in 1923 [177]. The first observations of the phenomenon were made in 1928
in liquids by Raman and Krishnan [178], and independently in crystals by Landsberg and
Mandelstam [179]. The first comprehensive treatise of the underlying theory was offered by
Planczek [180] in 1934. As a practical tool, Raman spectroscopy proved difficult initially,
due to its rather low scattering cross-section (σR ∼ 10−27 − 10−30 cm2/molecule) i. It was
the invention of laser that rescued Raman spectroscopy from oblivion [182].

The interaction of an incident electric field E = Eo cos 2πνt with a molecule can be classi-
cally described by the induced electrical dipole p:

p = αE (4.1)

where α is referred to as the molecular polarizability. For a vibrating molecule, the polariz-
ability of the bond is a time-varying term that can be expressed as a time series expansion
about the equilibrium geometry:

α = α0 +
(
∂α

∂Q

)
0
Q+ . . . , (4.2)

with α0 the permanent polarizability of the molecule, Q represents the normal coordinate
associated with the vibrational frequency νvib and the subscript 0 refers to derivatives taken
at the equilibrium configuration. Q has the form [181]:

Q = Q0cos2πνvibt, (4.3)

iThe Raman cross-section σR is defined as the ratio between the total Stokes scattered light IR (photons
s−1) and the incident flux of photons I0 (photons s−1 cm−2): Ir = σRI0 [181].
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and the modulus of the induced electric dipole is then written:

p = α0E0 cos 2πνt+ 1
2

(
∂α

∂Q

)
0
Q0E0[cos 2πt(ν − νvib) + cos 2πt(ν + νvib)] (4.4)

The first term on the right side of Eq. 4.4 accounts for the Rayleigh scattering. The second
and the third stand for the Stokes and Anti-Stokes Raman scattering, respectively.

The ratio of the intensity of the Raman anti-Stokes and Stokes lines is given by [183]:

IA
IS

=
(
ν + νvib
ν − νvib

)4
e
−hνvib
kT (4.5)

with the Boltzmann factor expressing the probability for thermally induced occupation of
the first excited state.

The Raman selection rules will be determined by the properties of the Raman tensor
(∂α/∂Q). Following Eq.4.4 and taking only the dipole radiation into account, a given nor-
mal vibration of a molecule may appear in the Raman spectrum if at least one component
of the polarizability tensor α changes during this vibration:(

∂αij
∂Qk

)
0
6= 0, (4.6)

where Qk is the kth normal coordinate associated with the vibration of wavenumber ν̃k.
According to quantum theory, for a harmonic oscillator transitions are allowed only when
the quantum number n changes by one (∆n = ±1). For radiation to be emitted or ab-
sorbed, a transition should therefore occur between different neighboring vibrational levels
of the molecule. This may be concomitant with the loss or gain of energy in the form
of electromagnetic radiation [176]. In Fig. 4.1 a cartoon describing the Raman process is
shown. The incident field excites the system from its ground state S0 to one virtual state ii.
The Raman emission is indicated for both Stokes (hν − hνvib) and anti-Stokes (hν + hνvib)
shifts.

It has to be noted that for certain experimental arrangements (e.g., strong field gradients on
the molecular lengthscale) contributions from higher order multipolar radiation may have
a non-negligible contribution to the total Raman response [185]. This will be discussed
later on in the present chapter in conjunction with the experimental results obtained.

When the frequency of the incident radiation falls within the electronic absorption band,
an enhancement of the Raman intensities can be observed (by as much as a factor of 106)
[186, 187, 188, 189]. This is referred to as resonance Raman effect (RRE) [190, 191, 192].
The technique is appealing for a number of reasons: (i). the enhanced signal allows the
investigation of more dilute samples [193]; (ii). offers new information on the interaction
between electronic and nuclear motions of molecules, i.e. the intensity of the Raman bands
as a function of the frequency of light (vibronic coupling); (iii). brings additional symmetry
information [186].

ii Virtual levels are not energy eigenlevels of the free molecule, but rather the energy combination of energy
eigenstates of the molecule and the radiation field photons [184].
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Figure 4.2: Schematics of SERS concept.

Concomitant, fluorescence emission is a challenging problem in many applications of Raman
spectroscopy. This is more prevalent under resonance conditions, as the radiation used to
excite the Raman spectrum may also excite the fluorescence emission. With smaller Stokes
shift and typical quantum yields several orders of magnitude larger than that for Raman
scattering (σF ∼ 10−16 cm2/molecule), the fluorescence makes measuring the resonant
Raman spectrum very difficult.

4.1.1 Surface-enhanced Raman Spectroscopy (SERS)

Surface enhanced Raman spectroscopy (SERS) was observed in 1974, when Fleischmann
et al. noticed enhanced Raman response from pyridine adsorbed from aqueous solution
onto a silver roughened electrode [194]. They attributed the signal strength to an increase
in the electrode surface area and therefore in the larger number of molecules sampled.
Van Duyne and Jeanmaire [195] and independently Albert and Creighton [196] were the
first to recognize that the intensification of the effective Raman cross-section could not be
accounted for by the increased number of molecules as a result of surface’s roughness factor
alone.

It was early recognized that the excitation of surface plasmons on rough metallic surfaces is
mostly responsible for the increase of the Raman response observed in SERS [197]. This so-
called electromagnetic enhancement is based on the fact that the dipole moment induced in
an adsorbed molecule will be due both to the directly incident field and the field elastically
scattered by the metallic protrusion underneath the molecule [158, 198, 199, 200, 201, 202].

Furthermore, for small particles compared with the wavelength of light (kr � 1), the
scattered field may be enhanced when the frequency is resonant with that of the surface
plasmon polariton [103] as detailed in Sect. 3.4 for nanoscopic metallic tips. A conceptual
sketch of a SERS experimental arrangement is presented in Fig. 4.2. The molecules (green)
are adsorbed at the interstices of metallic nanoparticles shown here as colloidal spheres
(golden).
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Following the discussion in Chapter 3 of the present work, the local-field enhancement L(νi)
just outside a metallic particle is defined by Eloc(νi) = LE(νi), with Eloc(νi) and E(νi) the
magnitudes of the local near-field at the particle surface and the incident field, respectively.
The molecule adsorbed at the surface will therefore experience the field Eloc(νi) and the
Raman-scattered light will have a field strength ER(νs) ∝ αREloc(νi). Furthermore, the
Raman-scattered field can be further enhanced in the same manner as the incident field:
the metallic protrusion will scatter light due to induced polarization at the Raman-shifted
frequency with an enhancement factor L′(νs). The amplitude of the SERS-scattered field
field will therefore be given by [203]:

ESERS(νs) ∝ αRL(νi)L′(νs)E(νi) (4.7)

With the SERS intensity ISERS(νs) proportional to the square modulus of ESERS(νs), this
gives:

ISERS(νs) ∝ |αR|2|L(νi)L′(νs)|2|E|4(νi) (4.8)

For small frequency shifts, the Raman scattered field will be itself resonant with the surface
plasmon of the metallic particle, in which case it will encounter the same enhancement
factor L′(νs) ∼= L(νi). According to Moskovits [204], the "SERS enhancement" G can be
defined as the ratio of the Raman-scattered intensity in the presence of the metal particle
to its value in the absence of the latter:

G =
∣∣∣∣ αRαR0

∣∣∣∣2 |L(νi)|4 (4.9)

where αR0 is the polarizability of an isolated molecule. αR is the polarizability of the
molecule in the presence of both the metallic scatterer and it may result in altered mag-
nitude, symmetry and resonant properties from the Raman polarizability of the isolated
molecule due to the adsorption geometry [205]. This is important in systems where metal-
to-molecule and/or molecule-to-metal charge transfer occurs, leading to the so-called chem-
ical enhancement. Here an electron can be transferred from the molecule into the empty
levels of the metal surface or from the occupied surface levels to the molecule. The pro-
cess resembles an electronic excitation of the molecule-surface system and may lead to the
appearance of a new band in the electronic spectrum of the molecule. The chemical en-
hancement is restricted by its nature to the molecules directly adsorbed onto the surface,
in contrast with the electromagnetic mechanism which extends for a larger distance be-
yond the surface [206]. Calculations showed that the electromagnetic enhancement factor
can be as high as 1011 - 1012 for properly chosen corrugated surfaces or colloidal solutions
[119, 198, 207, 208]. The contributions from the chemical enhancement are much lower, on
the order of only 102 [209, 210].

Note however, that the above determination of the total enhancement factor needs further
corrections if retardation effects are included [211, 212]. In the later case, it is not anymore
enough to write G as in Eq. 4.9, since the enhancement contributions of the excitation and
emission channels are different. It was demonstrated both experimentally and theoretically
that radiation damping becomes important with increasing the particle size (r > 25 nm),
and it acts as to limit the degree of enhancement [140, 141]. With yet a lack in a perfect
grip on the microscopic experimental conditions, the above description offers a satisfactory
basic understanding of the process.
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With SERS a near-field phenomenon, this leads to a relaxation in the selection rules when
compared with the normal Raman process. Hence, normally forbidden vibrational modes
could be observed in the SERS spectrum [213, 205, 214].

SERS is seldom reported from single isolated particles, almost all effective SERS-active
systems consist of assemblies of interacting nanostructures referred to as hot spots [215,
216, 207]. It was shown that higher enhancements are obtained when the molecules are
adsorbed on small colloidal aggregates or interstices between multiple nanostructures [217],
in accordance with the theoretical predictions that gaps between closely spaced metal
features concentrate the electromagnetic energy even further than the isolated structures
[204, 208]. In a SERS experiment on crystal violet molecules adsorbed on Ag nanoparticles
in a colloidal solution, Kneipp et al. estimate that less than 1% of the total metallic
aggregates show sufficient enhancement [218] so that only a very small fraction of the
adsorbed molecules contribute to SERS.

With SERS enhancements of ∼ 1014 already experimentally observed [210], this translates
into Raman cross-sections on the order of 10−16 cm2 / molecule, comparable with the flu-
orescence cross-section. This allowed for single-molecule Raman spectroscopy, akin to the
studies of fluorescence from single emitters [219]. For the latter case, one of the hallmarks
in the observation of fluorescence emission from single molecules is the temporal fluctuation
of both intensity and spectral profile [220, 221, 222, 223, 224, 225, 206]. Similar evidence
emerged also from single molecule SERS (smSERS) studies. Nie et al. reported intensity
and spectral changes in time of single Rhodamine 6G molecules spectra [226]. In experi-
ments on the same molecular species, Weiss et al. obtained resonant SERS cross-sections of
∼ 10−13 cm2/molecule and showed that the spectra display dramatic fluctuations in rela-
tive intensity of particular vibrational modes, while their spectral positions remain constant
[206]. Xu et al. found Raman enhancements of 1010 in single hemoglobin protein molecules
attached on immobilized Ag particles together and observed spectral jumps [227]. In sm-
SERS studies of tyrosine on Ag particles, Bjerneld et al. estimate an enhancement factor
of 1012 and found similar spectral jumps, attributed to changes in the adsorption of the
molecule on the surface [228]. Using insertion of 60 nm diameter Au colloids inside living
cells, Kneipp et al. achieved spatially resolved SERS spectra and infer a minimum Raman
enhancement of 103 - 104 [229].

In the context of the experiments presented here, it has to be noted that enhanced molecular
absorption and fluorescence might also be seen for molecules placed near SERS-active sur-
faces, provided the molecular absorption bands are close to the surface-plasmon frequency
of the metal particle [230]. However, in competition with that, one has non-radiative damp-
ing processes that reduce the lifetime of the excited molecule by exciting surface polariton
resonances and electron-hole excitations, often so efficiently that the overall effect is a re-
duction in fluorescence quantum yield (fluorescence quenching) [231, 212]. Thus, in the
presence of the metal substrate the fluorescence is reduced [232, 233], and the Raman scat-
tering process is enhanced.

Despite its potential for chemically specific detection of minute amounts of analytes, it has
remained challenging to develop SERS into a a routine analytic spectroscopic tool, mostly
due to difficulties associated with the reproducible fabrication of SERS-active substrates
[217, 208, 218, 234].
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At a more fundamental level, the physical understanding of the underlying enhancement
mechanisms (electromagnetic and chemical) and their interplay is still far from complete.
Large electromagnetic enhancement without interfering chemical (electronic) effects is the
aim of analytical chemistry, where molecules must be recognized and their concentration
measured irrespective of the chemical nature of the adsorbed molecule [234]. These, to-
gether with the difficulty to select specific target molecules has thus far prevented the
application of SERS as a routine analytic tool.

For an in depth and thorough summary of the main theoretical and experimental works in
the field of SERS the reader is referred to [203] chapters 1 - 10.

4.2 Tip enhanced Raman-spectroscopy (TERS)

In general, better control over the SERS active sites and their field enhancement can be
achieved by what may be viewed as resorting to an inverse geometry with respect to SERS:
suspension of the metal nanostructure providing the field enhancement at a small distance
above the analyte [235]. This is the basis of tip-enhanced Raman scattering (TERS) making
use of a single plasmon-resonant metallic nanostructure provided in the form of a scanning
probe tip of suitable material and geometry.

Fundamentally, TERS is a variant of apertureless near-field optical microscopy (s-SNOM)
[24, 25, 236, 237, 23]. s-SNOM and special aspects of TERS have been addressed in recent
reviews [238, 175, 10, 239, 240, 241] (and references therein). A conceptual sketch of the
TERS arrangement is shown in Fig. 4.3. The apex of the metallic tip is brought close to
the molecules adsorbed on the surface in a controllable way offered by the scanning-probe
techniques (AFM, STM). The incident radiation (νi) is focused onto the tip-sample gap
and the scattered Raman shifted response (νs) is detected. As stated in Chapter 2, under
ambient conditions a thin water layer (blue region in figure) is adsorbed onto the sample
surface. This layer, present on most hydrophilic samples, may play an important role in
possible surface diffusion of the analyte molecules and possibly transition of molecules to
adsorb onto the tip (vide infra).

The single nanoscopic tip apex provides the local field enhancement at a desired sample
location without requiring any special sample preparation [128, 242]. This way, the interac-
tion of adsorbates with a substrate and the enhancement provided by the tip are completely
decoupled and the Raman enhancement is purely electromagnetic in nature. In addition,
the local nature of the tip enhancement adds scanning/imaging capabilities. By raster
scanning the sample, spatially resolved spectral Raman maps with nanometer resolution
can be obtained simultaneously with the topography in atomic force microscopy (AFM) or
surface electronic properties in scanning tunneling microscopy (STM).

Ultra-high sensitivity and nanometer spatial resolution imaging using TERS were obtained
on various materials and molecular systems adsorbed on both flat and corrugated surfaces
[243, 244, 245, 246, 247, 248, 249, 27, 250, 44, 251, 252, 253, 254, 255, 30, 256, 257, 258, 259].

The possibility of decoupling the "hot spot" from the substrate for the purpose of SERS
was early recognized by Aravind et al. [235]. They developed a model where a sphere
was suspended above a planar surface and the electromagnetic enhancement factor was
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Figure 4.3: Conceptual schematics of the TERS arrangement. The incident light is focused onto the
tip-sample gap and the tip-backscattered and -enhanced Raman response is detected.
The blue layer indicates a thin surface water layer on the sample.
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calculated for different materials. This can be viewed as a precursor of the actual TERS
techniques.

The first approach to apertureless near-field Raman spectroscopy was designed by Stöckle
et al. in 2000 [243] who reported that "a fine metal tip brought to within a few nanometers
of a molecular film is found to give strong enhancement of Raman scattered light from the
sample". They observed the near-field enhancement while the tip approached the sample,
and also realized a spectral mapping of Raman scattering with a resolution of 50 nm. Having
large Raman cross-sections, several dye molecules (e.g., malachite green, rhodamine 6G,
brilliant cresyl blue) were used and near-field Raman enhancement factors up to ∼ 109

were achieved [248, 245, 252, 30, 256]. Using Ag coated AFM tips, spatial resolution
below 50 nm was obtained on surface layers of Rhodamine 6G dye molecules [248, 245]. In
later experiments, they proved the possibility of TERS to reveal new molecular vibrations
and they showed Raman images with high spatial resolution . TERS and SERS were
experimentally combined by positioning the tip above a grainy Ag surface covered with
dye molecules. Here, near-field Raman spectra enhanced both electromagnetically and
chemically were observed and The possibility of TERS to reveal new molecular vibration
was shown [246, 247].

By raster scanning the sharp tip over the sample surface, Hartschuh et al. imaged vibra-
tional modes of bundles and isolated single-walled carbon nanotubes [249, 27] and achieved
a spatial resolution as high as 14 nm and estimated a Raman enhancement factor of ∼ 104.
This allowed for the study of local variations in the Raman spectra of single nanotubes.

In studies of adenine as well as C60 molecules, the tip-induced mechanical force was shown to
lead to mechanical strain induced frequency shifts of the normal Raman modes [250, 255].
Furthermore, it was observed that when interacting with individual metal atoms of the
tip apex, adenine molecules form different isomers, demonstrating the potential TERS for
atomic site selective sensitivity [257].

Extension of TERS implementation for coherent spectroscopy was shown for Coherent
Anti-Stokes Raman scattering (CARS) of adenine molecules included in a DNA network
[44]. Owing to the third order nonlinearity of the CARS process, the induced polarization
at the tip apex is further confined, and higher lateral resolution is in principle possible
[251].

Concomitant, theoretical studies on TERS report field enhancements up to three orders
of magnitude in particular frequency regions [260, 132, 261, 262, 263, 264]. However, the
expected resulting TERS enhancement of 12 orders of magnitude has not yet been observed
experimentally.

The aperture-based SNOM using tapered glass fiber tips has been also employed for nano-
Raman spectroscopy [265, 266, 267, 268]. However, the low optical throughput of the
aperture probes - 10−3 - 10−5 - restricts the sensitivity and results in a long imaging time
(60s/point). Additionally, the spatial resolution is severely limited by the aperture size to
100-200 nm parasitic Raman signal from the glass tip that could be an impediment [267].

Similar to the case of SERS where the enhancement is given by the ratio of Raman intensi-
ties in the presence and absence of the metallic protrusion - Eq. 4.9, for TERS experiments
G is estimated by the increase in Raman intensity with the tip close to the surface with
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Figure 4.4: Absorption (blue) and fluorescence (red) of one monolayer of Malachite Green (MG)
dye molecules adsorbed on a glass plate. Molecular structure of MG shown in right
panel.

respect to the one when the tip is retracted. As detailed later in this chapter, although this
is an indication that near-field enhancement can be responsible for the increase in inten-
sity, without studying the lateral resolution and/or vertical tip-sample distance dependence
of the increase in signal it is in principle not possible to discriminate near- from far-field
contributions in inelastic light scattering from metal tips.

4.3 Malachite green molecule

For our experiments, we chose Malachite Green (C23H25N2−Cl, hereafter named MG). It
is an organic tryphenylmethane laser dye, with an extended delocalized π-electrons system,
and a molecular weight of 364.92. Using the inter-atomic distances the molecule is estimated
to occupy a surface area of ∼ 0.87 nm2 (actual 3D spatial filling: 1.18 nm × 1.39 nm ×
0.98 nm).

Fig. 4.4 presents the typical [269] absorption (blue) and fluorescence (red) spectra of one
monolayer of MG molecules deposited on a glass substrate. The absorption peak is centered
around λ = 635 nm. For the measurement of the fluorescence profile a micro-Raman
spectroscopic technique [270] was employed. The excitation wavelength is λ = 543 nm,
and the fluorescence peak is centered around λ = 650 nm.

4.4 Experimental

Various experimental schemes have been employed for TERS experiments. A tip axial
illumination and detection geometry has been used, allowing for high NA, but requiring
transparent samples or substrates [27, 28]. Similarly, but allowing to probe non-transparent
samples, a high-NA parabolic mirror can be used [271, 272]. In both schemes, the tip is
illuminated along the axial direction, with the tip apex positioned in the laser focus. For
these geometries, polarization conditions require either a Hermite-Gaussian beam [273] or
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radial incident polarization [274, 271]. While allowing for efficient excitation and detection
with the tip, independent polarization and k-vector control is limited, but desirable for
symmetry selective Raman probing. In contrast, side-on illumination and detection allows
for greater flexibility in the selection of polarization and k-vector as well as the use of
nontransparent samples.

A brief illustration of the experimental principle used for the back-scattering near-field tip-
enhanced Raman studies on MG molecules is shown in Fig. 4.3. With most of the setup
described in Chapter 2, only elements specific to the TERS experiments are mentioned
here.

As incident light source, a continuous wave Helium-Neon laser was used, with λi = 632.8
nm (1.96 eV) very close to the molecular absorption peak (Fig. 4.5). This leads to a resonant
Raman excitation via the S0-S1 electronic transition of the conjugated π-electron system.
Maximum fluence in the focus of the microscope objective of 5 × 103 − 3 × 104 W/cm2

was used.

After passing through a laser-line filter, the incident light is focused onto the tip-sample gap
and the tip-scattered light is spectrally selected using a notch filter (Kaisers Holographic
Notch-Plus-Filter) and an imaging spectrograph, and detected with a N2(l)-cooled CCD
detector. Even for large enhancements the signal intensities are weak and noise is signifi-
cant in part due to the strong nonlinear dependence of the enhancement with tip-sample
distance. We therefore limited the spectral resolution to 25 cm−1 for the tip-enhanced
experiments.

The Au nanoscopic tip used here present strong plasmon resonances in the spectral region
of interest, leading to enhanced pump (νi) and Stokes Raman fields (νS) at the apex. A
representative linear light scattering spectrum showing the plasmonic behavior of a Au tip
is plotted in Fig. 4.5 (Tip plasmon spectrum).

It is important to note that the use of a shear-force and not cantilever AFM is most
suitable for the tip-enhanced Raman studies. Due to the short range tip-sample distance
dependence of the field enhancement, dynamic non-contact AFM is less suitable. The
time-averaged signal is greatly reduced due to the oscillating tip action. Contact AFM,
maintaining constant and small tip-sample distance, experiences strong forces, making it
unfavorable for probing molecular or soft matter samples. In contrast, in the shear-force
arrangement the tip is kept at a constant height of several nanometers above the surface
without actual physical contact.

The far-field spectroscopic studies of MG molecules were conducted using a micro-Raman
confocal setup, based on an inverted microscope (Zeiss Axiovert 135). The pump light was
focused onto the sample using a microscope objective with N.A. = 0.9 and the emitted
Raman response was spectrally analyzed using the same spectrometer as for the near-field
experiments. With a higher numerical aperture, this setup allows the use of a 1 cm−1

spectral resolution, higher than in the near-field case.

Experimental quantification of the near-field Raman enhancement

In contrast to SERS where the quantification of the enhancement is a difficult task in
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Figure 4.5: Absorption spectrum from 1ML of MG (top). Linear light scattering showing the
plasmon resonance of the Au tip (bottom).
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general, for the tip-scattering experiment, the enhancement factor can be derived from
comparison of tip-enhanced versus far-field response of the same surface monolayer. For
the experiments presented here, the integrated Raman signal over the 1150 - 1650 cm−1

spectral region is used after background subtraction, as described in Sect. 4.5.

The electromagnetic near-field enhancement originates form a surface area approximated
by the area of the tip apex [27], representing the tip-averaged near-field region at the sample
surface [275]. For the evaluation of the enhancement factor, the different areas probed in
the near-field (TERS) and far-field (FF) cases are then taken into account. For the TERS
setup, under orthogonal illumination the focus has a diameter d = (λ/NA)×1.5 = 1.7 µmiii.
Considering the ∼70◦ angle of incidence made by the propagation direction of the pump
light with the surface-normal in our setup, the actual surface region illuminated is elliptical
and larger, with a total area of about 27 µm2. In the case of the micro - Raman setup
(FF), the laser illuminated area is 870 nm2. Using the estimation of the MG molecular
area, we find that for 1ML surface coverage, approximately 106 molecules are in the focus
of the far-field setup and only < 200 are responsible for the tip-enhanced signal for a tip
with 10 nm apex radius.

Besides the illuminated areas in the laser focus, we must also consider the detection effi-
ciencies for the two different experimental arrangements. The two microscope objectives
used cover distinct solid angles, and thus the amount of detected Raman signal is different.
Considering the far-field response to be emitted only in half space (solid angle Ω = 2π)
following an isotropic dipolar intensity pattern, up to 27% of the total Raman signal is
detected in the FF case. In contrast, for the TERS experiments only 2% of the total
signal is detected by the microscope objective, if we take the emission pattern to follow
a cos2(θ + π

2 ) law (θ ∈ [0, π]). Taking all the above into consideration, the final Raman
enhancement factor can be estimated, and was found to vary in the range of 106 - 109, with
the variation mostly depending on the tip used.

Sample preparation

Smooth gold surfaces were produced by vacuum evaporation (Auto 306, Edwards), resulting
in films with thicknesses of ∼ 100 nm, as characterized by the quartz crystal micro-balance.
Carefully cleaned microscope cover glass was used as substrate.

Figure 4.6 displays shear-force topographic images of one of the Au films for both trace
and retrace scanning directions. The 100 x 100 nm2 area is scanned with 1 nm scanning
step (100 x 100 pixels). The surface is found to be flat within the ∼2 nm noise level. No
topographic structures are present on the sample, which could account for SERS activity.
This was verified by both near- and far-field scanning.

Monolayer (ML) and submonolayer coverages of the malachite green (MG) molecules were
prepared by spin coating (SCS|G3-8 Spincoat, Cookson Electronics Equipment) from dilute
(0.03 and 0.3 mM) ethanolic solutions. The molecular coverage of the prepared samples was
estimated comparing the absorption spectra for a known number of molecules with that
of the spin coated sample used in the experiments. Absorption spectra of a solution with
known concentration (i.e., known number of MG molecules) was taken, and normalized to
iii the 1.5 factor is added to account for deviation of the laser beam from a perfect gaussian profile.
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Figure 4.6: Shear-force topographic image of flat Au substrate. Area of 100 x 100 nm is scanned
with a 1 nm step (trace and retrace). The colorbar on the right hand side reads
nanometers and holds for both images.

the absorption spectrum of ethanol alone. Part of the solution was spin coated onto a bare
cover-glass slide under the same parameters as the real samples: same amount, surface area
and spinning parameters.

The spin coated layer was then dissolved in a known amount of ethanol and absorption
spectrum was acquired. The direct comparison of the two absorption spectra allows the
deduction of the total number of MG molecules present onto the cover glass sample. Note
that the outer region of the glass slide was cleaned carefully, since in that region the spin
coated molecules clustered, and all the experiments were done within the central region of
the samples. In separate test experiments it was verified that the molecular coverage of the
bare cover-glass is similar with the one of a Au-covered sample.

Considering the known surface area of a molecule and with the sample total surface mea-
sured to be 108 nm2, this gives a number of N = 1.24 x 1014 MG molecules spread into one
homogeneous monolayer. It was found that in the case of the 0.3 mM solution the sample
is covered with ≤2 monolayers of MG molecules, while for the 0.03 mM concentration, the
sample is covered with only < 0.5 monolayers.

Note that the above estimation represents an upper limit of the actual molecular coverage,
since it was considered that the molecules lay flat and are closely packed onto the surface,
with no empty spaces in between. Raman spectra were acquired on different randomly
chosen regions of the sample and resulted in similar intensity levels within experimental
uncertainty, indicating a rather homogeneous distribution of molecules on the surface.

4.5 Results

Near-field character and far-field artifacts in TERS
TERS manifests itself in an enhancement of the Raman response, with the increase confined
to the region underneath the tip-apex. However, with the illumination extended on a larger
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surface region determined by the far-field focus, the discrimination of the variation of far-
field response due to the presence of the tip inside the focus is difficult in general [27].

Without any lateral scanning or systematic vertical tip-sample distance variations this in
general does not allow for the unambiguous assignment of the observed optical effect to a
near-field process. The apparent Raman signal rise may be due to far-field effects occurring
when the tip is scanned inside the tight laser focus that can influence both signal generation
and detection. With the tip penetrating into the focus region it would allow to scatter
additional, otherwise forward-scattered (non-enhanced) far-field Raman light back into the
detector. Furthermore, the interference of tip-scattered, surface reflected and incoming
pump light results in locally enhanced pump intensities. With both processes affecting a
surface region not confined by the apex area, they can dominate over the near-field effects.

Figure 4.7: Near-field signature vs. far-field artifact: Raman spectra of single-walled carbon nan-
otubes and MG molecules with tip retracted (SWNT, MG) and tip engaged (SWNTtip,
MGtip). Inset: tip-sample distance dependence of the Raman signal obtained under
similar conditions but displaying very different behaviors: the ∼20 nm length scale
increase is characteristic for the near-field signal origin (circles); the few hundred nano-
meter decay length (squares) shows a far-field artifact - leading to similar signal increase
as the near-field response. Dashed lines added as guide for the eye.

In Fig. 4.7 tip-scattered Raman results are shown for single-wall carbon nanotubes (SWCN)
and and monolayers (ML) of malachite green (MG) molecules with the tip in force feedback
at d = 0 nm, versus tip retracted by several 100 nm. Note that here and in the following,
d=0 is defined as corresponding to a 20-30% decrease in the shear-force amplitude. When
the tip is within several nanometers above the sample surface, a strong increase in Raman
intensity is observed for both adsorbates (spectra denoted SWNTtip and MGtip). Note that
the difference in noise level from the SWNT to the MG spectra is due to different spectral

59



4 Scanning probe Raman spectroscopy

resolution settings of the spectrometer. Despite being frequently applied to assign the ob-
served signal to TERS [276] simply comparing surface vs. tip scattered Raman intensities
near- and far-field processes are a priori indistinguishable. The inset of Fig. 4.7 shows the
Raman peak intensity as a function of the tip-sample distance obtained in two similar ex-
periments for monolayers of MG molecules adsorbed on flat Au surface. The overall increase
in signal is comparable in both cases, and an estimate of the Raman enhancement factor
gives G > 106 (vide supra). However, with the distance variation occurring on a length
scale correlated with pump wavelength or focus dimensions, in one case the enhancement
can solely be attributed to far-field effect (squares). A true near-field effect manifests itself
in a correlation of the spatial signal variation with the tip radius (∼ 20 nm). Here, with
high quality tip (sharp apex, smooth tip shaft), the near-field contribution can dominate
the overall signal (circles).

Figure 4.8: Tip-sample distance dependence of spectrally resolved Raman signal during approach
of ∼ 1 ML of MG on gold. Each spectrum is acquired for 1 s and the approach is
realized with 2 nm increments. Near-field tip-enhanced signal is observed with the tip
within ∼ 20 nm above the sample, displaying typical Raman modes for MG molecules
(see text).

Fig. 4.8 shows the spectrally resolved tip-scattered Raman signal during approach of ∼ 1
ML of MG on gold (2 nm/step, 1 s/spectrum acquisition time). The pump light is polarized
along the tip axis (pin) and the Raman signal is detected unpolarized. Although a faint
Raman signature of the molecules is observed with the tip far away, a clear molecular finger-
print is obtained only when the tip is within ∼20 nm from the sample. The prominent
bands around 1615 cm−1 and 1365 cm−1 are assigned to combinations of the C=C stretching
vibrations of the phenyl ring and the mode at 1170 cm−1 is due to a methyl group rocking
mode or an in-plane C-H bending mode of the phenyl ring [277]. The details of mode
assignment are discussed below, in Sect. 4.6.

The enhancement is confined to a tip-sample spacing of just several nanometers and corre-
lated with the apex radius of the tip, as expected for the near-field signature. The increase
in Raman response is accompanied by a weak rise in a spectrally broad fluorescence back-
ground which has been subtracted in Fig. 4.8. With the molecular fluorescence being
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quenched due to the electronic coupling to the metal substrate, this emission can largely
be attributed to the enhancement of the intrinsic tip fluorescence [278] as evident from the
control experiment shown in Fig. 4.9. Here, the spectra are acquired from the tip alone
(Au tip) and from the sample alone (Au surface), respectively.

Figure 4.9: Spectra of clean Au tip and surface showing intrinsic fluorescence from the tip alone
(red) as opposed to the very weak response of the Au-surface (black). The spectral
discontinuity visible around the pump frequency νi is due to the presence of the notch
filter.

Fig. 4.10 shows the field enhancement factors (E/E0) for the integrated Raman signal from
∼ 1 ML of MG on gold as a function of tip-sample distance for two different Au tips (r < 15
nm). The signal is integrated over the 1150 - 1650 cm−1 spectral region after background
subtraction. Maximum enhancements of 93 and 65 (black and blue curves, respectively) are
obtained considering variation of the tip-scattered Raman response with the forth power
of the electrical field, as indicated above.

The study of the polarization dependence of the Raman response offers additional insight
into the electromagnetic enhancement of TERS. Fig. 4.11 shows near-field Raman spectra
from ∼ 1 ML of MG on gold for the different polarization combinations of both pump
and Raman light. Incident laser power and acquisition times are identical for all spectra.
The polarization directions are defined as parallel (p) and perpendicular (s) with respect
to the plane of incidence formed by the incoming wave vector k(ωi) and the tip axis. No
background has been subtracted and the data are normalized with respect to the intensity
of the 1615 cm−1 mode measured in pin/pout configuration (upper left panel).

With the incident field polarized perpendicular on the tip axis (sin), almost no Raman
signal is observed, irrespective of the polarization of the scattered light. In contrast, with
the pump polarized along the tip axis (pin), clear Raman fingerprints of MG molecules
are observed with the Raman response being predominantly polarized parallel to the tip
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Figure 4.10: Field enhancement (E/E0) for two different Au tips approaching ∼ 1 ML of MG on
gold. The Raman response is integrated over the 1150 - 1650 cm−1 spectral region
after background subtraction and the enhancement factors are calculated according
to IT ERS ∝ E4.

(pin/pout) as expected for near-field TERS from isotropically distributed molecules with
diagonal Raman tensor components as the case of MG. For both sin/pout pin/sout configu-
ration, weak overall signal is observed due to the absence of the tip-sample optical coupling.
For sin/sout a larger background is observed, albeit with no Raman enhancement, as ex-
pected.

TERS of molecular adsorbates
One of the most important observations is the change in the Raman signature of MG
molecules with the degree of near-field enhancement. In Fig. 4.12 several tip-scattered near-
field enhanced Raman spectra are shown. They are taken for the same surface coverage of
∼ 1ML of MG, but using different tips exhibiting enhancements of 3× 108 (a), 7× 107 (b),
1× 107 (c), and 1× 106 (d), respectively. The experimental uncertainty is estimated at a
factor of 3 – 5 for each value. Note that the tip-enhanced Raman spectra are reproducible
for a given tip, but as seen from the data, their spectral details vary from tip to tip.

With the lateral confinement of the tip-enhancement within a ∼ 10 nm diameter surface
region and a molecular density of ∼ 1/nm2 we estimate that the signal observed in Fig. 4.12
a) - d) originates from of order 100 molecules. In the lower panel of the figure the far-
field Raman spectrum from the same sample is shown for comparison (black line). The
spectrum closely resembles that in aqueous solution [277] indicating that the molecules
are physisorbed in isotropic orientation at the surface. The blue bars represent normal
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Figure 4.11: Polarization dependence of the near-field tip-enhanced Raman response originating
from ∼ 1 ML of MG on gold. All spectra are acquired for the same time and nor-
malized to the maximum intensity value of the 1615 cm−1 mode in pin - (unpol.)out

geometry. Very weak Raman response is observed with the pump polarized perpen-
dicular on the tip axis (sin), in contrast with the (pin) case where the MG Raman
modes are present.

Raman modes of the MG anion calculated using density functional theory as implemented
in Gaussian03 [279] and discussed below.

The tip-enhanced Raman response is notably different in terms of the relative peak ampli-
tudes compared to the far-field Raman spectrum. This characteristic difference is the result
of the strong optical field localization, and may be related to different selection rules for
the tip-scattered Raman response - akin to SERS [280] - as discussed later on. For weak
enhancement (Fig. 4.12 c and d) the tip-scattered spectra closely resemble the far-field
response. However, with increasing enhancement of 7× 107 (b), and most pronounced for
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Figure 4.12: Tip-enhanced Raman spectra for ∼ 1 ML of MG for different degrees of enhance-
ment (a,b,c,d) in comparison with the corresponding far-field Raman spectrum (bot-
tom graph) and DFT calculation for the mode assignment (blue bars). The Raman
enhancement factors derived are 3 × 108 (a), 7 × 107 (b), 1 × 107 (c), and 1 × 106

(d), respectively. Data are acquired for 1 s (a), 100 s (b,c), and 30 s (d), respectively.
Spectral resolution is 25 cm−1 for the near-field and 1 cm−1 for the far-field spectra.
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Figure 4.13: a) Time series of 100 consecutive near-field Raman spectra (acquired for 1 s each)
for ∼ 1 ML MG on Au (Raman enhancement 1.3× 107). The sum Raman spectrum
clearly resembles the far-field spectrum.

b) Bleaching kinetics derived for the spectrally integrated Raman time series and the region from
1550 to 1650 cm−1 (inset). An exponential decay constant of τ = 40± 5 s is derived.

3 × 108 (a), the vibrational modes start to look markedly different. While some of modes
are present in both far-field and near-field spectra (e.g., 920 cm−1 , 1170 cm−1 , 1305 cm−1

), some other are characteristic for the highly enhanced near-field results (e.g., 1365 cm−1 ,
1544 cm−1 ). Vertical dashed lines in Fig. 4.12 are shown at these representative vibrational
modes.

The spectral variations of the Raman features observed for high enhancements when com-
pared with the far-field spectrum call for the question, whether they are due to structural
changes and the signature of decomposition products of the molecules or whether they are
indeed intrinsic to MG and a result of, e.g., the large field gradient in the tip-sample gap
as suggested in [214]. In the following results of control experiments are discussed which
support that the effect is intrinsic and decomposition products and/or carbon contamina-
tion do not affect the Raman response in our experiments.

Molecular bleaching

Resonant Raman excitation offers additional enhancement, but is more susceptible to
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photo-chemical degradation of the molecules [281]. To probe for the possible appearance
of photoreaction products and their signature in the Raman spectra, the evolution of the
Raman emission is monitored in time-series experiments. Fig. 4.13 a) shows consecutive
near-field Raman spectra acquired for 1 s each for an enhancement of 1.3 × 107 with an
incident laser fluence of 3 × 104 W/cm2. The molecules bleach on a time scale of ∼ 100
s and the signal decays to zero. During the bleaching no new spectral features appear
from possible photoreaction products. Also, the signal decays with the relative peak am-
plitudes remaining constant. After complete bleaching no discernible Raman response can
be observed.

The fluctuation observed in the time series is expected given the small number of ∼ 100
molecules probed in the near-field enhanced region under the tip apex and the likely surface
diffusion of the molecules. The sum over all spectra (top graph) or the sum of any large
enough subset even at later times, i.e., after substantial bleaching has already occurred,
closely resembles the far-field response of MG and thus allows to attribute the Raman
response to MG molecules.

The same behavior of a gradual and homogeneous disappearance of the Raman response
without a relative change in peak intensity is also observed for larger enhancements, i.e.,
the case where a different mode structure is observed. However, the larger local field
experienced by the molecules leads in general to decreasing decay time constants.

Fig. 4.13 b) shows the decay kinetics of the spectrally integrated intensity for the Raman
time series shown in panel a). This is shown in comparison to the integral intensity of
the region from 1550 to 1650 cm−1 encompassing only the two prominent modes (inset).
Assuming an exponential decay behavior of I/I0 = exp(−t/τ) for the Raman intensity a
decay time τ = 40± 5 s is derived from the fit in both cases (solid lines). From the applied
laser fluence of 3×104 W/cm2 and the enhancement of the pump intensity of ∼

√
1.3× 107

the bleaching would be induced by a local pump fluence of 4.7× 107 W/cm2.

An extreme case of molecular bleaching is shown in Fig. 4.14. A time series of 100 con-
secutive Raman spectra from a sample with submonolayer molecular coverage, with each
spectrum acquired for 1s is recorded. The estimated Raman enhancement factor is 9x107

and, as clearly seen, the spectral features deviate from the far-field Raman spectrum pre-
sented in Fig. 4.12 d, akin to the ones shown in the same figure panels a) and b) for high
enhancement level (e.g., the mode at 1544 cm−1 ). After an illumination time of about 50 s,
the overall Raman intensity drops suddenly over the whole spectral region, and most visible
for the peak at 1306 cm−1. With this being a clear indication that the probed molecules
undergo a bleaching process, it is interesting to note that no new features are discernible in
the subsequent spectra recorded, nor does the relative Raman intensity change. A physical
degradation of the tip and thus a decrease in Raman enhancement can be out-ruled here,
since this would lead to an overall change in spectral signature, not seen in the data. Thus
even for extreme cases as the one presented here, the molecular decomposition products do
not contribute at all to the observed Raman signal.

Carbon Raman response

With the experiments carried out under ambient conditions, special care must be taken to
use clean samples and tips. It is well known [282] that contaminating carboniferous species
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Figure 4.14: Time series of 100 NF Raman spectra acquired for 1s each. After ∼50 s the Raman
intensity reduces due to bleaching, but no signature of secondary products is visible.

and/or carbon clusters can adhere to either tip or sample and reveal their Raman signature
in the tip-enhanced spectra, e.g., Raman bands of appreciable intensity at frequencies above
1750 cm−1 [283].

Carbon clusters and carboniferous decomposition products exhibit Raman bands of appre-
ciable intensity at frequencies above 1750 cm−1 [283]. Fig. 4.15 shows experimental Raman
spectra for the energy range beyond 2000 cm−1. The tip-scattered spectrum (red) is ob-
tained for ∼1 ML MG molecules and the enhancement is estimated to ∼ 108. The spectrum
displays the characteristic near-field enhanced Raman modes of MG for high enhancement,
different from the far-field ones (blue spectrum). Even for this high enhancement our near-
field spectra do not show significant features above 1700 cm−1 , which are expected for a
carbon response. Note that C–H stretching modes below 3000 cm−1 are not resonantly
enhanced and their absence in the spectra is in accordance with corresponding spectra in
solution.

For comparison, in the following we analyze a carboniferous Raman response. Fig. 4.16
shows a time series of consecutive tip-enhanced Raman spectra acquired for 1 s each from
a multilayer of photodecomposed MG. The observed behavior is characteristic for Raman
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Figure 4.15: Tip-enhanced (enhancement ∼ 108) and far-field MG Raman spectrum for ∼ 1 ML
of MG including the higher energy spectral range. Although spectrally different from
the far-field response the absence of any spectral signature above 1700 cm−1 for the
tip-enhanced response contrasts the observation for carbonaceous species.

scattering from carbon clusters and very distinct from the spectral response discussed above
for monolayer or submonolayer MG in several ways: First, in accordance with previous
observations [283, 284, 282], the Raman response is comparatively large and fluctuates
rapidly and in an uncorrelated way. This behavior is very different compared to all our
observations for MG. Second, by contrast to the data in Fig.4.15, a distinct spectral feature
emerges around 2000 cm−1 which has been assigned to, for instance, modes within the
segments of carbon chains [283].

Third, this carbon Raman response is due to extended carbon chains and aggregates which
can readily form by multilayer MG decomposition. In contrast, at ambient temperatures,
one would expect that the bleaching of monolayer and submonolayer coverages (< 0.01 ML
for the single molecule experiment presented below) leads to smaller molecular fragments
and subsequently to a dilute surface carbon distribution. Fourth, large Raman cross sec-
tions are reported for carbon clusters and carbonaceous species in SERS consistent with
the strong signals observed in Fig. 4.16. Should they have formed in our experiments, they
would have manifested themselves in an appreciable Raman response in the time series
experiments.

Besides the degradation of the analyte, another potential source of carbon contamination
is the near-field probe itself. At room temperature and in a non-controlled atmosphere,
contamination molecules from the environment could stick to the tip surface and reveal
highly enhanced Raman signals. In order to discriminate this unwanted signature from the
MG one, two kinds of control experiments were performed: (i) for a contaminated tip, the
observed signal should persist upon retracting the surface for several tens of nanometers -
out of the enhancement region of the tip - and maintaining the tip in focus. (ii) the
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Figure 4.16: Time series of consecutive near-field Raman spectra acquired for a photodecomposed
MG multilayer. The large and uncorrelated spectral fluctuations and the band at
1870 - 2100 cm−1 are characteristic for carbon clusters.

MG covered substrates were exchanged with clean Au surfaces, and TERS spectra were
recorded with the same tips. In conclusion, the lack of any Raman signal in both cases
is a strong indication of the absence of a response from either decomposition products or
carbon impurities.

4.6 Discussion

The results presented in Fig. 4.7 reveal that only the demonstration of a clear correlation
of the lateral or vertical tip-molecule distance dependence with tip radius allows for an
unambiguous near-field assignment of the optical response [27], as is true for all near-field
microscopies including s-SNOM and the special case of TERS [10, 238, 12, 174].
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The highly polarized TER response observed in our experiments indicates the absence of
significant near-field depolarization, for the homogeneous and slender tip geometries used.
This is required for symmetry selective probing in TERS and other nonlinear tip-enhanced
processes that rely on polarization-selective and -conserving light scattering [43, 285, 286,
287]. In contrast, for a Ag particle-topped quartz AFM probe as used for probing the 520
cm −1 Raman band of Si [288] the observed Raman depolarization has been attributed to
the wide cone angle of the tip [289].

In our experiments we expect the enhancement to be purely electromagnetic in origin. As
discussed above and similar to SERS, the total Raman enhancement factor G is given by
[204, 27]:

G = L2(νi)L′2(νs) (4.10)

Although different, the field enhancement factors for pump and Raman-shifted frequencies
(L(νi) and L′(νs), respectively), can be assumed to be similar for the purpose of the present
study [290, 291]. This is motivated by both the spectrally broad plasmonic resonance of
the tip - described in Chapter 3 - and its red-shift upon approaching the sample surface
[119, 129, 275]. Accordingly, the observed enhancement of 2×107−3×108 would correspond
to average local field factors of 70 – 130.

In addition, the molecules adsorbed onto the planar Au surface experience further enhance-
ment given by the Fresnel factor [292]. Therefore, the total enhancement observed here
must be defined with respect to the free molecule response. This translates into a Raman
enhancement of up to 5× 109.

From comparison of different tip materials as well as pump and Raman polarizations we
find that the source of this strong amplification of the local optical field for the Au tips is
the excitation of the axial plasmon resonance of the tip [83]. That plasmon mode is evident
from the spectral tip Rayleigh scattering response [83], as shown in Fig. 4.4, and it gives
rise to a local field enhancement in the range of 10 to 25 for free standing tips [47].

In the presence of the metal surface, strong optical coupling between the metallic tip and
substrate is effective. This coupling is a manifestation of the boundary conditions for the
optical field in the gap imposed by the substrate plane (mirror image) [212] as covered in
Chapter 3.

The effect is seen in Fig. 4.17 where the field distribution is calculated for a Au hyperbolic
tip of apex radius r = 10 nm with (b) and without (a) sample. Taking advantage of the
small dimensions of the tip apex compared to the optical wavelength (kr � 1, with k the
wave vector), the problem is treated in the quasistatic approximation which allows solving
the Laplace equation analytically for certain geometries [162, 33, 105, 132, 129, 293, 294,
295, 275] and retardation effects can be neglected [296, 103].

The calculation is performed for a tip-sample distance of 10 nm. The presence of the surface
leads to a further increase in the lateral field confinement and to a local field enhancement
an order of magnitude larger compared to corresponding values for the bare tip. With
values for the local field enhancement of order 10 at the apex of the bare tip and 70 at
the substrate surface in the presence of the tip, this model calculation is in good accor-
dance with these and other experimental results and more accurate theoretical descriptions
[297, 126]. The detailed description of the model is given in [275].

70



4.6 Discussion

Figure 4.17: Calculated local field distribution and enhancement E/E0 for a Au hyperbolic model
tip with r = 10 nm, free standing (a) vs. near Au sample at d = 10 nm distance (b).
Scale bar = 10 nm.

To facilitate the identification of the underlying Raman selection rules we performed a
computation of the normal modes and polarization derivative tensor elements ∂α/∂Q for
the MG anion using density functional theory (B3LYP/6-31G(d,p)) as implemented in
Gaussian03 [279]. The vibrational Raman frequencies obtained, scaled by a factor of 0.975
are shown in Fig. 4.12 lower panel (blue bars). The assignment and spectral position of
the calculated modes agree well with the values published in the literature [277, 298].

The DFT calculations allow the identification of the spectral features in the far-field spec-
trum of Fig. 4.12. The majority of the intense Raman modes can be attributed to modes
either localized at the phenyl ring or delocalized over the two dimethylamino phenyl rings.
Cartoons for two of these Raman modes are presented in Fig. 4.18 : the peak at 1170 cm−1

is attributed to the rocking methyl group bending mode. At 1615 cm−1 another intense
mode is present and is due to a combination of C=C stretching motions of the aromatic
ring.

Furthermore, the calculations show that the new spectral features seen in the highly en-
hanced near-field spectra Fig. 4.12 may correspond to vibrational modes of MG, as discussed
here. Several Raman features are present in both the far-field and the strongly enhanced
near-field spectra. Prominent Raman modes at 920 cm−1, 1170 cm−1, 1305 cm−1 appear
for all enhancements. In the spectral region of 910 cm−1 to 980 cm−1 several vibrational
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Figure 4.18: Cartoons of normal Raman modes of the MG anion at 1170 cm−1 and 1615 cm−1

. According to DFT calculation performed, they are assigned to the rocking methyl
group bending mode and to a combination of C=C stretching motions of the aromatic
ring, respectively.

modes, typically characterized by in-plane skeletal bending and/or out-of-plane C−H mo-
tions, are found. The 1170 cm−1 mode may be assigned to a methyl group rocking mode
or an in-plane C−H bending mode of the phenyl ring. Around 1300 cm−1, in-plane C−H
deformation modes and C−C stretching modes of the methane group are located (Fig. 4.19
a).

Among the characteristic near-field enhanced modes, the peak at 1365 cm−1, which is
very strong in the far field spectrum, but decreases with increasing enhancement, can be
assigned to combination of C=C stretching motions of the aromatic ring. In contrast, the
prominent peak at 1544 cm−1 which dominates for the highest enhancement is very weak
for small enhancements or in the far-field spectra. Here, the calculation shows a mode
characterized by stretching motions combined with in-plane C−H bending motions of the
conjugated di-methyl-amino-phenyl rings (Fig.4.19 b). The two modes at 1585 and 1615
cm−1, which can be assigned to C=C stretching vibrations of the phenyl ring, decrease
with enhancement.

This change in both intensity and spectral signature with increasing near-field enhancement
together with the vibrational analysis shows that the peaks observed may well correspond
to vibrational modes of MG, whereby different selection rules must apply for the Raman
spectra obtained under condition of high enhancements [204].

The pronounced spectral difference between the tip-enhanced and far-field Raman response
resembles the observation made in SERS, where vibrational modes which are normally not
Raman allowed are found [299, 300]. In an experiment by Moskovits et al. [301] involving
benzene adsorbed on Ag, it was found that the modes of the metal-adsorbed molecules
were shifted and additional Raman modes appeared with intensities about the same with
those active in the case of free molecule. Aside from orientational effects, these spectral
variations are typically interpreted to arise from conformational changes and/or transient
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4.6 Discussion

Figure 4.19: Illustration of calculated Raman active normal modes of the MG molecule at 1293
cm−1 (a) and 1544 cm−1 (b). a) In-plane C−H deformation mode together with C-
C stretching of the methane group. This mode is observed in all near-field spectra
irrespective of the enhancement level. b) skeletal stretching motions combined with
in-plane C−H bending motions of the conjugated di-methyl-amino-phenyl rings. This
mode is not present in the FF spectrum, but its intensity grows with the near-field
enhancement (see Fig. 4.12).

covalent binding of the molecule at "active sites" [205]. With that being unlikely in the
tip-enhanced Raman geometry discussed here, this indicates that purely electromagnetic
mechanisms can already induce the kind of spectral selectivity observed in this experiment.

Due to the high localization of the optical near-field, the molecules in the tip-sample gap
experience a large field gradient. In that case, different Raman symmetry selection rules
can come into play, in general [302, 213, 280]. A description of the mechanism by which
strong field gradients can influence the molecular Raman spectra by altering the selection
rules is realized by Ayars et al. [214]. They find that the relevant terms of the dipole
moment µa of a molecule situated in the presence of a high field-gradient are:

µa =
{(

dµpa
dQ

)
0
E︸ ︷︷ ︸

ir

+
(
dαab
dQ

)
0
E︸ ︷︷ ︸

Raman

+αab

(
dE

dQ

)
0︸ ︷︷ ︸

GFR

+ 1
3
∂E

∂c

(
dAabc
dQ

)
0︸ ︷︷ ︸

QuadrupoleRaman

}
Q (4.11)

with E the amplitude of the applied electric field, µpa the permanent molecular dipole
moment, αab the polarizability tensor at vibrational frequency and Aabc the quadrupole
polarizability. Q represents the coordinate of vibration and {a, b, c} are a permutation of
the coordinates {x, y, z}.

The first term on the right hand side of Eq. 4.11 results in ir absorption. For an ir mode
to be active, a variation in the dipole moment along the vibration coordinate is necessary
[303]. The presence of the field gradient fulfills this requirement and thus allow for ir modes
to become Raman active.

Fig. 4.20 shows the experimental ir spectrum of the MG as measured in KBr (black line)
together with the near-field Raman spectrum (dotted blue line) obtained for the highest
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Figure 4.20: ir experimental spectrum as measured in KBr (black solid line) and DFT calculation
of ir normal modes (red bars) for MG molecule. Highly enhanced near-field Raman
spectrum (shown previously in Fig. 4.12 panel a) is shown for comparison (blue dashed
line).

enhancement (previously shown in Fig. 4.12 upper panel). The tip-enhanced Raman spec-
trum, however, shows no resemblance to the few ir-active modes of MG and identified
with the help of the DFT calculation (red bars). The conclusion holds for all the other
experimental spectra.

The second term in Eq. 4.11 describe the normal Raman emission, where only a change in
polarizability (dαab/dQ) leads to active modes. The next term denotes the Gradient Field
Raman (GFR) effect. It requires that the electric field belongs to the same symmetry species
as the vibration (dE/dQ 6= 0) and the polarizability (αab) must simultaneously be nonzero.
The resulting selection rules resemble the surface selection rules [205], and result in GFR
lines which complement the Raman spectra. According to [214] the presence of GFR modes
cannot be proven but strong circumstantial evidence comes from normally forbidden modes,
akin with the experimental result presented in this work. Similar differences between far-
and near-field Raman spectra were reported previously in the literature [265, 266].

In addition, the field gradient can also couple to vibrations via the derivative of the
quadrupole polarizability Aijk of a mode (∝ ∂Aijk/∂ Q∇E) [280]. With αab and Aijk trans-
forming differently in terms of symmetry and their ratio being highly mode dependent
this could account for the mode selectivity observed in tip-enhanced Raman scattering.
Although the calculation of Aijk is still deemed challenging for large molecules it might
contribute to a unified description of the underlying processes, given the well characterized
structural environment in tip-enhanced Raman in contrast to most SERS experiments. It
might also help to resolve the striking observation that the strength of the calculated four
modes at 846, 988, 1029, and 1544 cm−1 are overestimated by DFT calculation as compared
to the far-field spectra, but are modes found to be strongly enhanced in the tip-enhanced
Raman spectra.
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4.6 Discussion

The near-field enhanced Raman spectra start to deviate significantly only for enhancements
G > 107. In the case of moderate enhancements, both spectral positions and relative in-
tensities of the modes resemble the far-field signature, as seen in Fig.4.12 c) and d). This
is in accordance with the results of Domke et al. [254] who obtained maximum enhance-
ment comparable with our low enhancement values and did not observe any change in the
molecular spectral signature.

With the molecules under investigation exposed to the strongly localized and enhanced
near-field, this leads to a sometimes rapid photo-decomposition process. An important
question regarding the appearance of different spectral features in the near-field tip-enhanc-
ed Raman spectra is the influence of the molecular bleaching decomposition products [281,
304].

The tip-enhanced Raman results of the present study show that the decay and subsequent
disappearance of the spectral response due to the eventual bleaching on time scales of 100’s
of seconds (Fig .4.13 b) depending on enhancement is uniform, i.e., maintaining the relative
peak amplitudes. This, together with the qualitative analysis of the decays in Fig. 4.13 a)
and Fig. 4.14 for enhancements of 1.3 × 107 and 9 × 107, respectively, rules out that the
spectra for large enhancement shown in Fig. 4.12 a) and b) are due to carbon clusters or
other decomposition products and instead have to be assigned to malachite green.

In addition, transfer or binding of molecules to the tip is unimportant as evident from
the absence of any Raman response approaching a clean surface region with a tip which
has previously been exposed to a MG covered region (data not shown). These results
show that at least for monolayer coverages or below the decomposition products of MG
during bleaching do not contribute to the Raman response – irrespective of the level of
enhancement considered here. If bleaching would lead to photoreaction products with
appreciable Raman activity, one would expect to see the appearance of new spectral features
in the time series experiments.

It was suggested that the molecular bleaching rate could be used for the derivation of the
enhancement factor [276]. It should be noted that the bleaching rate is not a characteristic
physical quantity universal for a given molecule. For example, malachite green isothio-
cyanate - a sister dye of MG - was found to bleach with a rate constant more than two
orders of magnitude higher than the MG studied here [276], if renormalized to the same ex-
perimental conditions. Bleaching mechanisms can be quite diverse [305]. They may include
irreversible photoinduced or even multi-photon induced reactions such as rearrangements,
dissociation and fragmentation, elimination or hydrogen abstraction or perhaps photooxi-
dation with ambient oxygen via triplet states. It can depend on, e.g, humidity or cleanliness
of tip and sample, and is hence not a useful measure to compare experiments performed
under different conditions in different laboratories.

Therefore, we can conclude that the different Raman active modes observed for the cases of
high near-field enhancement originate from MG molecules and not intermediate products
due to molecular decomposition.
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4.7 TERS with single molecule sensitivity

With the measured tip-enhanced Raman spectra presenting a signal-to-noise ratio of more
than 40:1 when probing ∼100 molecules for 1 s accumulation time, this demonstrates the
potential for even single molecule sensitivity. For the subsequent experiment we resort to a
sample prepared with sub-monolayer surface coverage, adjusted to expect on average < 1
molecule under the tip-confined area of ∼ 100 nm2.

Corresponding near-field tip-enhanced Raman spectra measured in a time series with 1 s
acquisition time for each spectrum are shown in Fig. 4.21 (left panel). Here the tip has been
held at a constant distance d = 0 nm above the sample and the total Raman enhancement
is estimated at 5 × 109. The observed Raman signal exhibits temporal variations of relative
peak amplitudes and fluctuations in spectral position. These are characteristic signatures
of probing a single emitter in terms of an individual molecule. Similar observations have
been made before in SERS [226, 227, 228, 306] with the fluctuations in the spectroscopic
signature of a single emitter typically attributed to changes in its local environment, its
structure, molecular diffusion [210, 307], and changes in molecular orientation [304].
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Figure 4.21: Left: Time series of tip-scattered Raman spectra for a sub-monolayer MG surface
coverage. The spectral diffusion observed together with the analysis of the spectral
intensity are highly indicative for probing single MG molecules. Right: Comparison
between sum spectrum of data shown in left panel (olive) and tip-enhanced Raman
spectra for different degrees of enhancement (red, a) and b)) and sum spectrum of
data shown in Fig. 4.13 (blue).

With MG only physisorbed, it has to be considered in particular that the molecules can
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4.7 TERS with single molecule sensitivity

diffuse in and out of the apex-confined probe region and they experience different degrees
of enhancement. The diffusion dynamics can be facilitated by the thin water layer existent
onto the sample surface at room temperature, as discussed above.

In the time series in Fig. 4.21 the apparent bleaching rate seems reduced compared to what
is expected from the analysis of the ensemble bleaching discussed above. This is a result of
the low surface coverage where new molecules directly neighboring the tip-sample gap can
diffuse into the near-field enhanced region. However, the signal vanishes rapidly after 100
s due to the eventual depletion area after the molecules surrounding the tip have bleached.

Akin to the results presented above for strong enhancements, a different Raman mode
structure of MG is observed compared to the far-field response. A strong evidence of
probing single MG emitters and not decomposition products is offered by the comparison
of the Raman spectrum of a molecular ensemble with the sum spectrum over the entire time
series [206]. The resemblance of the two ensure that the signal observed in the strongly
fluctuating case originates from the same molecular species. Note that the sum over the
times series shall therefore resemble an ensemble spectrum for large enhancement, rather
than the far-field Raman spectrum or TERS spectra for weaker enhancements.

Fig. 4.21 displays the sum spectrum (olive) for the single molecule response for the 100
s time series (left) in comparison with ensemble spectra of ∼ 100 molecules probed for 1
s (red) showing different degrees of enhancement: 3 × 108 in a) and 7×107 in b). Panel
c) presents the sum spectrum (blue) of data shown above in Fig. 4.13. In assessing the
resemblance of the spectral characteristics is has to be considered that at low coverage the
molecules have more degrees of freedom to dynamically change orientation and they can
diffuse. Given the rather weak response, the signal detected can only be expected to emerge
from the region of largest enhancement. Sampling over this region with its lateral variation
in enhancement would give rise to further broadening of the strongly enhanced near-field
response compared to the far-field case. Therefore, while individual spectral features at
positions in accordance with the strongly tip-enhanced near-field response are observed in
the time series, it is not surprising that the sum spectrum no longer exhibits clearly re-
solved lines. With the diffusing molecules probing the spatial variation of the enhancement
under the tip this corresponds to an extreme case of inhomogeneous broadening. This
interpretation is further sustained considering, e.g, the improved resemblance of the peak
in the 1550 – 1600 cm−1 region of the single molecule sum spectrum with the sum of the
two near-field spectra (in a and b) of different enhancement.

Further insight is obtained by studying the statistical behavior of the single molecule Ra-
man response [210]. Fig. 4.22 top panel displays the integrated 1430 cm−1 to 1650 cm−1

spectral intensity for the data in Fig. 4.22 a). The signal intensities cluster with intervals
of 170-230 counts·s−1, as already evident from visually inspecting the time-series of inte-
grated intensities (dashed lines), and this manifests itself in the corresponding histogram
in an asymmetric distribution with discrete peaks (inset). Note that the details of the
histogram, however, depend on the binning procedure especially for such a small data set.
This behavior is qualitatively reproducible for experiments with the same surface coverage
and it can be interpreted as the Raman emission from n = 0 (noise peak), 1, 2, and 3
molecules being probed under the tip. This assignments is corroborated from experiments
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Figure 4.22: Top: Temporal variation of the Raman intensity of the integrated 1480 - 1630 cm−1

of time series shown in Fig. 4.21. From the corresponding histogram (inset) a dis-
cretization of Raman intensities can be seen. with 170-230 counts·molecule−1 · s−1

(dashed line increment). Bottom: Temporal variation of the Raman intensity of the
integrated 1480 - 1630 cm−1 of big molecular ensemble (far-field) and corresponding
histogram (inset).

with different surface coverages: for lower coverages only the n = 0 and 1 peaks remain
and with increasing coverage the distribution converges to a narrow random Gaussian dis-
tribution which is observed for monolayer coverages as seen in the lower panel, where 100
consecutive far-field spectra were acquired for 100 s each and the signal is integrated over
the same spectral range as in the case of the single molecule experiment. The details of
the histogram, however, depend on the binning procedure especially for a small data set as
has been shown to be insufficient as the sole argument for single molecule observation [308].

The optical trapping and alignment of MG under the tip has to be considered as possible
source of the observed surface diffusion and intensity fluctuations [309]. With the local
pump intensity of 7×107 W/cm−2 estimated inside the tip-sample gap and the anisotropic
molecular polarizability calculated as αxx ' 150 Å3, αyy ' 63 Å3, and αzz ' 22 Å3 a trap-
ping potential energy of order 10−4 eV results [309] with four distinct local minima corre-
sponding to different relative molecular orientations with respect to the tip axis. However,
with this energy being much smaller compared to the thermal energy of kT = 2.6 × 10−2

eV, this can not explain the discretization of Raman peak intensities in the single molecule
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response.

The experimental findings presented here and published in [30] were put under scrutiny in a
Comment by Domke et al. [310]. There, the authors question whether the Raman response
observed originates from MG molecules or wether the spectral features have to be assigned
to carbon clusters and molecular decomposition products. The near-field character of the
Raman response and the large enhancements are not debated. Their concerns are based
on the pronounced spectral differences visible in the case of high near-field enhancement
as compared tot the FF response. With the results shown above and published as a Reply
to the Comment [311] we have refuted the proposed alternative interpretation based on
"carbonaceous species" of our tip-enhanced and single molecule Raman signature.

Furthermore, in a recently reported TERS experiment, Zhang et al. [259] observed single
molecule Raman response from brilliant cresyl blue molecules adsorbed on planar Au. The
experiments were performed in a similar manner with the one presented here, and the
results reproduced TERS with single molecule sensitivity. For an analogous enhancement
level, they observed temporal fluctuations in both intensity and mode frequency, albeit
with no remarkable differences between far-field and near-field spectra.

Corroborating all these observations with the series of experimental data presented above
and the lack of contamination or decomposition products lead us to the conclusion that we
observe the Raman response of a single MG molecule.

4.8 Conclusion

Single molecule vibrational Raman spectroscopy of Malachite Green adsorbed on planar
metal surfaces is achieved by means of optical local-field enhancement provided by a scan-
ning nanoscopic metallic tip. The optical tip-sample coupling gives rise to a more than
109 Raman enhancement when compared with the free standing molecule response and a
localization of the response down to a sub-10 nm length scale. This proved sufficient to
allow for single molecule Raman spectroscopy.

Prominent spectral differences were observed between the tip-enhanced near-field and the
far-field Raman response. With the help of careful control experiments it was ruled out that
photo-decomposition or carboniferous products contribute at the observed signal. Further-
more, theoretical calculation revealed that the near-field characteristic features are part of
the normal Raman modes of the MG molecule. Following related theoretical and experi-
mental observations [214] we attribute the differences to the gradient field Raman effect.
However, given the inherent experimental challenges involved, the data lack the precision
to arrive at a definite conclusion about the physical mechanisms at this stage.

The evidence for single molecule signature is based on a number of experimental conditions
and observations: (i) the use of a dilute sample where in average only one molecule is
expected under the tip apex; (ii) temporal fluctuations of intensity and spectral position of
the Raman bands; (iii) resemblance of the single molecule sum-spectrum with the ensemble
spectrum in the near-field regime; (iv) statistical analysis of the discrete intensity levels in
the measured time-series.
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With the enhanced sensitivity demonstrated here using metallic substrates, these experi-
ments parallels the vibrational imaging of single molecules in inelastic electron tunneling
at low temperatures [312, 313]. Given the additional virtues of being an optical technique
and applicable under ambient conditions this opens new possibilities for ultrasensitive in
situ vibrational nanospectroscopy of individual chemical and biological structures.
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5 Nonlinear near-field microscopy

5.1 Nonlinear microscopy and spectroscopy

Nonlinear optics is the study of phenomena that occur as a consequence of the modification
of the optical properties of a material system by the presence of light. The beginning of the
field of nonlinear optics is considered to be the discovery of second-harmonic generation
(SHG) by Franken et al. in 1961 [314], shortly after the demonstration of the first working
laser by Maiman in 1960 [315]. One of the first theoretical treatments of the SHG process
was realized by Amstrong et al. and dates back to 1962 [316].

The response of a material upon applying an incident electric field E(ω) is given by the
induced polarization P(ω), which in the case of linear optics writes:

P(ω) = ε0χ
(1)E(ω) (5.1)

where χ(1) is the linear susceptibility. For the nonlinear response of the material subject
to an incident electric field expressed as a group of m monochromatic plane waves

E(t) =
∑
m

E(ωm)e−iωmt + c.c. , (5.2)

the total induced polarization P(ω) in the frequency domain can be expanded in a power
series of E :

P(ω) = ε0[χ(1)E(ωm1) + χ(2)E(ωm2)E(ωm3) + . . .] (5.3)

with E(ωm1), E(ωm2), and E(ωm3) the electric fields at frequency ωm1, ωm2 , and ωm3,
respectively (m1, m2, m3, . . . = (1,. . .,m)). χ(n) is the nth order dielectric susceptibility
tensor [184].

The second-order response due to the second-order nonlinear susceptibility χ(2) describes
sum-frequency generation (ω = ωj + ωk), difference-frequency generation (ω = ωj − ωk),
with the degenerate cases of second-harmonic generation (SHG) (2ω = ω + ω), or optical
rectification (DC = ω − ω).

In the case of (SHG), E(ω) induces a second order nonlinear polarization in the medium,
which can be expressed as:

P(2)
i (2ω) = ε0χ

(2)
ijkE

j(ω)Ek(ω) (5.4)

χ(2) is a third rank tensor with - in the most general case - 27 elements χ(2)
ijk (i, j, and k

describe the Cartesian coordinates x, y, z).

However, in most cases the number of independent non-vanishing elements is greatly re-
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duced as dictated by the symmetry of the medium [317]. Any additional symmetry property
of a nonlinear optical medium can impose additional restrictions on the form of the non-
linear susceptibility tensor. By explicit considerations of the symmetries of each of the 32
crystal classes, one can determine the allowed form of the susceptibility tensor for crystals
in that class. Results of such calculation [184] for the second-order nonlinear response
- performed originally by Butcher [318] - are presented in Table 5.1 for the 6mm point
group symmetry class which includes the hexagonal YMnO3 - of interest for the following
nonlinear optical studies presented here.

Figure 5.1: a) Geometry of second-harmonic generation. Reflection from interface
(

P(2)
s

)
and

transmission through the bulk - no inversion symmetry
(
χ

(2)
b

)
- cases are shown. b)

Energy level diagram describing second-harmonic generation.

Due to its higher symmetry selectivity, the nonlinear optical response of a material gives
access to properties difficult to access by linear optical techniques [317].

According to Eq. 5.1, if the medium has inversion symmetry, that is to say that the fields
E(ω) and −E(ω) induce dipoles P(2)(2ω) and −P(2)(2ω) respectively, this implies that
χ(2) ≡ 0 in the dipole approximation. At the surface or interface the inversion symmetry
is broken and the nonlinear polarization induced in the interfacial sheet is given by:

P(r, t) = Psδ(z)ei(k||(2ω)r−2ωt) (5.5)

System Symmetry class nonvanishing
elements of χ(2)

Hexagonal 6mm = C6v xzx=yzy
YMnO3 [184] xxz=yyz

zxx=zyy
zzz

Table 5.1: Non-zero elements of the second-order susceptibility tensor χ(2) for 6mm sym-
metry class. Each element is denoted by its Cartesian indices.
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Thus, for media with bulk inversion symmetry SHG is an intrinsically surface specific
process [319]. Since 11 of the 32 crystallographic symmetry classes possess inversion sym-
metry, the rule is very powerful, as it immediately eliminates all crystals belonging to the
respective classes from consideration for bulk second-order nonlinear optical interactions.

Microscopically, SHG corresponds to a sequence of electronic transitions from an initially
occupied state |g〉, via two intermediate states |n′〉 and |n〉 induced by the two incident
photons ~ω followed by the emission of one SH photon ~(2ω) when returning from |n〉 to
the initial state |g〉 (see Fig. 5.1). The expression for χ(2) in the dipole approximation
consists of eight terms of the form [317, 184]:

χ(2)(2ω) = −N e3

~2

∑
g,n,n′

[
< g|ri|n >< n|rj |n′ >< n′|rk|g >

(2ω − ωng + iΓng)(2ω − ωn′g + iΓn′g)
+ · · ·

]
ρ(0)
g (5.6)

The quantities ωn′g and Γn′g are the energy difference and the line widths for the transitions
between different quantum states, and ρ

(0)
g describes the population of the ground state

|g〉. Resonant enhancement thus occurs whenever the frequency of the transition matches
that of the pump beam or the SH frequency.

Shrinking the dimensions of matter towards and beyond the length scale of the optical
wavelength, distinctive phenomena such as optical field confinement and structural reso-
nances occur [133], and light scattering starts to dominate over conventional geometric
optics [103]. In contrast to the bulk, the lack of macroscopic translational invariance on
the nanoscale makes both crystallographic symmetry and overall geometry in terms of size
and shape crucially important [320, 321, 322, 323, 47]. Here, the problem of SHG becomes
particularly intriguing as can be illustrated for small centrosymmetric particles.

The locally excited dipole term - the correspondent of the source for linear Rayleigh scat-
tering - is absent for the nonlinear case because of the overall symmetry of the system
[321, 324, 322, 325].

Even with the inversion symmetry being broken at the surface of the particle, the over-
all signal cancels out owing to the destructive interference of the different local surface
contributions (schematically shown in Fig. 5.2). For large particles where the retardation
effects cannot be neglected - the electromagnetic fields are not constant over a distance of
the order of the particle diameter - higher order multipolar contributions to the nonlinear
polarization have to be taken into consideration [326]. Emission from the sphere arises
from both induced electric dipole and electric quadrupole moments at the SH frequency.
The former requires a nonlocal excitation mechanism - propagation-induced phase-lags of
the pump beam arise between spatially separated points of the particle -, while the later is
present for a local-excitation mechanism [327].

Thus, the total nonlinear optical response of the system is described by a total induced
polarization P2ω(r) that can be written as a sum of a dipole-allowed surface term P2ω

surface
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Figure 5.2: SHG from centrosymmetric particle. The surface SHG from centrosymmetric particles
is forbidden for collinear detection.

and a nonlocal term P2ω
nonlocal [328]:

P2ω(r) = P2ω
surface + P2ω

nonlocal

= χ(2)
s : E(ω)(r)E(ω)(r)δ(r − a) + χ

(2)
b : E(ω)(r)∇E(ω)(r) (5.7)

where (r-a) is the thickness of the spherical sheet contributing to the surface response, χ(2)
s

and χ(2)
b are the corresponding second-order surface and bulk susceptibilities. Because of

the lack of an in-plane translational invariance for a single nanoscopic system and with
the nonlocal dipolar contribution oriented longitudinal, i.e., parallel to the quadrupolar
bulk polarization, both these polarization sources can emit only in noncollinear directions
[321, 324]. In order to clarify the role of the different contributions to the nonlinear source
polarization, the symmetry of the medium together with the experimental configuration
represented by the wave - vectors k(ω) and k(2ω) have to be considered.

5.2 SHG from nanoscopic metal tips

Metallic tapered tips are partially asymmetric (∞mm) nanostructures with the mirror sym-
metry being broken along the tip axis. They provide a model geometry for addressing the
different contributions to the nonlinear polarization and their directional and polarization
selection rules. With the total nonlinear response of an interfacial system being a coher-
ent superposition of local surface and longitudinal bulk polarizations, these contributions
are in general inseparable without, e.g., surface modifications [329, 330, 331]. The special
geometry of the tip with its new selection rules, however, provides the additional degree
of freedom which allows for their distinct observation. Here, metal wire tips (Au and W)
with a nanometer size apex are investigated.

For experimental configurations sensitive only to the rotational symmetry, SHG from the
tip is limited to the nonlocal longitudinal excitations and vanishes in the collinear direc-
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tions, akin to the centrosymmetric particle case (see Sect. 5.1). In addition, the lack of
mirror symmetry along the tip-axis gives rise to a fully local surface dipole-allowed SH
contributions:

P(2)(2ω) = ε0χ
(2)
s L(2ω)L(ω)L(ω) : E(ω)E(ω) (5.8)

Here, χ(2)
s denotes the surface nonlinear susceptibility tensor with the components χ(2)

s,⊥⊥⊥,
χ

(2)
s,⊥‖‖, χ

(2)
s,‖⊥‖, where ⊥ and ‖ refer to the local spatial components perpendicular and

parallel to the surface, respectively. L(ω) and L(2ω) are the local-field correction factors
for the pump and generated optical fields E(ω) and E(2ω), respectively [317].

By proper selection of observation direction and SH polarization these different contribu-
tions can be studied independently, providing information about the surface as well as bulk
properties of the nanostructure.

5.2.1 Experimental

In our experiments, a mode-locked Ti:sapphire oscillator was used (pulse duration < 15 fs,
center wavelength λ = 805 nm, repetition rate 72 MHz). The linearly polarized light is
directed onto the sharp end of a free standing tip by means of achromatic reflective optics.
With a focus diameter of about 12 µm exceeding the tip apex dimensions, plane wave
excitation has been insured -necessary in order to avoid SH contributions due to intensity
gradients.

The scattered second-harmonic light was collected using a long-working-distance micro-
scope objective (20×, numerical aperture = 0.35), spectrally selected with a dichroic filter
and monochromator, and detected using a photomultiplier tube and photon counting elec-
tronics. It was verified both from the spectral signature as well as from the square power
dependence that the signal was of second-harmonic in origin up to a maximum pump flu-

Figure 5.3: Schematic of experimental geometry: Pump light k(ω) is directed onto the metallic
tip in the axial or sagittal directions. The scattered second-harmonic light k(2ω) is
detected for all symmetrically distinct k(ω)→ k(2ω) combinations.
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ence of 40 GW cm−2. To control tip orientation and illumination conditions the microscope
objective was simultaneously used in combination with a CCD camera. Half-wave plates
and polarizers served to control pump input and detected SH-output polarizations.

A scheme of the experimental geometry is shown in Fig. 5.3. Electrochemically etched (see
sect. 2.2) radially symmetric gold (Au) and tungsten (W) tips were used for the experi-
ments. Tip radii ranged from ≤ 10 nm to 50 nm as characterized by electron microscopy.
The tips are illuminated in the axial - k(ω) parallel with tip axis - or sagittal - k(ω) per-
pendicular on tip axis - directions and selected combinations of pump wave vector k(ω)
and observation directions k(2ω) are investigated. Note that the definitions of s and p
polarization refers to the plane spanned by the respective wave vectors and the tip axis,
and may differ from common conventions.

5.2.2 Results and discussion

Distinct symmetries result when the tip is illuminated in the axial or sagittal direction
with the SH-light being emitted with characteristic spatial and polarization anisotropy. In
the context of the near-field SH imaging experiments described later on in this chapter,
only the data obtained for the crossed sagittalin - sagittalout experimental arrangement are
shown, which are unique for the tip as a partially asymmetric nanostructure, as discussed
below.

A characteristic SHG signature of the tip apex can be detected under sagittal configuration.
Fig. 5.4 shows a schematics of the crossed sagittalin - sagittalout experimental arrangement.

In Fig. 5.5 the results for this experimental geometry are shown for the case of a Au tip.
The SH polarization is set to be either p (trace a) or s (trace b), and the polarization de-
pendence for the pump beam is monitored. Here, both the interfacial local dipole allowed
pinpout (trace a) as well as the longitudinal nonlocal pinsout and sinsout polarization com-
binations (trace b) are observed. In contrast, with the dipole P(2)

local excited along the tip

Figure 5.4: Experimental geometry for the SHG in sagittalin-sagittalout configuration. p polariza-
tion direction is defined as spanned by the wave vector and the tip axis for both pump
and SH beams. Right panel: electron micrograph of representative Au tip (r ∼ 20 nm).
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Figure 5.5: Pump polarization dependence for orthogonal sagittal illumination and sagittal p−
(a) and s−polarized (b) SH detection. In contrast to spherical particles both local p−
(a) and longitudinal nonlocal s−polarized (b) contributions can be observed in this
configuration

axis (Fig 5.4) - due to the dominating χ(2)
s,⊥⊥⊥ tensor element [328] - no local SH response

is expected for pinsout geometry. The polarization dependence for the local contribution
exhibits thus a twofold symmetry (Fig. 5.5 a). With the nonlocal component being lon-
gitudinal, the corresponding SH signal should be insensitive to the direction of the pump
polarization. The modulation observed in Fig. 5.5 b and the small asymmetry in Fig. 5.5
a are attributed to deviations of the tip shape from a rotational symmetry along its axis
and to small angle deviations of the experimental arrangement from the ideal sagittalin -
sagittalout configuration. For other tips investigated, this small modulation was observed
to change pattern, and even invert with respect to the input polarization. The SH intensity
observed for the local polarization source is more than 10 times higher than the response
for the non-local excitation. In a recent study [332], the higher multipole contribution to
SHG from a regular array of particles was estimate to contribute up to 20% of the total
SH field amplitude.

The results are found to be qualitatively reproducible for different tips of nominally similar
radii. For tungsten tips, the same behavior has been observed albeit lower signal levels are
found.

Depending on the experimental configuration, SHG relies on (i) a fully local dipolar re-
sponse, (ii) a nonlocal source polarization and/or (iii) on the nonlocal coupling of a local
SH-source to the emitted SH-wave. The longitudinal nature of the nonlocal source terms
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implies not only the absence of collinear SH-emission in the axial direction but also the
absence of s-polarized SH-light for coplanar pump/detection geometries, i.e, k(2ω) in plane
with tip axis and k(ω). Thus, the SHG selection rules can be equivalent to that of a planar
surface or resemble those of spherical or ellipsoidal particles. Unique for the tip structure
are configurations without any mirror plane such as the crossed sagittalin - sagittalout con-
figuration, where all polarization combinations can contribute to the SH-response. It should
be noted that in sum-frequency generation (SFG) with two independent input beams, ad-
ditional degrees of freedom exist to built asymmetric configurations [333].

Therefore, despite the shared symmetry properties of isotropic planar interface, spherical
cluster and the axially symmetric tip, their SHG response differs profoundly.

Our experiments show that the SHG efficiency depends on structural details of the nano-
scopic tip. An investigation of the influence of these geometric parameters would be highly
desirable; however, the limitations due to the preparation procedure render this difficult.
Yet, the contribution of the local field-enhancement on SHG from the metal tips can be
derived comparing the signal strength obtained with that of a planar surface of the same
material. With the SH-enhancement expected to be dominated by the tip apex, a hemi-
sphere with tip radius r is used to approximate the effective tip area. For the local dipole
allowed emission, assuming a dipolar radiation distribution, this translates into an SH-
enhancement of ∼ 5 × 103 − 4 × 104 for Au tips with r ' 20 nm. With the SH-power
∝ E4 [184] this corresponds to an amplification of 8− 25 for the average electric field near
the apex. For W tips significantly lower values for the SH enhancement are found corre-
sponding to local field factors between 3 and 6. These values derived for the local field
enhancement are consistent with those estimated using the model described in Sect. 3.5,
where the tip is treated as a hemispheroid.

It has to be noted that with the length of the incoming light pulse shorter than the illumi-
nated tip, a deviation form the slowly varying amplitude approximation is possible. This
gives rise to a varying nonlinear polarization along the length at a given time [317, 334],
which must be taken into account when a precise quantitative analysis is performed, but
should not alter the symmetry selection rules.

The results presented here have to be considered in the application of, e.g., SHG from metal-
lic tips for the purpose of scattering-type near-field microscopy (s-SNOM) [42, 335, 336],
where the control of both direction and polarization dependence of the generated SH signal
is of crucial importance, as detailed later on in this chapter. They have also fundamen-
tal implications for the use of second-order nonlinear optics in surface characterization of
nanoparticles, e.g., percolated metal island films [337, 338, 41, 339] or in SH-scattering
from colloidal particles [340].

5.3 Second-harmonic near-field imaging

Far-field SH microscopy has already demonstrated its great potential for investigation of
various materials [341, 342, 343, 344, 345]. However, for many applications, spatial res-
olution below the diffraction limit is necessary. The combination of scanning near-field
optical microscopy (SNOM) and SHG spectroscopy enables the examination of nonlinear
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optical phenomena at the nanoscale and constitutes a highly sensitive optical technique for
material characterization [346, 347, 348, 349].

Apertureless SNOM makes use of the effect of the local field enhancement at a metallic
tip, which is significantly larger than in the case of fiber tips used in traditional SNOM
experimental setups. This leads to much stronger light confinement and better spatial
resolution [339]. The near-field SHG response has a complex dependence on the polarization
of the incident light and the properties of both tip and sample. Due to the field enhancement
at the apex of the tip, the main source of SH light is situated either at the surface area
just underneath the tip if the nonlinearity of the sample is dominant (χ(2)

sample � χ
(2)
tip),

or at the apex of the tip if the nonlinearity of the tip is larger than that of the surface
(χ(2)
tip � χ

(2)
sample). The electromagnetic coupling between the tip and the sample and

possible surface plasmon resonances at both fundamental (ω) and SH (2ω) frequencies
may lead to additional local field enhancement. The signal is localized on a lengthscale
comparable with the tip apex radius, as discussed above.
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Figure 5.6: Experimental setup used for the SH near-field imaging. The fundamental incident light
is focused onto the tip-sample gap, and the backscattered SHG is filtered and spec-
trally analyzed using an imaging spectrometer or integrated by means of an avalanche
photodiode and detected with a single photon counter.
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5.3.1 Experimental

The schematics of the experimental arrangement used for the near-field SHG studies is
shown in Fig. 5.6. With most of the setup components already described in Ch. 2, only
the elements specific for the near-field SHG experiments are discussed here.

With maximum 20 mW incident average power (0.13 nJ pulse energy), this corresponds
to a 0.2 MW/cm2 illumination power density in the focus, lower than the threshold for
thermal damage of the tip [350]. The incident light is guided into the focusing microscope
objective after dispersion precompensation as discussed in Sect. 2.3 by means of a highly
reflecting mirror for the 700 - 900 nm spectral range (Layertec GmbH). Simultaneously,
with a high transmission in the 350 - 600 nm spectral range, the mirror is used to separate
the back-scattered SH from the fundamental light.

The mirror is also designed for minimum GVD to avoid temporal elongation of the ultra-
short light pulses. Transmission spectra for this mirror are shown in Fig. 5.7 upper panel
for both polarization directions of the fundamental light. For a better visualization, spectra
of the incident (red) as well as SH (blue) light are super-imposed in the same figure.

For a complete spectral separation of the SHG from the fundamental light two filters are
used in conjunction: a glass filter (BG39, Schott) and a band-pass filter (#4202, Chroma
Technologies). Transmission spectra of the two filters are shown in Fig. 5.7 lower panel.

For the near-field SH imaging experiments, the response is detected using a single photon-
counting scheme (see Sect. 2.3 and Fig. 5.6). Nonlinear optical contrast measurements
are performed in both gated and non-gated configurations. With high signal to noise ratio,
no signal gating was necessary in the case of the ferroelectric domain imaging experiments
(Sect. 5.4).
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Figure 5.7: Upper panel shows the transmission characteristics of the mirror used as high reflector
for SHG and high transmitter for fundamental light (HT 400, HR 800). Curves for
both p (black dotted line) and s (black solid line) polarization directions are shown
(left axis). Spectra of SHG (blue) and fundamental light (red) are displayed (right
axis). Lower panel shows the transmission of the BG39 (hollow triangles) and Chroma
(full squares) filters used to separate the SHG and the fundamental lights. Note the
logarithmic vertical axis.

The separation of the near-field response from the far-field background is not always trivial
[351], even in the case of SHG when the detected light is not at the frequency of the incident
light. One of the schemes employed to help differentiate between the two components of
the back-scattered signal is the dithering of the tip perpendicularly on the sample surface
on a lengthscale comparable with the apex radius [122]. With the tip-sample coupling
(and the near-field enhancement, correspondingly) decreasing rapidly with increasing the
separation, the near-field signature is significant only for separations comparable with the
apex radius. On the other hand, a large part - but not all - of the far-field background is
independent on the tip-sample distance. Thus, dithering the tip and taking the difference
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5.3 Second-harmonic near-field imaging

between the optical signal close and far from the sample a much better filtering of the
near-field SHG is achieved.

A cartoon of this detection scheme is shown in Fig. 5.8 left panel. The tip is dithered
(frequency f = 1190 Hz and amplitude ∆ ∼30 nm) above the sample surface (function
generator TG1010, Thurlby Thandar Instruments (TTi)). The optical signal recording by
the photon counter is realized in a gated fashion, with one gate (A) corresponding to the
position of the tip far from the surface, and the other (B) to the position of the tip in close
proximity of the surface ("tip in" and "tip out" in Fig. 5.8). Each gate spans equal time
durations (τA = τB = τ), smaller than the half-period of the dithering waveform. The
acquisition sequence is triggered using a TTL signal in phase with the dithering waveform.
With the response of the z-piezo possibly delayed with respect to the TTL trigger, this
would translate into shifted gate periods with respect to the peaks of the dithering function.
To avoid that, the phase difference between the driving signal and the TTL trigger is swept
until the optical signal (SHB - SHA = max) is maximized.

Figure 5.8 right panel shows the vertical spatial localization of the near-field SHG response
for the Au tip (r ∼ 15 nm) approaching a smooth Au sample. Both fundamental and SH
waves are polarized along the tip axis (p-pol), in the most favorable configuration for near-
field enhancement (see Sect. 3.1.2) [337, 47]. The backscattered SH intensity increases
on a tip-sample distance d of less than 20 nm, comparable with the radius of the tip
apex, as expected for a strong coupling resulting in near-field enhancement (see Sect. 3.2)
[352, 336, 42, 335, 10]. The signal reaches its maximum value (∼3.5 times larger than
with the tip far from the sample) for the smallest tip-sample separation (d ≈ 0). Here, the
tip-sample distance d ≈ 0 nm is defined by a ∼ 30 % decrease in the tuning-fork shear-force
signal. With the corresponding signal trace, characterized by a width of 12 to 14 nm (5 to
95 % damping), the physical tip-sample contact is expected at d ∼ −9 nm [57].
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Figure 5.8: Left panel: conceptual cartoon of the gated near-field SH detection scheme. The tip is
dithered perpendicularly on the sample surface with an amplitude ∆. The detected SH
response represents the difference in signal between the "tip in" and "tip out" position,
(gates B and A, respectively).

Right panel: near-field SHG scattering intensity as a function of the tip-sample distance d. Vertical
localization of the near-field enhancement on a lengthscale comparable with the tip apex radius (r
∼ 15 nm) is visible.
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Figure 5.9: Near-field SHG from Al nano-islands on glass substrate. Left panel: shear-force to-
pography of a 1.28 x 1.28 µm2 surface area. Right panel: near-field SH intensity as a
function of the position on the sample, showing strongly enhanced and localized sig-
nal above the metallic particles. The fundamental beam is p - polarized and the SH
response is detected unpolarized.

5.3.2 Near-field SH optical contrast

To test the capabilities of the experimental apparatus, a glass sample covered with an Al
projection pattern from 230 nm latex spheres was was imaged using a Au tip. Near-field
SH contrast with spatial resolution higher than the diffraction limit was obtained.

Figure 5.9 presents the topography (left panel) and the simultaneously acquired near-
field SH signal (right panel). A 1.28 x 1.28 µm2 surface area is shown, and the images
comprise of 128 x 128 pixels. The average height of the metallic nano-islands is ∼15 nm.
The fundamental light is p-polarized - parallel with the tip axis - and the SH response is
acquired unpolarized. Here, a non-gated detection scheme is employed.

A fairly small SH signal is observed with the tip above glass regions. The low nonlinear re-
sponse of the glass (χ(2)

glass � χ
(2)
tip) ensures negligible response of the sample compared with

the one from the tip [336]. Furthermore, as discussed in Sect. 3.1.1 the tip-sample near-field
coupling is weak, and thus most of the observed signal originates from the tip apex region.
In contrast, strong and well-resolved near-field SH response is obtained when the tip is
located above the metallic nano-islands. The strong Au-tip - Al-sample electromagnetic
coupling could lead to field enhancement at both fundamental and SH frequencies. It is
interesting to note that although all the Al particles identified in the topographic image
show a strong SH signature, the signal varies from one particle to the other. The fine struc-
ture (corrugation) of the Al islands, not resolved in our topographic image, determine the
local conditions for SHG, leading to different degrees of field enhancement in the tip-sample
gap region. In addition, this could also explain the spatial variation of the enhanced SH
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5.3 Second-harmonic near-field imaging

response.

Figure 5.10: Near-field SH imaging of Au nanoparticles on Si substrate, obtained in a gated
detection configuration. Upper panel: Topography of a 6.4 x 6.4 µm2 sample region,
with cross-section profile along the indicated dashed line. Lower panel: near-field SH
response of the sample, with very low signal above Si regions, and high SH response
localized only above Au particles. The cross-section shown is realized along the same
line as for the topographic image.

Figure 5.10 shows one example of near-field SH imaging of metallic nanoparticles realized
using the gated detection scheme described above. The upper panel displays the topography
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of a 6.4 x 6.4 µm2 area on the Si sample where Au nanoparticles (average height ∼20 nm,
as seen in the line cross-section) are visible. The scanning step is 50 nm and the acquisition
time for the optical signal is 70 ms/pixel. Note that the small elongation of the surface
elements after the same direction (down-right to up-left) seems to indicate a drift of the
sample during the scanning process. With a total data acquisition time of almost one hour
for both trace and retrace scanning directions, this is not surprising. In the lower panel, the
detected near-field SH response is shown. A clear enhancement in optical signal is observed
with the tip above the Au particles, when compared with the rest of the sample. The
observation is similar with the one described above for the case of the Al nano-islands, and is
due to both the strong Au-tip - Au-sample electromagnetic coupling and to a higher second
order susceptibility of the Au with respect to the Si substrate. Although on the scanned
sample region are topographical elements other than Au particles, these do not present any
individual SH signature. Being most probably surface defects or other contamination (e.g.,
dust particles), the optical coupling to the tip is weak and no enhancement is expected. A
cross section encompassing two Au particles (along the dashed line in the 2D images) is
shown on the left hand side of Fig. 5.10 for both topography (upper panel) and near-field SH
response (lower panel). The signal shown is the average over 3 consecutive pixels orthogonal
to the cross-sectional direction. A SH signal more than 2 times greater is visible on top of
the Au particles. Furthermore, the lateral spatial confinement of the SH response is higher
than the corresponding topographic feature. This is due to the nonlinear dependence of
the signal on the local field, as described by Eq. 5.1. The residual optical signal observed
in the regions were no Au particles are present is attributed mostly to the SH generated at
the apex of the tip (see Sect. 5.2.2).

5.4 Near-field SH imaging of ferroelectric domains

As modern portable electronic devices become more and more popular, there is an increase
in the demand for nonvolatile memories [353]. The ferroelectric random access memory
(FeRAM) is one of the most promising candidates for satisfying this demand, for its power
consumption is the lowest among various semiconductor memories, and also possesses non-
volatile and random access characteristics [354]. On the other hand, ferroelectric crystals
are versatile candidates for optical frequency conversion since conversion rates in the order
of 50% can be achieved by quasi phase-matching in artificially created domain structures
[355, 356]. Thus, the study of the fundamental microscopic behavior of ferroelectric materi-
als is of high interest for the understanding of the fundamental phenomena and applications.
The electric domains in a ferroelectric crystal determine its crucial performances, such as
hysteresis, optical linearity, creep, etc.

Since the first direct observation of ferroelectric domains in bulk BaTiO3 and KDP crystals
[357, 358], various techniques providing access to the topology of ferroelectric domains have
been developed [359, 360]. Scanning probe microscopy (SPM) offers several possibilities
to reveal nanoscale information on the domain configurations of ferroelectric crystals [361,
362]. Piezoresponse force microscopy (PFM), based on monitoring piezoelectric surface
displacements induced by the electrically biased probing tip [363, 364, 365], allows for
imaging domain structure of ferroelectric surfaces [366, 367, 368].
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Figure 5.11: Typical hysteresis loop of a ferroelectric [360].

Among optical methods second harmonic generation (SHG) is particularly sensitive to the
ferroelectric state since the loss of inversion symmetry in the long-range electric ordering is
the origin of the SH response. It therefore couples directly to the FE ordering parameter,
as discussed below. This was used to study the poling, growth and topology of domains in
bulk crystals and Langmuir-Blodgett films [369, 370, 344, 371].

All these studies are devoted to cases where SHG in large or periodically poled domains is
considered. Imaging of the intrinsic domain structures (i.e., no poling) in multiple domain
samples is highly desirable, for it can provide much finer information and insight into
the microscopic mechanisms governing the ferroelectric behavior. The combination of the
scanning near-field microscopy with SHG for mesoscopic ferroelectric domain imaging offers
an ideal way to study the properties of a ferroelectric material [352, 372].

5.4.1 Ferroelectrics: fundamental concepts

A ferroelectric material is a material that exhibits, over some range of temperature, a
spontaneous electric polarization ~Ps that can be reversed or reoriented by application of an
electric field ~E (poling). A necessary criterion is the ever-present spontaneous polarization,
with the requirement of reversibility or reorientation of that spontaneous polarization being
a sufficient criterion for a ferroelectric phase [373]. That is to say that there exist directions
~u within the material such that, when a field is applied along them, the relation between
~P · ~u and ~E is not linear, but given by a hysteresis loop.

A cartoon describing a typical hysteresis loop is given in Fig. 5.11, where P stands for
~P · ~u and E for ~E · ~u. As the hysteresis loop intersects the P-axis at a non-zero value, can
be concluded that in absence of a field, the polarization maintains a finite value ~Ps. The
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direction of ~Ps is called the ferroelectric axis, and its magnitude Ps spontaneous polarization
[359].

The ferroelectric phase transition is a second order structural phase transition, as a result
of which the spontaneous polarization ~Ps occurs in the crystal due to the relative displace-
ment of the ion inside the unit cell [360]: ~Ps = ei∆~ri/vuc with: ∆~ri- the displacement of
atom from the equilibrium position and vuc the volume of the unit cell. The magnitude η of
the displacement is called order parameter. The transition occurs at the Curie temperature
TC , above which the material loses its spontaneous polarization. The ferroelectric phase is
then noncentrosymmetric. Ferroelectrics are commonly divided into two groups, the dis-
placive ferroelectrics and order-disorder ferroelectrics. For the displacive type, the atomic
displacement in the paraelectric phase is zero. In the order-disorder case, the displacements
have a multiwell configuration of sites, with the disordered state being the paraelectric one.

The force from the local electric fields due to the ions in the crystal increases faster than the
elastic restoring forces. This leads to an asymmetrical shift in the equilibrium ion positions
and hence to a permanent dipole moment [373]. Usually, the net macroscopic polarization -
and equivalently, dipole moment - is zero, due to domain formation in opposite polar
directions [374, 375]. Domains are formed so that the the total free energy of the crystal
is reduced. Formation of domain walls is a result of competition between several energies:
electric field energy, elastic energy, and domain wall energy. Having domains with different
uniform polarizations reduces the energy of the electric field in the expense of domain wall
energy. The equilibrium configuration is obtained by minimizing the total energy [376].
The crystal energy is the sum overall the region-energies (i.e. domains) and interaction-
energies (i.e. domain walls). It must be noted that at equilibrium the minimum energy
in the absence of any defects would correspond to a single domain configuration [360].
However, such an equilibrium state is rarely achieved in a crystal in the absence of applied
fields and it was observed in highly conducting ferroelectrics [377].

A ferroelectric domain is a region in a ferroelectric crystal exhibiting the same ion displace-
ment (η = const.), resulting in a locally homogeneous and uniform spontaneous polariza-
tion. The boundary region between two ferroelectric domains is called a domain wall. The
direction of the spontaneous polarization in each unique domain is constrained by the sym-
metry of the unit cell to a small number of equivalent directions. For example, BaTiO3 is
characterized by a cubic-to-tetragonal structural phase transition at the Curie temperature
[360]. This is associated with a small axial displacement of the central Ti atom at temper-
atures below TC which induces a spontaneous polarization in each unit cell, and hence the
ferroelectric behavior. When undergoing the phase transition, each unit cell has a six-fold
choice of Ps direction, resulting in two different types of domain walls: those separating
antiparallel spontaneous polarizations (180◦ domains) and those separating spontaneous
polarizations oriented orthogonal to each other (90◦ domains) [359].

The following description of fundamental concepts in ferroelectrics will be concerned only
with 180◦ ferroelectric domains, in line with the studies presented in this chapter. In this
case, the spontaneous polarization has the same direction throughout the material, and
only changes sign in neighboring domains (hereafter denoted as ’up’ and ’down’ domains,
respectively).

Thermodynamically, the domain formation is described by the behavior of the thermody-
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5.4 Near-field SH imaging of ferroelectric domains

namic potential Φ, e.g. the free energy. The displacement of atoms in crystalline regions
remote from each other occurs independently and the crystal will develop such a combi-
nation of domains and domain walls, to get a relative minimum of the thermodynamic
potential.

A displacement in the direction ’up’ or ’down’ of the crystal sublattice is energetically
equivalent [373]. That means that the thermodynamic potential is invariant with respect
to the sign of the displacement:

Φ(η) = Φ(−η) (5.9)

The solutions resulting from the minimization of Φ are interconverted by symmetry trans-
formations that disappears upon phase transition. In the non - symmetrical (ferroelectric)
phase only those symmetry elements are retained which do not change η. That is to say
that there is no symmetry element left that could exchange ’up’ and ’down’ domains with
each other.

The appearance (nucleation) and growth of domains is intimately associated with the struc-
ture and the prehistory of the specimen [378, 379]. In remote crystal regions the phase
transition occurs independently, so there is the possibility of having either +η or −η.

Restricting the discussion to the case of 180◦ domains, is equivalent with considering a
one component order parameter ~η = (0, 0, ηz), with z the ferroelectric (polar) axis. If
the thermodynamic potential has the form: Φ = Φ(η, T ) with T being the temperature
(equivalent to the Gibbs free energy when no stress is present), in the limit of small lattice
distortions it can be developed in a power series with respect to η as:

Φ = Φ0 + ∂Φ
∂η

η + 1
2
∂2Φ
∂η2 η

2 + ... (5.10)

From symmetry considerations, we cannot have terms linear in η (see Eq. 5.9). That means:

Φ(η, T ) = Φ0(T ) +A(T )η2 +B(T )η4 + ... (5.11)

with the coefficients A and B depending only on the temperature.

In addition, for neighboring domains the approximate expression for the interaction energy
per unit volume writes [373]:

c

2d3 [η(z1)− η(z2)] ≈ 1
2δ
(
∂η

∂z

)2
= 1

2δ(5η)2 (5.12)

where z is a certain direction in the crystal, and c and δ relate to the piezoelectric and
electrostrictive coefficients [360]. d has dimensions of length and is determined by the
interactions of atoms which are displaced during the phase transition of the sublattices, its
magnitude being on the order of the domain size.

The thermodynamic potential can also be expressed as an volume integral of the density
of the thermodynamic potential ϕ:

Φ =
∫
v
ϕ(η(~r)) dv (5.13)
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The density of the thermodynamic potential can be written as:

ϕ(η) = ∂Φ
∂v

= ϕ0 +Aη2(~r) +Bη4(~r) + 1
2δ(5η)2 (5.14)

with A and B coefficients depending on the temperature and pressure.

Figure 5.12: Schematics of idealized domain wall in a one component order parameter ferroelectric.
The (z > 0) half space represents the ’up’ domain. The domain wall (grey rectangle)
contains the (xy) plane and has a structure following eq. 5.15. The arrows symbolize
the spontaneous polarization.

For the idealized case of a crystal with only two domains each extending in one half space,
e.g., η > 0 for (z > 0) and η < 0 for (z < 0), the domain wall coincides with the (xy)
plane. Far from the wall, the order parameter has to be finite, and its magnitude equal for
the two domains: η → +|η0| for z →∞ and η → −|η0| for z → −∞. The structure of the
domain wall is dictated by the dependence η=η(z) and at equilibrium must minimize the
thermodynamic potential (eq. 5.13 and thus eq. 5.14). The solution writes:

η = ±

√
−A
B

tanh xz
rc

(5.15)

where (A/B)1/2 = η0 is the displacement at the domain center and rc is the correlation
radius. The latter plays the role of effective wall thickness:

rc =
(
δ

A

) 1
2

(5.16)

The wall energy can be evaluated, and for a periodic domain structure it writes [380]:

Wwall = 4
√

2
3 rcAη

2
0 (5.17)

From electromagnetic considerations the shape of the domain wall should be such as to
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5.4 Near-field SH imaging of ferroelectric domains

minimize the surface charge ∆~P · ~n. ∆~P is the change of polarization vector across the
domain wall, ~n is the normal to the domain wall. One effect of an electric field of bound
charges is the predominant orientation of domain walls such that ∆~P between adjacent
domains contains no component perpendicular to the wall. On such walls there is no
charge, i.e., they do not produce an electric field [373]. This tendency manifest itself in the
appearance of domains extended along the polar axis [381].

The domain wall with is not a characteristic of the material per se, but varies greatly with
location in the sample due to nearby impurities [378].

According to first principle theoretical studies on 180◦ domains BaTiO3, the domain wall
is expected to entail an abrupt reversal rather than a rotation, of the ferroelectric order
parameter [382]. An estimated value for the wall thickness for that particular material is
5.6 Å. Experimental investigations on the same and other materials gave an upper limit
of 50 Å [380, 383]. It is noticeable that the domain-wall thickness is only a few unit cells
wide, in sharp contrast with the ferromagnetic domain walls. This difference is due to
the fact that magnetic exchange energy is much larger than the elastic energy and slow
rotation of the magnetization vector occurs over hundreds of unit cells. While the vector
magnetization of a ferromagnet has a constant magnitude, the ferroelectric polarization
decreases to zero at the centre of a domain wall [360, 384, 385, 386].

The origin of the off-centre displacement of the small cation in the common perovskite
ferroelectrics such as BaTiO3 is the ligand-field hybridization of a transition metal cation
by its surrounding anions. This mechanism requires that the d orbitals of the small cation
are formally unoccupied, and so in general precludes the coexistence of ferroelectricity and
magnetism [387].

5.4.2 Hexagonal manganites

Due to the possibility to control magnetization by means of an electric field the class of
hexagonal manganites has attracted much recent interest for nonvolatile data storage and
nanoelectronic devices [388, 366]. This makes a detailed comprehension of their microscopic
phase behavior and in particular of the ferroelectric domain structure very desirable.

Manganites, with the composition RMnO3 (R = large lanthanide and/or alkaline earth
ions such as La3+ or Sr2+) are one family of the larger group of transition metal oxides.
They are ferromagnetic materials and one of their important properties is the influence
of the magnetic transition on the electronic conduction. In 1950 it was discovered that
the resistance below the magnetic ordering temperature (Curie temperature TC) exhibits a
positive thermal coefficient, indicating metallic-like behavior and a negative gradient above
Tc [389]. The implications of this discovery were explored in 1993, when Giant/Colossal
Magnetoresistance (CMR) concept was observed [390, 391].

Some of the manganites, (R = La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy) have a orthorhombic
crystal structure of the perovskite type, with Pnma space group symmetry [392]. They
show ferromagnetic ordering and have been studied extensively for interesting physical
properties such as high Tc superconductivity [393] and the colossal magnetoresistance [394].

If the lanthanide R has a radius smaller than that of holmium ( R = Ho, Er, Tm, Yb, Lu or
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Y), the corresponding manganites present a noncentrosymmetric hexagonal crystal struc-
ture (P63cm space symmetry) as the thermodynamically stable state [395]. They undergo
a ferroelectric distortion along the hexagonal axis in the temperature range TC=570 -990
K [395, 396].

The non-perovskite (hexagonal) RMnO3 attracted interest, initially due to their ferroelec-
tric properties [397] and later due to the possibility of coexistence of combined ferroelectric
and ferromagnetic behavior [398]. Such multiferroics are in general rare materials, since the
usual atomic-level mechanisms driving ferromagnetism and ferroelectricity are mutually ex-
clusive, for they require empty and partially filled transition metal d orbitals, respectively
[399]. Therefore, for ferroelectricity and magnetism to coexist in a single phase, the atoms
that move off-center to form the electric dipole moment should be different from those that
carry the magnetic moment [400], as in hexagonal manganites [401]. The origin of the
hexagonal structure and consequently the origin of the ferroelectric behavior in this class
of materials was for a long time a matter of debate.

5.4.3 Origin of ferroelectricity in YMnO3

Early work in 1960s established YMnO3 to be ferroelectric with space group P63cm [374]. It
was also revealed that the material presents antiferromagnetic ordering with non-collinear
Mn spins oriented in a triangular arrangement [397] (the relevant data are to be found
in [402]). Recently, the coupling between the magnetic and the ferroelectric ordering in
YMnO3 was reported [403].

The early structure determinations concluded that the ferroelectric polarization arises from
an off-centre distortion of the Mn ion towards one of the apical oxygen ions. It was only
recently shown however [387], that the Mn is only slightly shifted and a small polarization
appears, but from symmetry considerations, the next Mn atom would move in such a way
that the total polarization would be zero.

Figure 5.13 shows the calculated atomic positions for YMnO3 in the centrosymmetric (a)
and ferroelectric (b) structures. The numbers give bond lengths in Å. The arrows in (b)
indicate the atomic displacements with respect to the centrosymmetric structure.

Ferroelectricity in YMnO3 arises from a buckling of the MnO5 polyhedra and an unusual
Y coordination as shown in Fig. 5.13 b). The Y-O displacement accompanied by MnO5
rotation breaks the inversion symmetry and lowers the symmetry to that of the ferroelec-
tric phase. These, together with the triangular and layered MnO5 network give rise to
a permanent dipole moment. The details of the origin of ferroelectricity in YMnO3 are
discussed in [395].

Above the Curie temperature TC = 913◦ (paraelectric phase) the YMnO3 crystal structure
is centrosymmetric (Fig. 5.13 a) with the point group 6/mmm [404]. At temperatures lower
than the Curie temperature it orders ferroelectrically and presents a 6mm noncentrosym-
metric point group symmetry. YMnO3 has a single spontaneous polarization direction (that
is to say: one component order parameter η) along the hexagonal c-axis ~Ps = (0, 0, Pz).
This leads to the formation of 180◦ ferroelectric domains, distinguished by the opposite ori-
entation of ~Ps. The value of the polarization was experimentally found to be 5.5 µC/cm2
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Figure 5.13: Schematics of the MnO5 with Y layers above and below. a,b. The calculated atomic
positions of the centrosymmetric (a) and ferroelectric (b) structures. LInes connecting
the atoms of the MnO5 polyhedra are added here as guides for the eye. (Figure taken
from [387]).

[405] for an epitaxially grown film and a value of 6.2 µC/cm2 is calculated in [387]. This is
lower than in typical perovskite ferroelectrics, such as 25 µC/cm2 in BaTiO3.

5.4.4 SHG from YMnO3

The SHG process in YMnO3 is described here using a phenomenological theory, based on
the existence of an order parameter and on symmetry considerations [406]. Due to the
noncentrosymmetric ferroelectric ordering of charges, SHG is allowed in YMnO3 in the
electric-dipole approximation below TC . Being due to the ordering of charges, the second
order nonlinear susceptibility χ(2) is of time-invariant type and a linear function of the
ferroelectric order parameter and spontaneous polarization ~Ps [406, 407]. If we restrict
the discussion to the YMnO3 case as an uniaxial crystal, Ps is non-zero only along the
ferroelectric axis z. The two 180◦ ferroelectric domains lead to a 180◦ phase difference of
the corresponding SH fields. With the absolute value of the spontaneous polarization being
the same for the two domains types, the magnitude of the SH fields will thus be the same,
and phase sensitive nonlinear optical techniques are necessary for imaging of the domain
structure [409]. Using the nonvanishing elements of the second order susceptibility tensor
χ(2) for the 6mm symmetry class (see Table 5.1), the induced second order polarization

103
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Figure 5.14: Crystalline SHG in YMnO3. SH spectra of the χxxz, χzzz and χzxx tensor components
of ferroelectric YMnO3 measured at T = 6 K with light incident along the y axis.
The magnitude of the SH response in the case of the χzxx tensor component (bottom
panel) is ∼ 10 times larger than for the other two components. (Figure taken from
[408]).

takes the form:

P (2)
x (2ω) = 2ε0χxxzEx(ω)Ez(ω)
P (2)
y (2ω) = 2ε0χxxzEy(ω)Ez(ω) (5.18)
P (2)
z (2ω) = 2ε0χzxx[(Ex(ω))2 + (Ey(ω))2] + χzzz(Ez(ω))2,

where Ei(ω) (i=x,y,z) are the components of the electric field of the fundamental light.

Figure 5.14 shows SH spectra of ferroelectric YMnO3 at 6K, for a fundamental beam
incident on the sample along the y direction. The SH response originating from the χxxz
(upper panel), χzzz (middle panel) and χzxx (lower panel) components of the second order
nonlinear susceptibility tensor are displayed. The SH intensity originating from the χzxx
component is around 10 times higher than for the other components and will be selected
for the imaging experiments.
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5.4 Near-field SH imaging of ferroelectric domains

Figure 5.15: Photo of the YMnO3 sample used.

5.4.5 YMnO3 sample

The experiments presented here were performed on a single crystalline YMnO3 sample
shown in Fig 5.15. The sample is x-cut, i.e. the crystallographic x axis oriented along the
surface normal direction.

To chose χzxx as the desired tensor component for the imaging experiments demands the
determination of the crystallographic axes directions x, y, z For that purpose, SHG optical
anisotropy measurements were employed. The experimental setup is described schemati-
cally in Fig. 5.16. The incident light ( linearly polarized Ti:S laser, λ=800 nm) is focused
inside the YMnO3 crystal after a direction parallel with the x axis and the emitted SH
light is detected in transmission. The polarization direction of fundamental electric field
(E(ω)) is rotated in the (yz) plane as described in Fig. 5.16 b) by means of a half-waveplate
(denoted as polarizer in Fig. 5.16 a). The SH light is spectrally filtered from the funda-
mental light and its integral intensity is detected. A polarizing film (analyzer) inserted in
the beam path is used to select the desired polarization direction of the nonlinear response
(E(2ω)).

Panel a in Fig 5.17 shows the dependence of the SH intensity on the output polarization
direction for the parallel configuration (E(ω) ‖ E(2ω)). Both polarizer and analyzer are
rotated simultaneously along the azimuthal angle α and for each increment in angle the
generated SHG in the crystal is monitored. The data show a fourfold symmetry. In this
configuration the only non-zero terms of the second order susceptibility tensor for YMnO3
are: χ

(2)
zzz, χ(2)

zyy and χ
(2)
yzy (see Table 5.1). At λ=400 nm (∼ 3 eV) the intensity of the

light originating from the χyzy component is almost zero, and thus can be neglected (see
spectrally resolved SHG data in Fig. 5.14 upper panel). Accordingly, the second order
polarization ~P

(2)
‖ can be written as:

P(2)
‖ ∝ χ

(2)
zzzEzEz + χ(2)

zyyEyEy, (5.19)

where Ez = E cosα and Ey = E sinα. The intensity of the detected SHG (ISH‖ ) is
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Figure 5.16: a) Experimental setup used for SHG optical anisotropy measurements. The funda-
mental light (k(ω) ‖ x) is focused within the volume of the YMnO3 sample and the
SHG is detected in transmission (k(2ω) ‖ x). The polarizer and analyzer are are
simultaneously rotated, and their polarization axes are aligned parallel or perpendic-
ular with respect to each other, according to the experimental configuration needed.
b) Rotation of the incident field along the azimuthal angle α in the (yz) plane.

proportional with the second power of the nonlinear polarizability:

ISH‖ ∝ |P(2)|2

∝ χ(2)
zzzE

4 cos6 α+ χ(2)
zyyE

4 cos2 α sin4 α (5.20)

A theoretical fit of the experimental data according to Eq. 5.20 is shown as solid line in
Fig 5.17 a). With both polarizer and analyzer aligned following the y direction of the
crystal, no SH is generated, since χ(2)

yyy = 0. This direction corresponds to α = 90◦ in our
case. When the two polarizers are aligned along z, χ(2)

zzz allows SH generation and detection.
With χ

(2)
zzz � χ

(2)
zyy (Fig. 5.14 middle and lower panels), the SH intensity is rather small

in that case. Probably due to a slight misalignment of the sample from the plane normal
on the wave vector k of the incident light, the four lobes observed have slightly different
intensities.

Fig. 5.17 b) shows the results of the rotational anisotropy for the crossed configuration
( ~Einc(ω) ⊥ ~E(2ω)). For this geometry, the only SH source is the χ(2)

zyy component of the
second order susceptibility tensor. The data show a twofold symmetry with respect to the
azimuthal angle α.

Using a similar argument as in the parallel configuration case, the intensity of the SH
response ISHGcross is:

ISHGcross ∝ |~P (2)|2

∝ χ2
zyyE

4cos6α (5.21)

A fit to the experimental data performed according by Eq. 5.21 is shown as a solid line in
the polar plot. These results permit the determination of the sixfold symmetry axis of the
crystal z along the α = (0 − 180)◦ direction. Accordingly, the y axis is oriented along the
α = (90 − 270)◦ direction. This allows for confident selection of specific components of
the χ(2) tensor for the near-field SH imaging experiments described below.
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Figure 5.17: Polar plots of the SHG response in optical anisotropy measurements. Symbols rep-
resent the experimental data and solid lines are theoretical fits (see text). a) For
parallel configuration the SHG intensity presents a fourfold periodicity. b) In crossed
configuration only two lobes are observed, with the maximum intensity along the
α = (90 − 270)◦ direction.

5.4.6 Results

Au tips were used to probe and enhance the near-field ferroelectric SH intensity originating
from the single crystalline YMnO3. Imaging experiments revealed the ferroelectric domain
structure of the sample surface with subwavelength resolution.

With the s-SNOM experiments presented here done in a back-scattering geometry, a plane
of incidence cannot be defined [4]. Therefore, the polarization directions of both fundamen-
tal and detected SH beams are defined with respect to the plane spanned by the tip axis
(or x axis of the YMnO3 sample) and the corresponding propagation vector: p-polarized
when contained in the plane (pin and pout, respectively) and s-polarized when orthogonal
on the plane (sin and sout, respectively). The sample is aligned with the hexagonal z axis
perpendicular with respect to the same plane, configuration in which the strongest ferro-
electric SH response is expected, as detailed above.

Near-field signature and polarization dependence

Fig. 5.18 (left panel) shows the spectrally resolved SH response with the tip in close prox-
imity to the surface ("tip in", d = 0 nm) and the tip far from the sample ("tip out", d = 2.2
µm). The fundamental light beam is p - polarized (pin) and the SH response is detected
unpolarized. For the "tip out" situation, the back-scattered SH signal is still larger than
zero, since the χ(2)

zxx component of the second - order susceptibility tensor is responsible for
the generation of SH light from the total focus area (hereafter referred to as far-field SH
signal). With the tip close to the sample, the SH signal increases ∼ 4 times with respect
to the one detected from the sample alone ("tip out"). The near-field response seen in this
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Figure 5.18: Near-field localization and enhancement of SHG from YMnO3. Left: Significant
increase in SH response is observed with the tip in close proximity of the sample (tip
in) as compared to the situation when the tip is far away (tip out). The fundamental
light beam is p - polarized (pin) and the SH response is detected unpolarized. Right:
Tip-sample distance dependence of the SH response reveals the near-field enhancement
on a ∼30 nm lengthscale; solid line added as guide for the eye .

configuration can originate from both tip-generated SH (see Sect. 5.2) and the ferroelectric
SH from the sample.

It has to be noted that with the angle between propagation direction of the pump light
and the tip axis of about 70◦, the p-polarized incident field has two components along the
x and y axes of the sample: E = (Ex, Ey, 0).

Ex = E sin(70◦) = 0.94E (5.22)
Ey = E cos(70◦) = 0.34E

Therefore, SHG from the χ(2)
zyy tensor component is also selected. Although the two tensor

components have the same magnitude(vide supra), for the 70◦ angle the fundamental field
component along the y direction - perpendicular on the tip axis - is much smaller than
along the x axis (Eq. 5.22). Furthermore, as an optical antenna, the tip predominantly
enhances the field component oriented along its axis. This results in a rather small SH-
signal originating from the χ(2)

zyy component when compared to the one from χ
(2)
zxx.

To ensure the near-field character of the observed enhancement (see Sect. 3.1.1), the
vertical localization of the increase is verified. A tip-sample distance dependence of the
integrated SH signal is presented in Fig. 5.18 right panel. The steep increase in the signal
is confined on a lengthscale of d ∼ 30 nm, close to the radial dimension of the tip apex
r ∼ 20 nm, as given by the interference between the tip-scattered near-field SH response
and the far-field SHG of YMnO3, in addition to small contributions generated by the tip
itself (vide infra). The signal is maximum for d = 0 nm (for a definition of d = 0 nm, see
Sect. 5.3.2 ) where it reaches ∼1.5 times higher value than for d ∼ 100 nm. The increase is
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Figure 5.19: Polarization dependence of the near-field SH response. Left panel: spectrally resolved
and unpolarized SH signal for pin and sin polarization geometries. Right panel: near-
field SH spectra observed for pin - pout and pin - pout polarization configurations.
Upper panels: corresponding schematics of the polarization geometries.

smaller than the one observed in the "tip in - tip out" experiment, consistent with the fact
that when close to the surface (d < 200 nm) the tip also acts a scatterer of the far-field SH
signal from the sample towards the detector.

Decoupling of the two SH emission mechanisms is possible via a polarization dependence
measurement of the observed signal. Experimental results describing the polarization de-
pendence of the spectrally resolved near-field SH response is presented in Fig. 5.19. For an
unpolarized detection (left panel), the SH highest intensity is detected with the fundamen-
tal light p - polarized. According to Sect. 5.2, the SHG from the tip itself is observed for
both fundamental and SH beams polarized along the tip axis (pin - pout). In contrast, the
highest ferroelectric SH - having χ(2)

zxx as source - is generated polarized along the z axis of
the YMnO3 sample (Sect. 5.4.5), thus perpendicular on the tip axis (pin - sout). The very
small signal observed for s-polarized fundamental light is ferroelectric in origin, due to the
χ

(2)
zzz tensor component.

The polarization analysis of the SH signal is performed for the p-polarized fundamental
(right panel). The tip-generated SH shows up as expected for p-polarized output (strong
χ

(2)
s,⊥⊥⊥, Sect.5.2), where no ferroelectric SH is generated (see table 5.1). The output is

clearly dominated by the s-polarized SHG (sout), ferroelectric in origin (χ(2)
zxx). Here, the
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tip generated SH is very small and can be neglected [47].

Thus, the latter polarization configuration (pin - sout), allows for the selection of the ferro-
electric SH response form the strongest second order susceptibility tensor component χ(2)

zxx.
The tip enhances the fundamental light field at its apex (pin) and scatters the SH signal
generated by the YMnO3 sample.

Ferroelectric domain imaging

Throughout the data shown here, the SH signal is shown in counts per second (cps) and
is normalized with respect to the laser power, so that the signal levels can be directly
compared from one image to another. Unless specifically stated, the presented images are
summed over both trace and retrace (see Ch. 2) scanning directions. The experimental
arrangement is done such that the horizontal direction of all presented images is along the
s-polarized direction of both incoming and scattered light beams.

Figure 5.20: Shear-force topography of a 1 x 2.56 µm2 region on the YMnO3 sample (upper
panel). The z axis of the YMnO3 sample deviates from the horizontal direction of
the image by about 10◦. Near-field optical images for sout (left panel) and pout (right
panel) polarization directions of the detected SH response. The fundamental light
is polarized pin and the optical signal is integrated for 30ms/pixel. Optical contrast
denoting the ferroelectric domain structure of the sample surface is seen for the pin -
sout configuration.

Shear-force topography and near-field SH images of the sample surface are shown in
Fig 5.20. The sample is scanned over a 1 x 2.56 µm2 area and the images comprise of
100 x 128 pixels. The surface topography displays a granular structure, with elements as
high as 30 nm (upper panel). The optical images (lower panel) are acquired on the same
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sample region in a consecutive manner, and the SH signal is integrated for 30 ms/pixel.
The pump beam is p - polarized (pin) and the nonlinear optical response is detected sout
and pout (left and right image, respectively).

The s-polarized tip-scattered SH signal is much higher and displays a large imaging contrast,
with no resemblance with the topographical features. In this configuration (i.e., pin -
sout), the SH response is ferroelectric, due to the selection of the dominating χ2

zxx tensor
component. The large spatial variation of the SH response is attributed to the presence of
the 180◦ ferroelectric domains in YMnO3.

The image contrast arises from a local interference process between the far-field SH signal
and the near-field SHG on top of neighboring domains with antiparallel spontaneous po-
larizations (theoretical model discussed in Sect 5.4.7). The sample is rotated so that its z
axis makes an angle of about 10◦ with the scanning direction (horizontal in the images).
The domains are found to be anisotropically elongated mainly along the hexagonal z-axis
taking a cigar-like shape.

In contrast the pout configuration does not probe any nonzero tensor components (χ2
xxx =

χ2
xyy = 0). Thus, the corresponding SH-signal does not exhibit the domain contrast (Fig.

1b, pout). Despite pump and SH-polarization being parallel to the tip axis the signal is
considerably weaker, being attributed solely to the generation of SH at the tip apex.

Fig. 5.21 shows the results of a similar experiment performed on a different sample region.
The topography of the YMnO3 sample is shown (left image in panel a) for a 3.2 x 3.2
µm2 (128 x 128 pixel) surface area. The sample is oriented with its z axis along the
horizontal of the image and the same granular structure of the surface elements is seen.
Simultaneously, the near-field SH optical image is recorded (right image in panel a) with
the signal integrated for 50 ms/pixel. Here, the polarization of the SH response is kept
unpolarized while the incident field polarization state is switched from pin to sin during
the scan (dashed line).

For the sin case, the SH signal observed has relative low intensity, of ∼300 cps (the maxi-
mum of ∼500 cps are visible only for few pixels) and is spatially flat. Here, neither near-field
enhancement nor SHG is expected from the tip. The obtained SH originates mainly from
the rather small χ(2)

zzz tensor component (see also Fig. 5.19 left panel). The lack of opti-
cal contrast demonstrates the need for near-field enhancement and selection of high-value
components of the susceptibility tensor for ferroelectric domain structure imaging.

Indeed, with the incoming light polarized along the tip axis - and thus enhanced - the
scattered SH signal is much higher (maximum ∼ 3000 cps) having its origin in both tip-
generated SH and ferroelectric SHG (χ(2)

zxx). It has to be noted that the SHG intensity
observed here is about five times lower than what is seen in Fig. 5.20, for different tips
were used for the two experiments associated with different degrees of enhancement. The
signature of the surface domains is clearly seen here. They are oriented along the ferroelec-
tric z axis, akin to what is seen in Fig 5.20. The extension of the experimentally observed
cigar-shaped domains along the hexagonal axis agrees with the theoretical descriptions
which predicts 180◦ domain walls to lie parallel with the ferroelectric polarization in order
to minimize the surface charge across the wall (see Sect. 5.4.1).

A very important observation is that for different sample orientation with respect to the
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Figure 5.21: a) Shear-force topography of a 1.8 µm x 3.2 µm surface area (left) and simultaneously
acquired s-SNOM SHG image of the same surface region (right), with the polarization
of the pump light switched from sin to pin (dashed line). b) Trace and retrace SHG
images of the sin region, shown for comparison. c) Cross-section profile along y axis
(orange dash lines) in the SHG images. The line profile is obtained as average along
5 consecutive scan lines. Spatial extension (160 nm) of one of the domains is shown.

propagation vectors of both incident and scattered light beams (Fig. 5.20 and Fig. 5.21),
the observed optical features maintain their alignment along the ferroelectric axis of the
crystal. This proves their sample-intrinsic provenience and rules out any artifact arising
from possible far-field interference effects [351, 410].

The individual trace and retrace images are also shown in panel b of the figure together
with cross section profiles (panel c) along the dashed lines. The overall signal level and
image contrast are constant for both scanning directions and only small differences are
noticeable in the cross sections. With YMnO3 not a centrosymmetric material, the ob-
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5.4 Near-field SH imaging of ferroelectric domains

Figure 5.22: a) Near-field SH-imaging of ferroelectric domains of two different regions of the sam-
ple. The pump light is p-polarized, and the SHG is detected unpolarized for 40
ms/pixel.Left panel: 2.56 x 2.56 µm2 image recorded with a scan direction perpen-
dicular on z axis. Right panel: 3.2 x 3.2 µm2 image recorded with a scan direction
along z axis. b) Cross-section profiles (average along 5 consecutive scan lines) along
dash lines in the 2D images are shown. Spatial extension (∼140 nm and ∼130 nm,
respectively) of two of the observed domains is indicated.

served SH response is not surface specific. With the near-field probing a depth of few tens
of nanometers underneath the surface, subsurface domains can as well contribute to the
total intensity. The lack of information concerning the domain depth and stacking along
the x axis, together with the domain walls much smaller than the achievable resolution
(Sect. 5.4.1) and with the SH intensity resulting from a local interference between the re-
sponses of adjacent domains (Sect. 5.4.7), the experimental determination of the exact
domain dimensions is not possible. Therefore, a domain wall is taken here to be at the
position where the SH response is at the 50% level of the difference between the adjacent
local maximum and minimum, respectively. The lateral dimension of one of the observed
domains is indicated to be 160 nm. Along the z axis of the crystal, the domains are ex-
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tending on a lengthscale of the order of 1 µm but the transition from one domain to the
next seems not all the times so clear as for the orthogonal direction. This fact could be due
to a possible artifact arising from the scanning direction (‖ z), or is a natural and intrinsic
property of the sample, where the domains do not always end abruptly, but rather reduce
lateral dimensions and/or gradually "dive" towards the crystal bulk.
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Figure 5.23: Tip scattered SHG imaging with no near-field contrast. Left: Tip sample distance
dependence for a pin - sout polarization geometry showing a signal increase on the
500 nm lengthscale. Right: Shear-force topography (upper panel) and tip scattered
SHG (lower panel) images. The scanned area is 12.8 x 6.4 µm2, and optical signal
integrated for 30 ms/pixel. The visible contrast in the optical image takes place on a
>1µm lengthscale.

It is important to note that although it manifests itself with an accentuate modulation in
intensity, the detected SH signal does not drop to zero. The non-zero far-field SH component
acts as an offset and has an important role in the local interference model discussed below.

Fig. 5.22 shows the results of two experiments where two different sample regions were
scanned along perpendicular and parallel directions on z axis (panel a, left and right image,
respectively). The left image displays a 2.56 x 2.56 µm2 area, and the right image is
recorded on a 3.2 x 3.2 µm2 area, and in both cases the optical signal is detected in a
pin - sout geometry and integrated for 40 ms/pixel. Similar domains elongated along z are
observed in both images, and thus independent of the scanning direction. Cross sectional
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5.4 Near-field SH imaging of ferroelectric domains

profiles - averaged for 5 consecutive experimental lines - along the dashed lines in the
images are shown in panel b. The domain dimensions are on the same lengthscale as the
ones presented above, with the two indicated in this figure being 141 nm and 130 nm,
respectively.

With the degree of near-field enhancement highly dependent on the tip properties (e.g., size,
shape, surface roughness), not all the tips used in the experiments gave a near-field signature
in the recorded SH response. Figure 5.23 presents one of these unfortunate cases. The left
hand side panel shows the tip-sample distance dependence of the scattered SH signal for
a pin - sout polarization configuration.The signal increases on a lengthscale of ∼500 nm,
indicating the lack of near-field enhancement. The sample is scanned over 12.8 x 6.4 µm2,
and the shear-force topography is shown in the upper panel. Note the nonlinear color scale
of the false-color image, chosen such that both low and high surface elements are visible.
The high resolution visible in the topographic image demonstrates the sharpness of the
tip. The simultaneously acquired SH image does not display the characteristic contrast
due to the ferroelectric domain structure in YMnO3. The spatial variation of the observed
signal takes place on a >1 µm scale and is mainly oriented along the y crystallographic
axis, and not along z as in the case of individual domains (see Fig. 5.22). It is given by
a convolution between the focus dimensions and the number and size of the illuminated
ferroelectric antiparallel domains.

5.4.7 Theoretical model and discussion

From the experimental results shown above and series of other images acquired for different
positions on the sample we conclude that the strong optical contrast observed in the near-
field SH images arises from the imaging of the ferroelectric domain structure of the YMnO3
crystal. This is supported by the theoretical model detailed below.

YMnO3 forms 180◦ ferroelectric domains where the spontaneous polarization has the same
magnitude and only changes sign (i.e., a Φ = π phase difference) in neighboring ’up’ and
’down’ domains. Without phase-sensitive detection, no optical contrast is expected be-
tween the domains due to identical SHG intensity. Therefore, the determination of the
phase together with the amplitude is necessary for the domain visualization [411].

Several phase-sensitive methods were previously employed for SH domain imaging [412,
413, 414, 415]. They are usually based on the interference of the sample-generated SH light
(signal wave) and a constant reference SH beam (reference wave). This way the phase of
the signal wave is converted into a phase-dependent total SH intensity, which allows for
the determination of the phase. In an elegant way, Fiebig et al. developed a technique
where by achromatic beam imaging of the fundamental and both reference and sample-
generated SH beams imaged 180◦ ferroelectric domains in electrically poled YMnO3 and
HoMnO3 [415]. Kurimura et al. imaged domains in periodically poled LiNbO3 and LiTaO3
crystals interfering a signal wave with a uniform SH wave originating from a structure just
underneath the system studied [414].

The above mentioned studies were performed in the far-field regime and thus were sub-
ject to the diffraction limit. With ferroelectric domains usually small compared with the
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wavelength of light, a poling of large regions of the material was necessary for the domain
visualization. This way, the information regarding the intrinsic domain size and orientation
is usually lost.

Near-field SH methods to image ferroelectric domain structure were previously used. Boz-
hevolnyi et al. [347] imaged 180◦ domain walls in a periodically poled LiNbO3 with a
resolution of 150 nm. Without a phase-sensitive detection, the contrast there was due to
the enhancement of the SH signal from neighboring domains above the domain wall. How-
ever, the contrast was observed only when the SH wave polarization was orthogonal to the
domain wall, with no SH enhancement present for the parallel case. Levi et al. [416, 417]
used a scattering SH SNOM method to map the inhomogeneous ferroelectric polarization
in BaxSr1−xTiO3 thin films with a grainy structure and the achieved spatial resolution
was as high as 30 Å. Phase-sensitive detection was obtained by the use of two incident
laser beams resulting in interfering scattered SH signal. Dickson et al. [418] reported on
near-field SH imaging of ferroelectric domains in PZT thin films. With no phase sensitive
detection, the different domain orientation were only observed for different incident light
polarizations, and their dimensions were found to be closely related to the grainy structure
of the film.

Local interference

The above results can be explained via a local interference between the near-field tip-
enhanced SH wave (signal wave) and the far-field SH wave generated in the focus region
(reference wave). It is important to note that the simultaneous generation of the two
interfering beams avoids difficulties associated with loss of coherence. A conceptual cartoon
of the model is shown in Fig. 5.24.

Figure 5.24: Cartoon of local interference model employed for the intensity contrast observed in the
ferroelectric domain imaging. The localized and tip-enhanced SH signal from the tip
apex region (signal wave) interferes with the far-field SH (reference wave). Depending
on the direction of the spontaneous polarization vector of the domain just underneath
the apex, it leads to an increase or decrease of the total detected signal.

With YMnO3 a non-centrosymmetrical material, SH response is generated from the whole
laser focus area (red region in figure). Even in the case of a homogeneous distribution of
illuminated antiparallel domains, the far-field signal does not completely cancel, mainly
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due to phase retardation influencing the interference process for laterally and vertically
stacked domains [409]. For the considered polarization geometry (pin - sout), the large
χzxx component of the second order nonlinear susceptibility tensor is selected and the SH
response is s - polarized, as detailed above. For simplicity and without losing generality, we
can consider all the ferroelectric domains present in the focus area as being equal in lateral
dimensions, and each of them having a total induced polarization P(2)

fel(2ω). The latter is
directly related to the ferroelectric polarization Ps and the proportionality is given by the
domain dimensions.

With the focus diameter on the order of ∼ 2.5 µm, a large number of ferroelectric domains is
expected to be probed. Therefore, the total induced polarization in the focus area P(2)

FF (2ω)
is given by:

P(2)
FF (2ω) =

N1∑
i=1

(P(2)
fel)i(2ω) +

N2∑
j=1

(P(2)
fel)j(2ω)eiΦ (5.23)

where N1 and N2 are the total number of ’up’ and ’down’ domains illuminated, respec-
tively. The angle Φ = π describes the phase shift of the spontaneous polarization for
the antiparallel domains. Note that according to Eq. 5.23 the total far-field SH signal
IFF (2ω) ∝

∣∣∣P(2)
FF (2ω)

∣∣∣2 would be different for each illuminated sample region. This can
be seen in Fig. 5.23, where no near-field enhancement was observed and the detected SH
response varies on a lengthscale of > 1µm.

On the other hand, the near-field component of the total SH signal is generated only in
the tip-sample gap. With the incoming light polarized along its axis (pin), the tip acts
as effective enhancer for both incident and outgoing light. This spatial localization of the
enhancement is comparable with the tip-apex radius (see Fig. 5.18), and therefore, when
the tip is situated far away from the domain walls regions, the near-field signal originates
mainly from the ferroelectric domain situated under the tip i. According to Eq. 5.1, the
locally induced polarization P(2)

loc(2ω) can be expressed as:

P(2)
loc(2ω) ∝ L(2ω)L(ω)L(ω)aP(2)

fel(2ω) (5.24)

with a a numerical factor with values between 0 and 1 introduced here to account for only
the domain region situated under the tip. With the magnitude of the tip-enhancement
being the same irrespective of the domain orientation, only a change in sign occurs for the
antiparallel domains.

The local interference of the far-field (P(2)
FF ) and near-field localized (P(2)

loc) terms lead to a
total SH intensity ISH described by:

I(2ω) ∝
∣∣∣P(2)

FF (2ω)±P(2)
loc(2ω)

∣∣∣2 (5.25)

where the ± describes the change in orientation from the ’up’ to the ’down’ domains.

The result of this local interference process will be a modulation of the far-field signal by the
i Considering the p - polarized fundamental light, the tip itself generates SH light. But according to the
symmetry selection rules discussed in Sect. 5.2, for an s - polarized detection, the contribution of the tip
to the total observed signal is negligible.
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near-field SHG component on the lengthscale of the domain dimension. If the tip probes
a domain where the spontaneous polarization is oriented parallel with the far-field polar-
ization described by Eq. 5.23, an increase in SH response is observed. In contrast, for the
antiparallel case, the detected SH intensity will be below the far-field level. This describes
conceptually the experimental findings presented in Sect. 5.4.6. It is very important to note
that the degree of optical contrast will strongly depend on the relative magnitude of the
far-field and near-field polarization components. and thus on the enhancement provided
by the tip.
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Spatial resolution

According to the simplified local interference model described above, the total SH response
should remain constant (maximum of minimum) across one domain and abruptly change
at the position of a domain wall to stay constant (minimum or maximum) on top of the
neighboring antiparallel domain. Experimentally we found that the transition from the
maximum to the minimum value of the signal occurs typically on a ∼ 50 nm lengthscale.
With the ferroelectric domain walls predicted to extend only across few crystallographic
unit cells, the change in signal - and correspondingly the lateral spatial resolution - is
expected to be on the order of the tip apex radius r = (10 - 15) nm. This discrepancy can
be accounted for by taking into account the interaction between the induced polarizations
in neighboring domains.

In an intuitive manner, we can consider one domain consisting of a collection of identical
electrical point-dipoles P discretely arranged with equal spacing in between. The total
polarization of the domain would correspond to the P(2)

fel(2ω) used in the above discussion.
A multiple domain pattern can be realized by placing individual domains near each other
and the total electric field (as well as signal intensity) can be calculated in a spatially
resolved manner. To reproduce the experimental conditions, the dipoles are considered
to be aligned along the z axis and the direction of the polarization changes sign from
one domain to the next. For symmetry reasons, it is sufficient to discuss the case of a
single row of interacting dipoles centered along z = 0, at a wavelength λ = 400 nm. The
domains are situated in the (y, z) plane and the total field is calculated in the (x, y)
plane, that is orthogonal to the dipole direction. Here the tip is devoid of its physical
characteristics, acting only as a point probe of the sample generated SH dipole field. The
far-field polarization P(2)

FF (2ω) is considered to be constant.

Let us begin with a point dipole P located at the origin of the coordinates system. The
total electric field E(r) generated by the dipole at an arbitrary observation point r is given
by [419]:

E(r) = µ0ω
2

4π
↔
G ·P,E(r) = µ0ω

2

4π
←→
G ·P, (5.26)

with µ0 the vacuum permeability, Ω = 2ω the angular frequency of the SH light and←→G the
dyadic free-space Green function. The latter contains all the information about the field
components created by the dipole pointing in an arbitrary direction and can be expressed
as [420]:

←→
G (r) =

(←→
U + 1

k2∇∇
)
G(r), (5.27)

with ←→U the unit dyadic, k = Ω/c = 2π/λ is the free-space wave number of the field and
c the speed of light in vacuum. The function G(r) = exp(ikr)/r is the outgoing scalar
free-space Green function which satisfies the inhomogeneous Helmholtz equation with a
δ-function source term in the origin [120]. Eq. 5.27 becomes:

←→
G (r) =

[(1
r

+ i

kr2 −
1

k2r3

)←→
U +

(
−1
r
− 3i
kr2 + 3

k2r3

)
nn
]
eikr (5.28)

where n a unit vector in the r direction [421].
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The total field E(r) is composed from a propagating and an evanescent part, respectively.
If in the far-field zone the field has only a propagating component, in the near-field region
a rapidly decaying evanescent field adds. At the origin the propagating term is finite, while
the evanescent one diverges.

In our experimental configuration, the tip is situated close to the source dipole (∼ 10
nm, near-field region), and thus both field components must be considered. The following
calculation is based on the total field of the dipole, and no decomposition is necessary. For a
calculation of the evanescent and propagating fields, the reader is referred to Ref. [421, 422,
423]. In the (x, y) plane, r = (x, y, 0) and the unit vector n has the form n = (1, 1, 0). Being
orthogonal onto the polarization direction, the second term in Eq. 5.28 is zero. Accordingly,
the Dyadic becomes:

G(r) =
[(1
r

+ i

kr2 −
1

k2r3

)]
eikr, (5.29)

with r =
√
x2 + y2.

Figure 5.25: Electric field of a point dipole located in the origin and directed along z (inset). The
magnitude of the field along the y axis is calculated for constant distances of 6 nm
(blue), 10 nm (red) and 18 nm (black) from the dipole along axis x, respectively.

Fig. 5.25 shows the magnitude of the total dipole field in the (x,y) plane, for three discrete
values of x: 6 nm (blue), 10 nm (red) and 18 nm (black). Upon increasing x, the field
reduces drastically converging towards the propagating component. More important here
is the decay of the field along the y axis. Looking at the case where x = 10 nm which
is close to the experimental tip-sample separation, the field is still significant for a lateral
distance y as large as 50 nm. This directly translates into an important interaction of the
dipole with one situated within this range.

For a better visualization of the inter-dipole interaction, the model is expanded to a num-
ber of 400 dipoles arranged in 20 identical antiparallel domains. The spacing between
adjacent is taken 5 nm and the calculation is performed according to the local interference
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Figure 5.26: 200 interacting identical dipoles oriented along z axis and in the y = 0 plane and
arranged in 10 antiparallel domains (gray and white areas, respectively). Each do-
main consists of 20 dipoles, with a dipole-dipole spacing of 5 nm. Calculation of the
total electric field (panel a) and intensity (panel b) contrast according to the local
interference model for different tip - sample separations: 6 nm (blue), 10 nm (red), 18
nm (black). The horizontal dashed line shows represents the constant far-field signal.

described above. Fig. 5.26 shows a schematics of the model geometry (upper panel) and
the total electric field |ESHG| and light intensity ISHG (lower panel). Note that the results
correspond to only the innermost 10 domains, to avoid asymmetries due to the boundary
conditions.

The maximum signal contrast of ISHG takes place in between the centers of adjacent do-
mains. Upon approaching the domain wall region, the contrast decreases and the signal
reaches the far-field level at the exact position of the wall. The lateral resolution decreases
with increasing x, which is equivalent to an increase in the tip - sample separation. For
the x = 10 nm distance, the signal changes from maximum to minimum on a ∼ 50 nm
lengthscale. This demonstrates that the interaction between the dipoles strongly influences
the maximum obtainable optical resolution for domain imaging.

For a more realistic description of the experimental conditions, a model where the real
dimensions of the tip are considered is needed. This is because the spatial resolution will
be given by the convolution of the ideal image (material properties) with the resolution
function dependent on the probe geometry. Note also that here the dipoles are separated by
a finite and rather large distance (5 nm) when compared with the real material properties.
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Figure 5.27: Near-field SH imaging of the 180◦ domains in YMnO3 (upper panel), together with
two colormap of the domain structure (middle panel) and corresponding shear-force
topography (lower panel).

Furthermore, with the tip probing a sample depth of few tens of nanometers, it is possible
that subsurface ferroelectric domains are influencing the observed SH signal. Nevertheless,
the local interference model employed here correctly describes in a qualitative manner the
experimental observations in terms of both imaging contrast mechanism and lateral spatial
resolution.

The ferroelectric domains in YMnO3 are observed experimentally to be anisotropically
elongated along the hexagonal crystallographic axis z, with typical dimensions on the order
of (100 × 1000) nm. The results presented here allow for a mapping of the surface intrinsic
domain structure, as shown in Fig. 5.27 for one set of data. The blue and orange areas
represent the antiparallel domains, with the walls being chosen at a ∼ 50 % decrease of the
maximum SH signal attributed to the domain central region.

This proves that nondestructive imaging with ultrahigh resolution based on ferroelectric
contrast – not possible with linear optical response – can be achieved. It allows for the
first time to address the important questions of the length scale of ferroelectric domain
formation.
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5.5 Conclusion

As partially asymmetric nanostructures, tapered metallic tips give the possibility to dif-
ferentiate between local and nonlocal contributions to the nonlinear polarization, a long
standing problem in the field of nonlinear optics. Furthermore, they provide near-field
enhancement at the apex which allow for high spatial resolution nonlinear optical imaging.
Average field enhancement factors of 8 - 25 were found for Au tips, while only a factor a 3
to 6 was derived for W as tip material.

The ferroelectric domain structure of single crystalline hexagonal YMnO3 was investigated
using near-field SH imaging. The strong optical contrast observed above antiparallel do-
mains is based on a local interference process between the far-field and the near-field tip-
enhanced components of the generated SH fields. Cigar-shaped domains elongated along
the hexagonal crystallographic axis were found. Their typical dimensions are on the order
of ∼(100 x 1000) nm2 and the achieved lateral spatial resolution is estimated to about one
tenth of the SH wavelength.

Although the investigation is restricted to the uniaxial manganite YMnO3, the results
are valid for any ferroelectric material with 180◦ domains, and could be generalized for
multiaxial compounds.
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In the present work a systematic understanding of the fundamental processes responsible for
the field enhancement and plasmonic response of metallic tips is presented. Scattering-type
near-field optical microscopy and spectroscopy (s-SNOM) is employed for linear, vibrational
and nonlinear optical studies on the nanoscale. The main findings are:

Plasmonic light scattering from nanoscopic metallic tips

With the metallic tips responsible the field enhancement and confinement, a thorough un-
derstanding of their optical properties plays a major role in s-SNOM. Their identification
and understanding proves to be crucial in the context of the near-field optical microscopy
and spectroscopy. The tips are presented in the framework of optical nano-antennas and
the fundamental mechanisms underlying the field enhancement at the apex are theoreti-
cally discussed, including the role of the plasmonic character of metallic tips, the tip-sample
optical coupling and the local-field confinement. Dark-field optical spectroscopy based on
frustrated total internal reflection at a dielectric interface is experimentally employed for
the investigation of the spectral and polarization characteristics of elastic light scattering
from individual tips. For Au as tip material, the scattering process is characterized by a
strong plasmonic resonant behavior in the visible spectral range. In contrast, W tips show
a weak and rather flat optical signal. Beside the tip material, the details of the spectral
response depend sensitively on tip morphology and size as well as field polarization. The
experimental results are found to agree with a theoretical model. Here the tip is modeled
as a prolate hemispheroid treated in the electrostatic approximation and the relative polar-
izability is calculated as a function of the dielectric properties of the tip and its geometrical
aspect ratio, as well as excitation excitation wavelength. The results presented underline
the importance of the plasmonic character of the tip and provide selection criteria for suit-
able tips used in the experiments discussed in this study and in general for optical near-field
studies.

Scanning probe Raman spectroscopy

An apertureless near-field optical microscope is developed and employed for tip-enhanced
Raman spectroscopy (TERS). TERS arose as a promising alternative to optical far-field
Raman microscopy and surface enhanced Raman spectroscopy, as it avoids some of the
challenges inherent to the latter techniques. After discussing the fundamental principles
of TERS and stressing the importance of the plasmonic resonant character of the metallic
tips, criteria for the distinction of near-field signature from far-field artifacts are addressed.
The experimental quantification of the Raman enhancement factor is described and com-
pared with theoretical simulations. The TERS results from monolayer and submonolayer
coverage of malachite green molecules adsorbed on flat Au samples are presented and en-
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hancement factors as high as 109, corresponding to field enhancements of up to 130, are
estimated. Notable spectral differences are found between far-field and the strong near-field
tip-enhanced Raman responses obtained. Theoretical calculations of the normal Raman
modes of malachite green molecules together with a number of control experiments rule
out that molecular decomposition products or carboniferous species contribute to the ob-
served signal. The differences are attributed to the gradient field Raman effect where the
molecules are subjected to the strongly enhanced and localized field in the tip-sample gap.
The high sensitivity achieved allows for the Raman detection down to the single molecule
level. This is concluded from the ultra-low molecular coverage and the observed intensity
and temporal fluctuations. The combination of sensitivity and spatial resolution of TERS
with the intrinsic Raman selection rules and the unique symmetry properties of the scan-
ning tip makes possible the spatially resolved vibrational mapping on the nanoscale. This
can be applied, e.g., for the determination of orientation in crystallographic nanostructures.

Nonlinear near-field optical microscopy

As partially asymmetric (∞mm) nanostructures with the mirror symmetry broken along
their axis, tapered tips allow for distinct observation of local surface and bulk polarization
contributions to the nonlinear polarization and their directional and polarization selection
rules. The directional and polarization configurations are studied and the results are dis-
cussed in the context of the additional degrees of freedom offered by the tip geometry with
its unique selection rules. Owing to its symmetry selectivity, SHG scattering allows for
the experimental estimation of the local-field enhancement factor at the tip apex. Average
enhancement factors of 8 to 25 are found for Au tips, and 3 to 6 for W as tip material.
This field enhancement and its localization are employed later on for tip-enhanced sec-
ond harmonic microscopy, and dielectric contrast imaging with high spatial resolution is
proven. Furthermore, SHG is directly sensitive to ferroelectric ordering of materials due
to the loss of inversion symmetry and in combination with scanning near-field microscopy
gives access to the morphology of ferroelectric domains. This is demonstrated for single
crystalline YMnO3, an interesting material as intrinsic multiferroic. The surface topology
of the nanoscopic ferroelectric 180◦ domains in YMnO3 is resolved by phase-sensitive SHG
imaging based on an implementation of a self-homodyne scheme in scattering-type scanning
near-field microscopy (s-SNOM). Cigar-shaped domains (∼ 100×1000 nm) oriented along
the hexagonal crystallographic axis were found. The symmetry and phase selectivity of
the technique allow to distinguish between domains of, in principle, arbitrary orientation
and image the coexistence of ferroelectric and magnetic domains on the nanometer scale
in multiferroics.

As demonstrated here, s-SNOM represents a versatile approach for spectroscopic imag-
ing with ultrahigh spatial resolution and sensitivity combining optical methods with high
resolution scanning probe techniques. It allows to address a wide variety of problems,
ranging from plasmonic nanostructures, to molecules and quantum confined systems, and
highly correlated materials, where the physical and chemical properties are determined by
interactions on the nanometer length scale. Future developments in tip design and more
efficient illumination and detection geometries and scanning probe implementation will per-
mit for this technique to become a powerful nano-spectroscopic analysis tool. Furthermore,
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the combination of s-SNOM with time-resolved optical methods would result in structural
and dynamical characterization of individual nanostructures (sensitivity) chosen from an
ensemble (spatial resolution) on the femtosecond time scale (temporal resolution).
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