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separation in complex oxides.

Andrew C. Jones

Chair of the Supervisory Committee:
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Department of Physics

Optical spectroscopy represents a powerful characterization technique with the ability

to directly interact with the electronic, spin, and lattice excitations in matter. In addition,

through implementation of ultrafast techniques, further insight into the real-time dynamics

of elementary interactions can be gained. However, the resolution of far-field microscopy

techniques is restricted by the diffraction limit setting a spatial resolution limit in the 100s

nm to micron range for visible and IR light, respectively. This resolution is too coarse for

the characterization of mesoscopic phenomena in condensed matter physics.

The development of experimental techniques with nanoscale resolution and sensitivity

to optical fields has been a long standing obstacle to the characterization of condensed mat-

ter systems on their natural length scales. This dissertation focuses on the fundamental

near-field optical properties of surfaces and nanoscale systems as well as the utilization of

nano-optical techniques, specifically apertureless scattering-type Scanning Near-field Op-

tical Microscopy (s-SNOM), to characterize said optical properties with nanometer scale

resolution.

First, the s-SNOM characterization of the field enhancement associated with the local-

ized surface plasmon resonances on metallic structures is discussed. With their ability to

localize light, plasmonic nano-structures are promising candidate systems to serve as molec-

ular sensors and nano-photonic devices; however, it is well known that particle morphology



and the plasmon resonance alone do not uniquely reflect the details of the local field distri-

bution. Here, I demonstrate the use interferometric s-SNOM for imaging of the near-fields

associated with plasmonic resonances of crystalline triangular silver nano-prisms in the vis-

ible spectral range. I subsequently show the extension of the concept of a localized plasmon

into the mid-IR spectral range with the characterization of near-fields of silver nano-rods.

Strong spatial field variation on lengths scales as short as 20 nm is observed associated with

the dipolar and quadrupolar modes of both systems with details sensitively depending on

the nanoparticle structure and environment.

In light of recent publications predicting distinct spectral characteristics of thermal elec-

tromagnetic near-fields, I demonstrate the extension of s-SNOM techniques through the

implementation of a heated atomic force microscope (AFM) tip acting as its own intrinsic

light source for the characterization of thermal near-fields. Here, I detail the spectrally

distinct and orders of magnitude enhanced resonant spectral near-field energy density asso-

ciated with vibrational, phonon, and phonon-polariton modes. Modeling the thermal light

scattering by the AFM, the scattering cross-section for thermal light may be related to the

electromagnetic local density of states (EM-LDOS) above a surface.

Lastly, the unique capability of s-SNOM techniques to characterize phase separation

phenomena in correlated electron systems is discussed. This measurement capability pro-

vides new microscopic insight into the underlying mechanisms of the rich phase transition

behavior exhibited by these materials. As a specific example, the infrared s-SNOM mapping

of the metal-insulator transition and the associated nano-domain formation in individual

VO2 micro-crystals subject to substrate stress is presented. Our results have important

implications for the interpretation of the investigations of conventional polycrystalline thin

films where the mutual interaction of constituent crystallites may affect the nature of phase

separation processes.
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Chapter 1

INTRODUCTION TO NANO-OPTICS

1.1 An introduction to the nano-scale and nano-optics.

In a visionary lecture given by Nobel laureate Richard Feynman at an American Physical

Society meeting on Dec. 29, 1959 at the California Institute of Technology entitled “There’s

Plenty of Room at the Bottom”, Feynman considered the ramifications of manipulating

matter at short length scales [1]. While the concept of the atom was well developed, at the

time the idea of manipulating matter on such short length scales was foreign. Still, it was

recognized that the understanding of the behavior of matter at dimension sizes comparable

to that of the natural of molecular, electronic, or lattice correlations held great promise for

innovation across several fields including physical machinery, electronics, communications,

and medicine.

Traditionally, the “everyday world” in which we live and interact lies in the macro-

scopic regime and is described by classical physics. As we study the behavior of objects

at smaller and smaller length scales, the relative strength of the forces changes. At the

micro-scale, gravity becomes a weak effect while electromagnetic forces such as Coulomb

repulsion/attraction and the Van der Waals interactions become dominant [2]. Moving far

down to the atomic scale, the fundamental physics of atoms is governed by quantum me-

chanics, which accounts for both the particle like-and wave-like behavior of matter. It is

on mesoscopic length scales, lying in the transition regime between the macroscopic and

atomic realms, that new, exciting, and complex physics arises from the interplay of classical

and quantum effects (Fig. 1.1).

For homogeneous crystalline materials with bulk dimensions, the electrical, optical, ther-

mal, and acoustic properties result from the periodic organization of the constituent atoms

or molecules. At mesoscopic length scales, however, the combination of the ordering and

bonding of atoms and the interplay of long range/classical physics with short range/quantum
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mechanical physics can result in a diverse array of of physical properties and behaviors. One

of the primary goals of nanoscience and nanotechnology has been the development of new

materials with nanoscopic dimensions which take advantage of the novel properties which

occur at these length scales.

As we progress towards engineering smaller devices and structures in the mesoscale

regime, and as we discover new materials with unique properties (e.g. phase separa-

tion/domain formation) on these length scales, discovery of the underlying physics is essen-

tial to the development of our understanding of these systems. One of the primary challenges

for condensed matter physics in the description of nanoscale phenomena is the development

of experimental techniques precise enough to characterize the physical properties of these

systems on short length scales. Such spatial sensitivity is vital in describing systems which

exhibit heterogeneous properties on mesoscopic length scales (1 nm - 10 µm). A primary

example of such heterogeneous behavior is the phase separation of domains of differing
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crystallographic or electronic properties (Fig. 1.1) resulting from the mutual interplay of

long and short range forces. Through the implementation of experimental techniques which

enable the measurement of the characteristic size and spatial ordering of phase separated

domains, we can gain further understanding into the fundamental mechanisms underlying

domain formation.

However, while many experimental techniques provide valuable information on the prop-

erties on nanoscale systems, they are unable to access the energy scales in which many fun-

damental solid state excitations occur (0.01-5 eV). These energies typically correlate with

the infrared and visible optical frequency ranges. As a consequence, in order to further

understand mesoscopic/nanoscale systems, a technique with both high spatial resolution

and sensitivity to optical properties is highly desirable. The field research of known as

nano-optics thus focuses on the understanding of optical material properties on nanometer

length scales. In the following chapters, I will discuss the development and application of an

experimental technique to characterize the optical properties of materials with nano-scale

resolution.

1.1.1 Introduction to nano-optical characterization.

By definition, optics is the study of the physical properties and characteristics of light. The

use and understanding of the properties of light extends back to Newton, Galileo, and the

very origins of physical science. Despite the fact that it has been studied for hundreds

of years, optics remains at the forefront of current scientific research [3, 4]. One facet of

current research effort is the field of nano-optics: the investigation of the properties of

light matter interactions on length scales below the wavelength of light. As structural

dimensions become smaller than the wavelength of light, new optical properties arise as

translational invariance is broken yielding new scattering and resonance phenomena. Nano-

scopic materials not only exhibit intrinsic optical properties inherent to the material, but

also extrinsic properties dependent on the details of the structure geometry and size.

The implementation of far-field optics for the investigation of solid state materials is an

invaluable tool in understanding fundamental electronic, spin, and vibrational excitations.
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This characterization is possible as the energies of photons in the visible through the infrared

spectral range directly correspond to the energy of electronic and vibrational excitations in

these solid states systems. As a result, optical spectroscopic investigation into the manner in

which light is generated, emitted, reflected, transported, transmitted, and amplified reveals

vital information on the linear and non-linear optical responses and their associated physical

properties within these systems.

In addition to the investigation of the relevant energy scales of solid state materials,

optics further allows for the characterization of the optical response of these materials on

their natural time-scales (∼ 1 fs - 1 ns). This sensitivity to the temporal response of the

elementary electronic and vibrational excitations in these systems is achieved through the

generation/implementation of ultrafast optical pulses. Ultrafast optical pulses in the visible

range, with durations down to several fs, are among the shortest events made by mankind

and can be generated with relative ease in a small table-top experiment [5]. As a result,

ultrafast spectroscopic characterization of has become a routine scientific technique in the

efforts to understand the physics of solid media.

While use of conventional far-field optics provides access to the relevant energy scales of

solid state excitations, for the characterization of systems with nanometer resolution there

is a fundamental limitation on the achievable resolution. This restriction is known as the

diffraction limit. Here, light converging on a focal point with a cone half-angle θ will make

a spot whose radius r is given by [4]

r =
1.22λ

2n sin[θ]
=

0.61λ

N.A.
, (1.1)

with the wavelength λ and index of refraction of the medium n. The size of this focal spot

defines the resolution limit of conventional optical microscopy techniques. Unfortunately,

even for large numerical apertures this resolution limit is several hundreds of nanometers

for visible light up to several µm for infrared light, far too large to map material properties

on the nanoscale.

Currently several alternative, non-optical, experimental techniques have been imple-

mented to characterize nano-scale systems with high-spatial resolution. These include elec-

tron microscopy methods [6, 7] such as scanning electron microscopy (SEM), transmission
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electron microscopy (TEM), photo-emission electron microscopy (PEEM), and electron en-

ergy loss spectroscopy (EELS). These electron microscopy methods are standard techniques

and are able to provide structural and limited chemical information at very high resolution

(∼ 10−10 m for TEM); however, they are limited to vacuum environments and are not

typically sensitive to electronic and vibrational excitations.

A second experimental strategy to increase resolution is the use of light of very short

wavelengths. Here, X-ray microscopes have been implemented with high 20 − 100 nm

spatial resolution. This technique however, requires a synchnotron X-ray source such as the

Advanced Light Source at Berkeley National Laboratory, and only is able to provide limited

chemical information [8].

Finally, scanning probe microscopic techniques such as scanning tunneling microscopy

(STM) and atomic force microscopy (AFM) have the ability to measure the topographic

features of a surface with nanometer precision [9,10]. These techniques typically characterize

a surface by maintaining a very sharp tip (∼ 10 nm) in close proximity to the surface

being studied through feedback via a tunneling current or atomic force interaction. These

measurement methods have the advantage that they are are easily implemented in ambient

conditions and, in combination with external magnetic or electric fields, are able to provide

information about the DC conductivity, the electric polarizability, and magnetization.

Due to the limitations imposed by the diffraction limit (Eqn. 1.1), in order to character-

ize the optical properties of materials with nanometer spatial resolution, a new experimental

method had to be devised. These methods came with the aforementioned invent and devel-

opment of scanning probe microscopy technology introduced above throughout the 1980s

and 1990s [11–13]. Here, nanometer scale optical resolution may be achieved through the

implementation of microscopy utilizing optical near-fields [14]. This resolution is achieved

by optically illuminating a sharp atomic force microscope (AFM) probe and measuring the

scattered light resulting from the near-field enhancement of the electric field resulting from

the mutual coupling of the AFM tip and the material surface [15]. As a result, we take

advantage of the optical antenna properties of the nanoscopic tip which allows for a new

combination of optical spectroscopy with scanning probe techniques.

This method of using an ultrasharp scanning probe tip to scatter the optical near-
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Figure 1.2: The shaded areas above represent the energy and spatial resolution and mea-
surement range limits of current experimental characterization techniques. As s-SNOM
characterization is sensitive the optical properties of the materials, it is capable of providing
both high spatial and temporal resolution. This enables the characterization of mesoscopic
physics on the intrinsic energy scales of solid state excitations.

fields above a surface is known as apertureless scattering-type Scanning Near-field Optical

Microscopy (s-SNOM). Through this process, the field enhancement resulting from the

mutual interaction of the probe tip with the surface is highly localized yielding a resolution

down to the tip apex size. Fig. 1.2 displays a schematic comparing spatial and energy

resolution achievable with conventional experimental techniques in comparison to s-SNOM

characterization.

s-SNOM is unique in its ability to both characterize solid state systems with both high

temporal and spatial resolution. Furthermore, these methods are applicable under ambient

conditions which allows for the optical investigation of microscopic composition, electronic

phase, and chemical functionality of nanoscale materials which have thus far been difficult

to access.
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1.2 Dissertation outline.

In the following chapters I will discuss the fundamentals and applications of s-SNOM mea-

surement techniques across several fields of nano-optics.

To establish a foundation for the near-field optical properties of materials to which s-

SNOM measurements are sensitive, Chapter 2 provides a brief theoretical description of the

optical properties and electrodynamics of solid state materials with a focus on plasmonic and

phononic surface wave phenomena. The Drude-model description for the free-electron model

for the electrons in metals is discussed and related to the optical properties of metals over

a wide frequency range; the optical response of dielectric media is similarly covered. Under

the framework of the optical properties of these materials, a derivation for the conditions

necessary for the generation of surface polariton waves will be discussed.

In Chapter 3 the historical development and modern implementation of s-SNOM char-

acterization techniques is covered. Beginning with a discussion of the fundamental physics

of the diffraction limit and the first proposals for sub-diffraction limit imaging by E.H.

Synge, a historical overview of the development of nano-scale near-field optical characteri-

zation and strategies will be provided. The basics of non-contact atomic force microscopy

are presented as a basis for s-SNOM characterization. Finally, the measurement principles

and detection/contrast mechanisms of s-SNOM measurement techniques will be discussed

with a particular focus on the field enhancement mechanisms and the spectral response of

s-SNOM signals.

The utilization of s-SNOM techniques for the mapping of the spatial distribution of field

enhancement associated with the localized plasmonic response of metallic nano-particles

will be discussed in Chapter 4. Here, the concept of a localized surface plasmon resonance

(LSPR) will be introduced and its dependence on size, shape, and material composition

discussed with a focus on how the fine details of the structural properties of a nano-structure

can drastically affect the spatial distribution of its optical field response. The experimental

s-SNOM characterization of the spatial field distribution of the plasmonic response of Ag

nano-prisms in the visible spectral range as well as the response Ag nano-rods in the mid-IR

spectral range will be demonstrated. Corresponding theory modeling the LSPR response
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for both nano-particle systems will also be presented.

In Chapter 5 the characterization of surfaces using Thermal Infrared Near-field Spec-

troscopy (TINS) will be discussed. Here, we present, for the first time, characterization of

the magnitude and spectral distribution of near-field thermal near-field radiation. Using

the description of conventional far-field thermal radiation as a basis, the development of

new theoretical models for the behavior of thermal near-fields incorporating the presence

of surface polariton waves will be developed. The experimental apparatus used to perform

TINS measurements, implementing a heated AFM probe acting as its own intrinsic light

source will be shown and discussed. The results of TINS measurements on molecular poly-

tetrafluoroethylene, and crystalline SiC and SiO2 surfaces are presented in the context of a

theoretical model for the s-SNOM scattering of thermal near-field light and its relationship

to the fundamental electromagnetic local density of states (EM-LDOS) above the surface.

Lastly, Chapter 6 details the implementation of s-SNOM measurement methods in the

characterization of correlated electron systems with an emphasis on the mapping of the phase

separation. Here, I discuss how utilization of s-SNOM can further enable the study of com-

peting phases and nano-domain formation in complex systems addressing the fundamental

physics behind their rich behavior. The physics behind the formation of heterogeneous

phase separation and domain formation will be discussed with a focus on metal-insulator

phase transitions (MIT). As a specific example, the mapping of domain formation and phase

separation present in the MIT of VO2 micro-crystals with s-SNOM is presented. With a

focus on the underlying physical mechanisms involved with the MIT in VO2, the informa-

tion gained through optical characterization will be presented. Our results have important

implications for the interpretation of the investigations of conventional polycrystalline thin

films where the mutual interaction of constituent crystallites may affect the nature of phase

separation processes.
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Chapter 2

AN INTRODUCTION TO THE ELECTRODYNAMICS OF SOLID
MATERIALS AND SURFACE WAVES.

2.1 Introduction.

The work in this thesis details the characterization of light-matter interactions in the near-

field and on the nano-scale. Based upon the general physics of light-matter interactions in

solid state systems, a semi-classical description is appropriate. In this semiclassical descrip-

tion, the propagation of light is modeled in terms of a wave obeying Maxwell’s equations.

The processes by which objects emit or absorb light are described in terms of quantized units,

e.g. photons. The understanding of optical properties of nano-structures and nanoscale sys-

tems requires both a knowledge of electromagnetism and solid state theory. In the following

section, I briefly introduce Maxwell’s equations for electromagnetic waves and discuss how

they relate to the fundamental optical properties of solid state systems. These concepts will

be used as a basis for the derivation and description of the conditions necessary for elec-

tromagnetic surface waves such as surface plasmon polaritons (SPP) and surface phonon

polaritons (SPhP). These surface waves play an important role in the observed near-field

phenomena discussed in the subsequent chapters of this dissertation.

2.2 Maxwell’s equations and the definition of important experimental param-
eters for the description of solid state systems.

The study of electrodynamics is the investigation of moving electric charges and their in-

teraction with magnetic ~B[~x, t] and electric fields ~E[~x, t]. Maxwell’s equations express the

relationship between electromagnetic fields and their sources, the charge density ρ and cur-

rent density ~J in the medium. These equations are valid for both time-dependent and static

systems and lay the foundation for classical electrodynamics, optics, and electric circuitry.

The study of optics involves the description of propagating electromagnetic fields through

both free-space and material systems.
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Maxwell’s equations for a medium with bound ρb and free ρf charges can be given

as [16,17]

∇ · ~D = ρf (Gauss’ Law) (2.1)

∇ · ~B = 0 (Gauss’ Law for magnetism) (2.2)

∇× ~E = −∂
~B

∂t
(Faraday’s Law) (2.3)

∇× ~H = ~Jf +
∂ ~D

∂t
. (Ampere’s Law) (2.4)

This set of equations (together with the appropriate boundary conditions and the con-

servation of charge and energy) are sufficient to solve the time and spatial evolution of

electromagnetic fields in the presence of matter.

The extension of Maxwell’s laws to solid media involves linkage of the four basic fields

in presence of matter: the external electric field ~E, the dielectric displacement field ~D, the

external magnetic field ~B, and the magnetic vector field ~H. Here, ~D and ~H represent the

additional field response due to the reaction of bound and free charges within a material

due to the presence of the external ~E and ~B fields respectively.

~D and ~H may be related to the external fields through the polarizability ~P and magne-

tization ~M , respectively, through the following relation [16,17]

~D = ε0 ~E + ~P (2.5)

~H =
1

µ0

~B − ~M. (2.6)

The quantities ε0 and µ0 represent the vacuum dielectric permittivity and the magnetic

permeability respectively. ~P describes the mean electric dipole moment per unit volume

inside the material, caused by the alignment of microscopic dipoles with the electric field. In

order to analyze dielectric systems, it is often useful to note that the total charge density ρ

may be expressed as the sum of two contributions, bound charge density ρb and free charge

density ρf

ρ = ρb + ρf . (2.7)

One important bounding condition for Maxwell’s equations given above is that charge con-

servation requires that [16,17],
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∇ · ~P = −ρb (2.8)

∇ · ~D = ∇ · (ε0 ~E + ~P ) = ρf . (2.9)

Similar to the charge density distribution within materials, the total current ~J can be

expressed as a sum of bound ~Jb and free ~Jf currents

~J = ~Jb + ~Jf . (2.10)

The requirement that electric charge is conserved throughout space further sets the

following continuity equations [16,17],

∇ · ~J = −∂ρ
∂t

(2.11)

~Jb = ~∇× ~M +
∂ ~P

∂t
. (2.12)

The bound current above is expressed as the sum of current contributions stemming from the

effective current density equivalent to the atomic magnetic dipoles from the magnetization

and the polarization current ~JP = ∂ ~P
∂t resulting from the change of the electric polarization.

If the electromagnetic response of materials is linear, constitutive relations relating the

total current density ~J and polarizability ~P to ~E and the magnetic permeability µ to ~H

can be expressed as [16,17]:

~J = σ ~E (2.13)

~P = ε0χe ~E (2.14)

~M = χm ~H. (2.15)

Here, σ represents the conductivity of the material while χe and χm represent the elec-

tric and magnetic susceptibilities respectively. The relations above define the dielectric

permittivity ε and magnetic permeability µ of linear materials as [16,17]

~D = ε0(1 + χe) ~E = ε0ε ~E (2.16)

~B = µ0(1 + χm) ~H = µ0µ ~H. (2.17)
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The quantities ε and µ enter the description of the behavior of electromagnetic waves

in materials as characteristic input parameters specific to the material. It is important to

note that Eqns. 2.16 and 2.17, in addition to Eqn. 2.13, are only valid for linear media

which do not exhibit temporal or spatial dispersion. The reason why ε and µ are defined

at a particular value need not be explained for the classical electromagnetic description to

be correct. To describe the behavior of ε and µ, a microscopic picture of the light matter

interaction for the specific material must be developed.

It should also be noted that ε is a frequency dependent quantity which results in temporal

dispersion as light propagates through the medium. This frequency dependence reflects the

causal nature of the induced material response arising after the application of an applied

field with a resulting phase difference. ε must correspondingly be treated as a complex

quantity to incorporate both the magnitude and phase of the material response. Here, Re[ε]

is related to the amount of energy the material is able to store, while Im[ε] is related the

dissipation of the medium.

The permittivity for a material has several well defined relationships between important

experimental parameters. One such parameter is the conductivity σ which can be related

to the permittivity by expressing the current density and displacement field in the Fourier

domain to account for the frequency dependence of ε[ω].

Rather than express in terms of real space vectors and time (~r and t), through a Fourier

transform the displacement field/electric field (Eqn. 2.16) and current density-electric field

relationship (Eqn. 2.13) can be expressed in terms of a wavevector ~K and frequency ω as [18]

~D[ ~K, ω] = ε0ε[ ~K, ω] ~E[ ~K, ω] (2.18)

~J [ ~K, ω] = σ[ ~K, ω] ~E[ ~K, ω]. (2.19)

Combining Eqn. 2.12 with Eqns. 2.18 and 2.19, a relationship between permittivity and

conductivity can be derived [18],
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~J [ ~K, ω] = σ[ ~K, ω] ~E =
∂

∂t
~P [ ~K, ω] (2.20)

=
∂

∂t
( ~D[ ~K, ω]− ε0 ~E[ ~K, ω]) (2.21)

=
∂

∂t
(ε0ε[ ~K, ω] ~E[ ~K, ω]− ε0 ~E[ ~K, ω]) (2.22)

= −iωε0(ε[ ~K, ω] ~E[ ~K, ω]− ~E[ ~K, ω]) (2.23)

→ σ[ ~K, ω] = −iωε0(ε[ ~K, ω]− 1). (2.24)

In general, whether σ or ε represents the physically relevant physical parameter depends

on the material in question. For dielectric materials at low-frequencies, ε is usually used for

the description of the response of bound charges to a driving field, leading to an electric

polarization. Not surprisingly, for conductive materials, the σ relates the amount of free

current density induced by application of an external field. These distinctions become less

clear at higher frequencies, where for example, metals are characterized by higher losses and

cannot be treated as perfect conductors.

Finally, the permittivity can also be linked to the optical constants of a medium, the

real n and imaginary κ parts of the index of refraction via the following relation [4, 19]

Re[ε] = n2 − κ2 (2.25)

Im[ε] = 2nκ. (2.26)

Indeed, the permittivity at optical frequencies is commonly derived through measure-

ment of both n and κ. Note that both the real and imaginary parts of the index of fraction

relate to specific observables for light in a medium. The real part n defines the size of the

wavevector for propagating light k = nω
c = 2πn

λ0
. Meanwhile the imaginary part κ determines

the value absorption coefficient for the material α = 2ωκ
c = 4πκ

λ0
following the Beer-Lambert

law.

2.3 Drude model description for the optical properties of noble metals.

While proposed at the turn of the 20th century [20] only three years after the discovery of

the electron by J.J. Thompson, the Drude model for the conduction of electrons in metals
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has been surprisingly successful at describing the optical properties of noble metals over a

frequency range spanning several orders of magnitude. From the low frequency radio waves

to the optical regime, the Drude model accurately describes the electrical conductivity of

noble metals through the simple application of the kinetic theory of gases to the electrons

within the metal. The Drude model makes several assumptions in providing a description

for the conductivity of noble metals, and while some of the assumptions may seem drastic,

the Drude model works well in encompassing much of the electrodynamics of noble metal

systems.

First, it is assumed that the electrons within the metal feel no interactive forces except

for the forces coming into play over a short duration during scattering events. Consequently

ballistic electrons are free to move throughout a metallic body, maintaining a linear flight

trajectory until experiencing a scattering event. Collisions are inelastic in nature and are

considered to be instantaneous events which abruptly alter the velocity of an electron.

Each collision leads to a complete loss of directional information and results in a random

orientation of the electron velocity.

For the Drude model, the microscopic nature of the scattering events is left unde-

fined. In real metallic systems scattering events include electron-lattice, electron-phonon,

electron-defect, and electron-electron collisions. As elastic scattering events are considered

to be equivalent in the Drude model, the only important parameter which needs to be

defined/determined is the mean time between collision events τ .

It is unique that such a drastic simplification of all scattering events into one character-

istic parameter τ , the relaxation time of the metal, so effectively captures the physics of the

system. Even more amazing is that τ , measured simply from the DC ( τ = (meσDC/nee
2)

at 0 Hz) conductivity of the material, effectively describes the physics across such a broad

frequency range. The electron mass, charge, and density are represented by the symbols

me, e, and ne respectively while the σDC denotes the DC conductivity.

It should be noted that small adjustments to the Drude parameters may be required for

certain materials at large optical frequencies. These adjustments may be required due to the

additional contributions of scattering processes at high frequencies. While the scattering

rate derived from the DC conductivity provides the correct qualitative values, accurate
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Parameter Cu Ag Au

ne [m−3] 8.47 · 1028 5.86 · 1028 5.9 · 1028

σDC [Ω−1m−1] 6.41 · 107 6.62 · 107 4.9 · 107

m∗/me (1.49) (0.96) (0.99)

~ωp [eV] 8.85 9.17 9.07

τ [fs] 40 (6.9± 0.7) 40 (31± 12) 29 (9.3± 0.9)

ε∞ 1.6 3.7 9.84

Figure 2.1: Typical parameters at room temperature (273 K) for the Drude model for the
three noble metals are as follows [22,24,25]. The scattering rates derived from the Johnson
and Christy [22] fits for optical frequencies are given in parentheses.

models of the permittivity of noble metals in the visible/IR frequency range may have

slightly lower τ which may be derived from ellipsometry measurements [21–23]

What may complicate matters even further is the fact that several differing measure-

ments of optical constants exist [21–23]. Variations in these parameters can lead to large

deviations in the predicted optical properties (skin depth, plasmon propagation length,

ect...) of structures composed of these noble metals. It is important when modeling noble

metal systems, that careful thought is put into which optical constants are used to model

the system.

While Ag is closely described by the DC scattering rate, in Au and Cu additional scat-

tering effects reduce the scattering rate. In the table of Drude parameters below (Fig. 2.1),

the parameters at optical frequencies corresponding to the Johnson and Christy data are

included in parentheses [22].

Writing the equation of motion for an electron in a metal, and with the assumption of

a solutions of the form ~x[t] = x0 exp[−iωt], it can be shown that

me~̈x[t] +meγ~̇x[t] = −e ~E[t] (2.27)

−me(iγω + ω2)~x[t] = −e ~E[t] (2.28)

→ ~x[t] =
e

me(ω2 + iγω)
~E[t]. (2.29)
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As displaced electrons contribute to the macroscopic polarization via the relation ~P =

−ne~x the polarization may be expressed as

~P = − ne2

me(ω2 + iγω)
~E. (2.30)

Following from Eqn. 2.16, the expression for the dielectric permittivity of a Drude metal

can be derived to be [24]

~D = ε0

(
1−

ω2
p

ω(ω + iγ0)

)
~E where, (2.31)

→ ε[ω] =

(
1−

ω2
p

ω(ω + iγ0)

)
. (2.32)

Here, the γ0 = τ−1 represents the scattering rate and ωp the plasma frequency. The

plasma frequency may be defined in terms of the effective mass m∗of the electrons and the

electron density ne to be

ωp =

√(
nee2

ε0m∗

)
. (2.33)

While to this point ideal free electron behavior has been assumed, for higher optical

frequencies ω ' ωp the filled d-orbital band in proximity to the Fermi surface leaves a

residual polarization due to the positive background of the ion cores which can be described

through the addition of an offset permittivity term ε∞ to Eqn. 2.32.

ε[ω] =

(
ε∞ −

ω2
p

ω(ω + iγ0)

)
. (2.34)

Fig. 2.2 displays the relevant optical parameters for Ag, both derived from the Drude

model and physically measured, over a broad frequency range. It is clear that there are

several regimes where noble metals exhibit starkly differing properties. In the low frequency

regime, also known as the Hagens-Rubens regime [18] (ω � γ), the optical properties are

largely determined by the flat DC conductivity. The real part of the permittivity Re[ε] is

constant and large while the imaginary component scales ∝ 1/ω. In this case, both optical

constants n and κ are equal. As noble metals are good DC conductors, σRe is large while

σIm remains low.
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Figure 2.2: Parameters for the Drude model for Ag over a large frequency range span-
ning from the low-frequency range through visible range to the onset of the inter-
band/transparency regime (ω ' ωp) where the Drude model begins to break down. The
real and imaginary parts of the dielectric permittivity a) and optical conductivity b) are
displayed along with the index of refraction values (n and κ) c) and the absorption coeffi-
cient d). Wavelength regimes representing the visible (400-800 nm), near-infrared (800-3000
nm), mid-infrared (3-30 µm), and far-infrared (30-300 µm) are represented by the rainbow,
yellow, orange, and red shaded areas respectively.

As ω approaches the scattering rate of the electrons, the ω ' γ system enters the

relaxation regime. Here, a cross-over occurs for the optical conductivity as the imaginary

part of the optical conductivity now becomes greater than the real part. Both the real and

imaginary parts of the ε decrease in magnitude with increasing frequency. Meanwhile the

values for the optical constants n and κ diverge from one another [18].

Finally, in the relaxation regime ω � γ noble metals are characterized by an imaginary

conductivity which is much greater than the real component (Im[σ]� Re[σ]). Both the real

and imaginary parts of the permittivity decrease with increasing frequency scaling as Re[ε] ≈

1− ω2
p

ω2 and Im[ε] ≈ 1− ω2
pγ

ω3 . Here the absorption coefficient is large and constant with respect



18

to frequency. This means that unlike the DC regime, noble metals are characteristically lossy

materials at optical frequencies.

2.4 Optical properties of dielectric media.

In nonconducting, isotropic media the electrons are statically bound to the atomic sites

in the material. It can be assumed that the electrons are bound to their atomic sites in

a harmonic potential defined by a force constant Ke. In a time varying electric field the

electronic motion can be described by the damped-driven harmonic oscillator problem as

me
d2~r

dt2
+meγ

d~r

dt
+Ke~r = −e ~E exp[−iωt], (2.35)

and assuming a harmonic solution ∝ exp[−iωt] the equation of motion may be re-expressed

as

(−meω
2 − imeγω +Ke)~r = −e ~E. (2.36)

This yields a solution to the polarizability ~P of

~P = Ne~r =
nee

2

(−meω2 − imeγω +Ke)
~E (2.37)

=
nee

2/me

(ω2
0 − ω2 − iγω)

~E, (2.38)

where here ne represents the valence electron density, ω0 =
√
Ke/m, and γ defines the

damping parameter.

Following from the definition of the displacement field in Eqn 2.6 the dielectric permit-

tivity for a dielectric media can be defined as

ε[ω] =

(
1 +

nee
2

meε0

1

(ω2
0 − ω2 − iγω)

)
. (2.39)

The description above implicitly assumes that all the electrons within the media were

identically bound. This is certainly not the case as there are large differences in the behavior

of core and valence bound electrons. To account for the fact that electrons are bound in

states with differing resonant frequencies, a sum over all electronic resonance and a fraction

factor accounting for the number of electrons sensitive to the resonance may be introduced

in the equation for the permittivity. This can be written in the form of
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Figure 2.3: The optical constants for the ordinary index of α cut quartz crystal are displayed
above over a large frequency range as a demonstration of the typical optical behavior of a
dielectric medium. Panels a) and b) display the real n and imaginary κ parts of the index
of refraction. Panels c) and d) display the corresponding real and imaginary components of
the permittivity, Re[ε] and Im[ε]. The visible (400-800nm), near-IR (800 nm-3 µm), mid-IR
(3- 30 µm), and far-IR (30 -300 µm) spectral ranges are displayed by the rainbow, yellow,
orange, and red shading respectively. The characteristic phonon resonances for quartz are
clearly evident in the mid-IR spectral range.

ε[ω] =

1 +
ne2

meε0

∑
j

fj
(ω2

0 − ω2 − iγω)

 . (2.40)

The interaction of electromagnetic waves with a dielectric media (either a molecule or

crystal unit cell) may be described by considering the total dipole moment of the molecule

or crystal unit cell,

~p = ~pp + α · ~E0, (2.41)
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where ~pp represents permanent dipole moment (if present), α the polarizability tensor, and

~E0 the incident electric field at frequency ω = 2πν.

The charges which constitute the structure may oscillate about their equilibrium po-

sitions xE along their normal coordinates qN at resonant frequencies nuN determined by

the bond strengths/lengths. Implementing a harmonic approximation for small oscillation

amplitudes, the variation along the normal coordinate directions may be expressed as

qN [t] = qN0 cos[ωN t]. (2.42)

For the IR regime, the electric field is constant over range of the oscillation motion. As

the structure vibrates, changes in the polarizability and the associated dipole moment are

induced which may be approximated in the form of a Taylor expansion as

αij [q] = αij [xE ] +
∑
N

(
∂αij
∂qN

)
xE

qN + · · · (2.43)

Similarly the dipole moment may be expressed as

~p[q] = ~p[xE ] +
∑
N

(
∂~p

∂qN

)
xE

qN + · · · (2.44)

In combining Eqns. 2.42, 2.43, and 2.44 the time-dependent dipole moment may be

expressed as

~p[q] = ~p[xE ]+
∑
N

(
∂~p

∂qN

)
XE

qN0 cos[ωN t]︸ ︷︷ ︸
IR

(2.45)

+ α[xE ] · ~E0 cos[ωt]︸ ︷︷ ︸
Elastic

(2.46)

+

(∑
N

(
∂α

∂qN

)
XE

qN0 cos[(ω ± ωN )t]

)
~E0

2︸ ︷︷ ︸
Raman

+.... (2.47)

Here, the permanent dipole moment is represented by the first term and the IR active

vibrational modes are represented by the second term. The third and fourth terms encap-

sulate scattering effects. Elastic Rayleigh scattering is described by the third term while
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the fourth term represents the Raman effect and inelastic scattering. Implementation Ra-

man spectroscopy characterization techniques may be employed to yield information on the

vibrational modes and orientation of a material allowing insight into the symmetry of the

system being studied.

2.5 Surface polariton waves.

As scattering-Scanning Near-field Optical Microscopy techniques map the optical fields re-

lated to surfaces, it is important to understand the role of surface waves in solid media in

order to interpret how the presence of such waves may affect the s-SNOM signal. Surface

waves exist at an interface between two differing media and propagate in the direction of

the surface interface, decaying exponentially in the normal direction to the surface. The

coupling of the electromagnetic field of the surface wave to a resonant polarization oscilla-

tion in the material results in the formation of what is known as a surface polariton. For

metals, this can arise through coupling to the plasmon oscillation of the metal resulting in a

surface plasmon polariton (SPP). Correspondingly for dielectric materials, this coupling to

the resonant vibrational modes of the material can result in the formation of surface phonon

polaritons (SPhP).

The geometry defining surface polariton waves is depicted in Fig. 2.4a). Medium 1,

generally defined by frequency dependent permittivity ε1[ω] and magnetic permeability µ1[ω]

occupies upper half space z > 0 whilst medium 2 similarly occupies the lower half space

(ε2[ω], µ2[ω], z < 0 ). The three unit vectors x̂, ŷ, and ẑ define a point in space as

~r = xx̂+ yŷ + zẑ and wavevectors as ~k = kxx̂+ kyŷ + kz ẑ. It is simpler to further express

these vectors in terms of the in and out-of-plane contributions as ~r = ~R+~z and ~k = ~k‖+~k⊥

where ~R = xx̂ + yŷ, ~k‖ = kxx̂ + kyŷ, and ~k⊥,i = kz ẑ. Fig. 2.4a) shows the relationship of

the wavevectors between both the upper and lower media. This geometry is depicted in

Fig. 2.4a.

The form of a surface wave with translational invariance decaying exponentially from

the interface can be expressed in the following forms in medium 1 and 2 respectively [26],
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~E1(~r, ω) =


Ex,1

Ey,1

Ez,1

 exp[i( ~k‖ · ~R+ k⊥,1z)] (2.48)

~E2(~r, ω) =


Ex,2

Ey,2

Ez,2

 exp[i( ~k‖ · ~R− k⊥,2z)]. (2.49)

Momentum conservation requires that the sum of the in- and out-of-plane wavevector

components add up to the free space wavevector (k2
⊥,i + k2

‖,i = εiµik
2
0). The exponential

decay component in the ẑ direction in both media are thus defined as

k2
⊥,1 = ε1µ1k

2
0 − k2

‖ for Im[k⊥,1] > 0 (2.50)

k2
⊥,2 = ε2µ2k

2
0 − k2

‖ for Im[k⊥,2] > 0. (2.51)

In the following sections we shall cover the existence of surface waves for both s- and

p-polarized waves.

2.5.1 Surface waves with s-Polarization.

For s-polarized light the electric field is parallel to the x-direction. It should be noted that

s-polarized waves occur solely in magnetic media which are not covered in the scope of this

thesis, but for completeness of the description of surface wave physics, the derivation of

their dispersion relation is included here [26].

With the field oriented in the x̂ direction, the field equations from Eqn. 2.48 and 2.49

can be expressed as

~E1(~r, ω) = Ex,1x̂ exp[i(~k‖ · ~R+ k⊥,1z)] (2.52)

~E2(~r, ω) = Ex,2x̂ exp[i(~k‖ · ~R− k⊥,2z)]. (2.53)

The boundary conditions at the surface interface require continuity of both the ~E and

~H fields.

Ex,1 − Ex,2 = 0 (2.54)

k⊥,1
µ1[ω]

Ex,1 +
k⊥,2
µ2[ω]

Ex,2 = 0. (2.55)
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We arrive at the second term by expressing ~H in terms of ~E via Faraday’s law ~H =

−i∇× ~E/µ[ω]ω. Solving Eqns. 2.54 and 2.55 to remove Ex,1 and Ex,2 the condition for a

homogeneous solution is

µ2[ω]k⊥,1 + µ1[ω]k⊥,2 = 0. (2.56)

Finally, combining Eqns. 2.50 and 2.51 with Eqn. 2.56, the dispersion relationship for

an s-polarized surface wave is derived

k2
‖ =

ω2

c2
· µ1[ω]µ2[ω](µ2[ω]ε1 − µ1[ω]ε2)

µ2
2[ω]− µ2

1[ω]
. (2.57)

This relation can be further simplified for the case that ε1 = ε2 = ε to

k2
‖ =

ω2

c2
ε
µ1[ω]µ2[ω]

µ1[ω] + µ2[ω]
. (2.58)

2.5.2 Surface waves with p-Polarization.

The p-polarized or Transverse Magnetic (TM) solution for the surface wave is the solution

of interest for optical excitations. Here the equations for the field of the surface wave in

both upper and lower half-space may be expressed as [26]

~E1(~r, ω) =


0

Ey,1

Ez,1

 exp[i( ~k‖ · ~R+ k⊥,2z)] (2.59)

~E2(~r, ω) =


0

Ey,2

Ez,2

 exp[i( ~k‖ · ~R− k⊥,2z)]. (2.60)

Continuity of the tangential field requires that

Ey,1 − Ey,2 = 0. (2.61)

Gauss’ Law further requires that ∇ · ~E = 0, which imposes a relation between the two
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components of the electric field

k‖Ey,2 − k⊥,2Ez,2 = 0 (2.62)

k‖Ey,1 − k⊥,1Ez,1 = 0. (2.63)

Continuity of the z-component of ~D finally requires

ε1[ω]Ez,1 = ε2[ω]Ez,2. (2.64)

Solving the four boundary condition equations from Eqns. 2.61, 2.62, 2.63, and 2.64, one

arrives at the condition for a homogeneous solution,

ε1[ω]k⊥,2 + ε2[ω]k⊥,1 = 0. (2.65)

Through combination of Eqns. 2.50 and 2.51 with Eqn. 2.65, the dispersion relationship

for p-polarized surface wave can be expressed as

k2
‖ =

ω2

c2
· ε1[ω]ε2[ω](ε1[ω]µ1 − ε2[ω]µ2)

ε22[ω]− ε21[ω]
. (2.66)

for the case that µ1 = µ2 = µ, this relation further simplifies to

k2
‖ =

ω2

c2
µ

ε1[ω]ε2[ω]

ε1[ω] + ε2[ω]
. (2.67)

For the specific case of a material-vacuum interface ε1 = µ1 = 1, the dispersion relation

for the surface polariton is

k2
‖ =

ω2

c2

ε2[ω]

1 + ε2[ω]
. (2.68)

This surface wave dispersion relationship is shown for surface plasmons in the visible for

an Ag surface in Fig. 2.4b and for surface phonon polaritons in quartz in Fig. 2.4c.

2.6 Properties and visualization of surface waves.

It is interesting to note that in the presence of losses, the dispersion relation yields two

equations; however, both frequency and wavevector can be complex yielding four parame-

ters. Two cases are of practical interest: (1) a real frequency and a complex wavevector and

(2) a complex frequency and a real wavevector. These two choices lead to different shapes
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of the dispersion relation, as discussed in [27–29]. The imaginary part of ω describes the

finite lifetime of the mode due to losses. Conversely, for a given real ω, the imaginary part

of k‖ yields a finite propagation length along the interface.

Fig. 2.4 displays visualizations of the geometry (a), dispersion relationships (b,c), and

spatial field distribution (d-i) of the surfaces waves discussed in the previous sections. In

particular, the correspondence between the proximity of the surface wave dispersion solution

to the light-line and the degree of localization of the surface wave fields to the surface is

depicted in panels d-i). For the Ag surface-wave dispersion relationship shown in Fig. 2.4b,

surface waves in the IR occur near the light-line (purple star). Correspondingly, the solution

for the surface wave is “light”-like in that the field is contained primarily outside the surface

medium (panels d,e). As the frequency approaches the surface wave resonance frequency

(green star), the momentum of the surface-wave becomes bigger with respect to the free-

space wavevector of light resulting in a higher degree of localization (panels f,g). Finally,

near the resonance frequency, the momentum of the surface wave is large, resulting in a

high degree of localization to the surface with the field contained in- and out of the surface

medium (panels h,i).

Surface waves may be typically categorized into four types: Fano, Evanescent, Brewster,

and Zenneck modes. Fano and evanescent modes are identified with surface polariton waves.

The Brewster case is known to far-field optics as the case in which p-polarized light is

incident at an interface at angle θ1 and refracted at angle θ2, that there is no reflected light

when θ1+θ2 = 90◦. When damping is present, a solution for Maxwell’s equations exists such

that the amplitudes of the two rays decay exponentially from the interface. Zenneck modes

are identical to electromagnetic waves which propagate at a conducting surface. Fig. 2.5

shows the relationship between the dielectric conditions necessary for each type of surface

wave.

The location and relationship with these surface modes with the dispersion relationship

is visualized in Fig. 2.6. Here, the real and imaginary parts of the dielectric permittivity

are plotted for an hypothetical dielectric medium a) and a Ag surface c). The permittivity

of the dielectric medium shown in panel a) follows the functional form following ref [30],
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Figure 2.4: The geometry and relevant parameters for surface waves are displayed in panel
a). As an example of the formation of both surface plasmon polaritons and surface phonon
polaritons, the dispersion relationship where surface waves exist is shown for Ag in the
IR-to visible range (b) and quartz in the mid-IR spectral range (c). Panels d-i) represent
the visualization of the spatial distribution of the electric field for different points along the
dispersion curve of Ag (denoted by the colored stars in panel b). Here spatial distributions
of the Ey and Ez field components are shown for ω = 2 · 1015 (purple star, panels d) and
e), ω = 4 · 1015 (green star, panels f) and g), and ω = 2 · 1015 (red star, panels h) and i).
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Figure 2.5: Summary of surface electromagnetic modes following ref [28].

ε[ω] = 1 + ε∞ ·

(
ω2
T,1 − ω2

L,1

ω(ω + iΓ1)− ω2
T,1

)
+

ω2
T,2 − ω2

L,2

ω(ω + iΓ2)− ω2
T,2

, (2.69)

where ε∞ = 6, ωT,1 = ωT,1, ωT,2 = 5ωT,1, ωL,1 = 2ωT,1, ωL,2 = 6ωT,1, Γ1 = 0.05ωT,1,

and Γ2 = 0.05ωT,1. The areas where Fano (red), Evanescent (orange), Brewster (blue),

and Zenneck (green) waves occur are denoted on the graphs. It is interesting to note that

Zenneck waves may occur for dielectric media, but only at localized frequencies. Zenneck

waves in conductors, in contrast, span the entire low frequency regime.

2.7 Outlook.

The surface waves discussed above play an important role in nano-scale optical physics as

they act as a mechanism to achieve highly confined fields. These waves take the form of

surface plasmon polaritons and surface phonon polaritons which represent the collective

coherent electron/polarizatability oscillations which exist at the interface between any two

materials where the real part of the dielectric function changes sign across the interface (e.g.

a metal-dielectric interface). The localization of the optical fields enabled by these types

of surface waves are highly desirable by many photonic and molecular sensing applications.
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One such application is the extension of the concept of a surface wave to a finite-sized

nano-structure where coherent optical resonances are known as localized surface plasmon

resonances (LSPR). In the following chapters, the role of surface waves in s-SNOM charac-

terization will be discussed with a special emphasis on how surface waves affect the LSPR

in metallic nano-structures and the intrinsic thermal electromagnetic local density of states

above surfaces.
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Chapter 3

SCATTERING-TYPE SCANNING NEAR-FIELD OPTICAL
MICROSCOPY TECHNIQUES.

scattering- type Scanning Near-field Optical Microscopy (s-SNOM) represents the uni-

fication of two distinct lines of experimental characterization techniques: optical charac-

terization and scanning probe microscopy. Here, taking advantage of the optical antenna

properties of a nanoscopic atomic force microscope tip allows the combination of the sensi-

tivity of optical characterization to the solid state excitations with the high spatial resolution

of scanning probe microscopy techniques. In the following chapter, the origin and historical

development of the concept of near-field, sub-diffraction, optical imaging will be discussed.

The physical principles of the optical contrast in s-SNOM characterization techniques will

be detailed with a specific focus on current methods of signal amplification and background

filtering. These concepts are motivated by the desire to extract specific information about

the properties of near-fields/surfaces while minimally perturbing the intrinsic fields and

avoiding the presence of unrelated background signals.

3.1 Introduction to optical microscopy and the diffraction limit.

Optical microscopy has long been a useful technique for the scientific characterization of

material properties. For short length-scale resolution, conventional microscopy techniques

typically implement lens/mirror systems in order to collect and focus far-field radiation to

form a magnified image of the specimen or sample in question. Fig. 3.1a) schematically dis-

plays this concept for an infinity corrected microscope lens system illustrating the inversion

and magnification of an image of the sample.

In terms of spatial resolution, the limit of any far-field microscopy technique is defined

by both the aberration and diffraction of the optics in the imaging system. While aberration

effects can in principle be corrected for through modification of the geometric properties of

the optics, the diffractive limits on the resolution cannot be corrected. This is a consequence
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Figure 3.1: a) A simple beam diagram for an infinity corrected microscope. b) The Airy disk
distribution for a point source scatterer for NA=0.5 lens system. Panels c-e) demonstrate
the diffraction limit for two point scatters with separations of multiples of 2, 1, and 0.5 the
Rayleigh limit Rl respectively.

of the wave-like nature of light as it passes through the finite sized apertures of optical

imaging elements [4].

The resolution of any optical system may be defined by it point spread function. Consider

a point source radiator; as the source is infinitely small in size, it is characterized by an

infinite spectrum of spatial frequencies kx and ky. Via the propagation of light from the

image to the source, frequency contributions corresponding to evanescent waves ((k2
x+k2

y) >

k2
0, where k0 = 2π/λ) are filtered out. In addition, not all of the propagating waves emitted

by the point source radiator can be collected leading to further reductions in bandwidth.

As a result, a complete image of the point source may not be constructed and thus will have

finite size [14].

The image of any point source formed via a focusing lens forms an Airy disk spatial

distribution through diffraction due to the finite aperture D of the lens (Fig. 3.1b). The

description for the ultimate resolution attainable through an optical microscope was realized
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a) b) c)

s-SNOMNSOM
1928 Synge

 proposal

Figure 3.2: a) The experimental schematic for Synge’s original 1928 proposal for sub-
diffraction imaging on biological samples. Simple sketches of the conceptual experimental
geometry for modern NSOM and s-SNOM measurements are displayed in panels b) and c)
respectively.

early on in the development of the modern microscope; here, the most widely accepted form

of the diffraction limit on the resolution of a lens was given by Rayleigh in 1896 [31]. The

Rayleigh limit on spatial resolution Rl, i.e., the distance ∆l at which two point sources

can be separated and distinguished from one another, is determined by the distance at

which the maxima of the Airy distribution of one point source overlaps the minima of the

Airy distribution of the second point source. This can be expressed through the following

relation,

Rl '
1.22fλ

D
=

0.61λ

NA
, (3.1)

where λ represents the wavelength of light, f the focal distance of the lens, D the aperture

diameter of the lens, and NA the numerical aperture of the lens. This diffraction limit to

resolution is displayed in Fig. 3.1c-e) where the image formed by two point sources separated

by distances of 2Rl, Rl, and 0.5Rl is given in panels c), d), and e) respectively.
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3.2 Towards breaking the diffraction limit: the development of scanning probe
techniques.

The concept of an experimental apparatus with the ability to optically characterize samples

with resolution below the diffraction limit dates back to a proposal by E.H. Synge in the late

1920s. Although limited by the technology of the era, Synge foresaw a means of imaging

below the diffraction limit by virtue of the transmission of light through a small aperture

(a proposed 10 nm) which he suggested be placed above a biological sample. The difficulty

at the time of the Synge’s proposal was four-fold: 1) a source of illumination which was

suitably intense needed to be found, 2) nanometer scale precision positioning of the sample

was required, 3) the sample surface needed to be suitably flat, and 4) the construction of

an opaque plate or film with the small hole would be needed [32].

With the evolution of advanced scientific instrumentation and measurement techniques,

each experimental obstacle above would eventually be overcome. First, the requirement of

a strong illumination source is today satisfied through the implementation of high fluence

laser sources. The second challenge, a mechanism for sub-nanometer control of spatial

movement, is met through the use of piezo-electric scanner-positioners. Finally, both the

third and fourth obstacles would be overcome through the development of scanning probe

microscopy, which began in the early 1980s with the development of instrumentation to

utilize a sharpened probe in order to scan sample surfaces.

An initial demonstration of Synge’s proposed measurement for sub-diffraction resolution

was demonstrated in 1983 [33]. The technique, initially dubbed “optical stethoscopy,”

utilized a gold-coated quartz crystal with a sharp tip apex where the gold was removed to

create a small aperture through which laser light could transmit to the sample. It was,

however, the demonstration of a new technique in 1983 that would set the stage for the

development of modern sub-diffraction imaging methods.

The advent of Scanning Tunneling Microscopy (STM) [11] and subsequently Atomic

Force Microscopy (AFM) [12, 13] techniques enabled the fine control of the height position

of an experimental probe above a surface via implementation of either tunneling current

(STM) or atomic force (AFM) feedback. This represented a major advance in nanoscale
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characterization techniques and was soon combined with sub-diffraction imaging efforts to

yield the first spatial characterization of evanescent fields at optical frequencies [34].

A further advance came in the following years with the creation of aperture probes made

by metal coating thermally pulled quartz optical fibers [35–37], initiating the technique now

widely known as Near-field Scanning Optical Microscopy (NSOM) (Fig. 3.3b). Here, the

small aperture in the metal of the fiber tip acts as the modern realization of Synge’s proposed

aperture in an opaque slide with the further advantage that it may be paired with an intense

light source via the optical fiber.

NSOM measurement techniques have subsequently been applied towards the character-

ization of a wide variety of experimental systems. The technique, however, has a limited

the spectral range as the optical fiber restricts wavelengths to the visible to near-infrared

regimes. Furthermore, the transmission of light through the probe aperture limits the reso-

lution attainable via NSOM. As described by Bethe in 1944, the total power of transmission

Ptrans through a small aperture of radius a in a metallic film scales ∝ (1/λ)4 as given be-

low [38],

Ptrans(λ, a,Einc) =
64

27π

(
2πa

λ

)4

a2︸ ︷︷ ︸
σeff

· c
2
ε0E

2
inc︸ ︷︷ ︸

incident flux

, (3.2)

where c/2·ε0E
2
inc represents the the incident flux on the aperture and the σeff term represents

the effective transmission cross-section of the aperture.

As a consequence of the aperture transmission, resolution of NSOM measurements comes

at the cost of severe depletion of its signal magnitude; for λ/10 spatial resolution, the

illumination is depleted by a factor of over 10−5. In most practical measurements, this

limits the resolution of NSOM techniques to ' 50 − 100 nm. In order to access a larger

spectral range and to achieve higher spatial resolutions, a near-field optical technique which

does not utilize optical fibers or apertures is required. As will be presented in the following

sections, this is achieved through the realization of a sharp (' 10 nm) AFM probe as a

near-field scattering/field enhancement source.
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Figure 3.3: a) the geometric layout of typical and size ranges for typical commercially
available AFM probes. b) Schematic for non-contact/tapping mode AFM measurements
where the magnitude of the vertical oscillation of the tip is monitored, for example here
with a diode laser and four-quadrant photodiode, and used to maintain dynamic feedback
with a sample surface.

3.3 Non-contact AFM probes as mechanism for a localized near-field scattering
source.

Rather than use an aperture for sub-diffraction imaging, a more simple approach of utilizing

the localized electric field enhancement between an extremely sharp AFM probe (' 10 nm)

and the surface may be implemented. This concept of an apertureless near-field optical

microscope was developed throughout the 1990s first through use of STM probes [39,40] and

eventually AFM techniques as feedback mechanisms [40–42]. These initial measurements

utilizing an AFM to demonstrate that a sharp tip scatterer could provide high spatial

resolution would lay the groundwork for the technique of scattering-Scanning Near-field

Optical Microscopy (s-SNOM).

The advantage of AFM techniques is that the sharp probe of an AFM tip may be in

close proximity with a wide variety of surfaces (unlike STM which requires a conductive

substrate). This is accomplished by the transduction of surface forces experienced by the

sharp AFM probe tip into a measurable quantity. In AFM microscopy, a sharp probe is

attached to the end of a soft cantilever beam. Subsequent observation of the deflection
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of the cantilever from its equilibrium position yields information about the forces exerted

on the tip. Small changes in the deflection of the cantilever can be sensed by shining a

diode laser onto the back of the cantilever; its reflection is directed onto a four-quadrant

photodetector (Fig. 3.3).

In dynamic non-contact/tapping mode atomic force microscopy, the cantilever beam

is resonantly driven via a dither piezo such that it oscillates with amplitude A0. The

geometric dimensions of commercially available tapping mode cantilever beams are displayed

in Fig. 3.3a). In a typical measurement, displayed in Fig. 3.3b), vertical motion of the AFM

tip is excited through driving of the dither piezo. As the AFM approaches the surface, the

cantilever motion is damped through interaction with the surface resulting in a decrease

in cantilever oscillation amplitude. A reduced cantilever oscillation amplitude A can be

utilized via PID control setpoint/feedback mechanisms to maintain the tip in close dynamic

feedback with the surface. Values for the ratio of the feedback setpoint to amplitude of free

oscillation usually fall in the range of A/A0 = 0.7− 0.9.

For a specific cantilever beam, the spring constant kc and the associated free-space

resonance frequency ωc0 is dependent on both the cantilever geometry and size and can be

expressed as [43]

kc =
Y wt3

4L3
, (3.3)

and

ωc0 = 0.162 · 2πt

L2

√
Y

ρ
=

√
kc
m∗

. (3.4)

where t is the beam thickness, w the width, L the length, Y the Young’s modulus of

the material, and ρ the mass density of the beam material. The quantity m∗ represents the

“effective mass” of the cantilever beam system.

Since most measurements are performed in ambient conditions, the primary contribution

to the damping on the cantilever motion is viscous drag through the air. This damping

force is linear in velocity, which allows for the motion of the tip of the AFM cantilever to

be modeled as a damped harmonic oscillator driven by a harmonic force.
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z̈(t) + 2γż(t) + ω2
c0z(t) =

F exp[iωt]

m∗
(3.5)

Here the decay constant γ is related to the viscous drag coefficient b and quality factor

Q of the cantilever by the relation

γ =
ωc0
2Q

. (3.6)

The general solution to Eqn. 3.5 can be expressed as

z(t) = α exp[−γt+ i(ω′t+ θ)] +Ac exp[i(ωt+ φ)]. (3.7)

The first term in Eqn. 3.7 represents the transient decay of the initial conditions of the

oscillator specified by α and θ, where ω′ =
√
ω2
c0 − γ2. For example, for a typical cantilever

beam resonance in ambient conditions as depicted in Fig. 3.4, ω′−1 defines a response time

of the cantilever system inversely proportional to Q and approximately 1 ms. It is important

to note that the response time of the cantilever is governed by this parameter limiting the

ultimate scanning rate of the cantilever.

The second term in Eqn. 3.7 represents the steady state solution which yields a har-

monic time-dependent z motion of the tip as well as solutions for the cantilever oscillation

amplitude Ac(ω) and the cantilever phase φ. For long t,

z(t) = Ac exp[i(ωt+ φ)] (3.8)

Ac(ω) =
(F/m∗)√

(ω2
c0 − ω2)2 + ω2ω2

c0/Q
2

=
(F/m∗)√

(ω2
c0 − ω2)2 + 4ω2γ2

(3.9)

φ = − arctan

[
ωωc0

Q · (ω2
c0 − ω2))

]
= − arctan

[
2ωγ

(ω2
c0 − ω2))

]
. (3.10)

The peak cantilever oscillation amplitude here occurs at ωpeak =
√
ω2
c0 − ω2

c0/2Q
2 =√

ω2
c0 − 2γ2 and may be expressed as

Ac(ωpeak) =
F

m∗
· 2Q2

ω2
c0

√
−1 + 4Q2

=
F

m∗
· 1

2γ
(
−1 +

ω2
c0
γ2

) . (3.11)

The phase lag φ between the cantilever and the driving piezo is zero for driving frequen-

cies far below ωpeak, π/2 on resonance, and π for driving frequencies much greater than
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ωpeak. In certain circumstances, the measurement of variations in the cantilever phase can

provide useful information about the damping properties of the surface. Driving at a con-

stant, near-resonance frequency the absolute phase is ' 0. While the driving frequency from

the dither piezo remains constant, variations in the damping properties as the tip tracks

the surface will affect the Q factor of the system, thus varying the resonance frequency of

the cantilever system (ωpeak ∝ Q). The variation in resonance frequency when driving at a

fixed resonant dither frequency can be measured by tracking the phase shift from zero via

the following expression,

φ(∆ω) = − arctan

[
1 + ∆ω

ωc0

Q(1− (1 + ∆ω
ωc0

))

]
. (3.12)

Using the identity that − arctan[x] = arccot[x] − π/2, we can define a shifted phase

variable ψ = φ− π/2 such that,

ψ(∆ω) = arccot

[
1 + ∆ω

ωc0

Q(1− (1 + ∆ω
ωc0

))

]
. (3.13)

Expressing in terms of an arctan function and expanding to first order in a Taylor series

around ∆ω/ωc0, it can be shown that for small ∆ω,

ψ(∆ω) = arctan

[
Q(1− (1 + ∆ω

ωc0
))

1 + ∆ω
ωc0

]
' arccot

[
−2Q∆ω

ωc0

]
' −2Q∆ω/ωc0. (3.14)

This relation of observable quantities to the small changes in interaction forces between

the tip and the surface illustrates the strong transduction sensitivity of the cantilever system.

3.4 The principle of scattering-Scanning Near-field Optical Microscopy.

The operating principle of scattering-type Scanning Near-field Optical Microscopy (s-SNOM)

is that the sharp tip of the cantilever (generally 5-15 nm radius of curvature) acts as a lo-

calized scattering source for electric fields induced between the tip and the surface. The

origin of the induced electric field may come from a variety of sources including coherent

continuous-wave lasers, pulsed lasers, incoherent external broadband thermal sources [44], as

well as the intrinsic thermal light produced by the tip/substrate system as will be discussed

in chapter 5.
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Figure 3.4: The panels above illustrate the measured (blue solid line) and corresponding
fitted model (red dotted line) for a) the amplitude of oscillation and b) phase for a typ-
ical AFM probe (Arrow NC-pt, resonance frequency = 239.92 kHz, Q ' 600). A typical
approach curve is displayed in panel c) which illustrates the reduction of the AFM oscil-
lation amplitude as the tip begins interacting with the surface. The free-space oscillation
amplitude (black arrow) and a typical feedback set-point value (blue arrow) are displayed.

Fig. 3.5 illustrates the experimental layout of a typical s-SNOM measurement. The defin-

ing characteristic of all s-SNOM measurements is the utilization of a non-contact/tapping

mode AFM tip held fixed within the focus of a collective objective/parabolic mirror as a

mechanism for generating a sub-diffraction sized scattering center whose scattering contri-

bution may be differentiated from the total optical signal collected from the entire focal

region. The requirement that the tip position remain fixed and centered in the focus of the

collection objective necessitates that AFM scanning be performed via sample scanning (as

opposed to tip-scanning).

Separation of the tip-apex scattered light from the large background signal occurs via

filtering the total detected optical signal using a lock-in amplifier to extract the component

of the total signal that varies at the harmonics of the tip-dither frequency (νd, 2νd, ..., nνd).

While the component of the signal at νd generally contains large background contributions

attributable to scattering from the tip shaft regions away from the surface, the signal com-

ponents at higher harmonics (2νd, ..., nνd) are associated with the enhancement of the field

between the tip-apex and the surface. As will be explicitly derived in the following sections,

measurement of these signal contributions directly relates information on the magnitude of

the near-fields associated with the surface.
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Figure 3.5: A general schematic of a s-SNOM measurement illustrating the combination of
dynamic feedback of the AFM with the surface topography, correlated with the detection of
the contribution of optical signal varying at the harmonics of the tip-dither frequency (νd,
2νd, ..., nνd)

As shown schematically in Fig. 3.5, in typical measurements a control computer simulta-

neously controls/records the topographic position of the AFM probe above the surface while

recording the optical near-field scattering contribution to create correlated topography and

optical scattering maps of a given surface.

In this implementation, the advantages of s-SNOM measurements are two-fold. First,

the free-space illumination of the AFM tip allows for a wide frequency range of optical

excitation extending from the UV to the far-infrared. Second, the enhancement of fields

between the AFM-tip and the surface occurs in a highly localized area in the tip-sample

gap region. An example of the highly localized field enhancement is displayed in Fig. 3.6b),

which shows a 2D map of the field intensity between an Au tip and an Au surface with an

excitation wavelength of λ = 800 nm. Here, the enhancement of the field distribution in

both the z and x directions can be modeled (Fig. 3.6c and d) by describing the AFM tip in

the electrostatic limit as a hyperboloidal structure [45]. As the field distribution is highly

localized, the ultimate resolution limit to s-SNOM characterization is typically restricted

to the diameter of the AFM tip-apex (5-15 nm).
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3.5 Origin of optical near-field signal: the coupled dipole model for tip-sample
optical interaction.

As discussed previously, the total optical field incident on the detector ~Edet can be viewed as

having several components including background, near-field, and an optional reference field

contribution. The background signal ~Ebg originates from scattering processes attributable to

spurious optical reflections from components in the optical beam-line as well as backscatter-

ing from the large focus area on the tip-shaft/surface. ~Ebg is typically orders of magnitude

larger than the near-field contribution ~Enf and is experimentally undesirable because it

contains no information on the surface near-fields of interest.

The intrinsic difference between the background and near-field signal contributions which

allows for their separation in detection is that the near-field signal strength greatly increases

as the AFM probe approaches the surface. While ~Ebg is large, it does not significantly vary

with the vertical position of the AFM tip apex as it modulates with frequency νd and

amplitude A in dynamic force feedback above the surface. This means that the detected

background signal is largely contained in either the DC or νd frequencies.

Conversely, ~Enf is enhanced through the tip-sample interaction as the AFM tip-apex

nears the surface. This enhancement occurs through the mutual interaction of the polarized

AFM probe with its own image dipole in the surface. The formation of an image dipole

results from the redistribution of surface charges as a response to the fields associated with

the AFM tip and can be derived as a simple consequence of Maxwell’s equations for a

surface interface in the electrostatic limit (for heights above the surface z � λ). Fig. 3.6a)

schematically depicts the geometry of the tip-dipole with its own image below the surface.

The effective polarizability of the tip can be defined as the polarizability of the AFM

tip under the influence of both the external electric field and the field of its own image

dipole in the surface. This effective polarizability of the tip can be simply modeled by

approximating the AFM tip as a simple polarizable sphere above a planar surface [15,

46]. While more complex models have been put forth incorporating, for example, the

elongated structure of the AFM probe [47, 48], the approximation of a tip as a polarizable

sphere qualitatively describes the correct enhancement behavior and to first order correctly
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Figure 3.6: a) a polarizable AFM probe and its corresponding induced image dipole within
the surface. Panels b-d) represent calculation of the field enhancement between the AFM
tip and a gold substrate by modeling the tip as a hyperboloid structure [45]. b) Spatial
distribution and variation of field enhancement (E/Einc) with tip-sample separation for Au
tip and substrate with apex radius r = 10 nm, height above the surface d = 10 nm, and
optical excitation wavelength λ = 800 nm. c) the variation of E/Einc along the axial direc-
tion across the Au tip-Au sample gap region (x = 0 nm) for different distances d = 2 (red),
5 (orange), 10 (green), 20 (blue), and 40 nm (purple) demonstrate the high enhancement
of the tip-related fields as the AFM tip nears the surface. d) Lateral cross-sections in the
center of the tip-sample gap for the equivalent tip-sample separation distances given in (c).
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quantitatively predicts the degree of field enhancement.

Describing the total dipole moment of the tip sphere ~psph via the Clausius-Mosetti ex-

pression for the polarizability of a dielectric sphere αsph of radius r we find,

~psph = αsph
~Einc, (3.15)

where

αsph,ij = 4πε0r
3

(
εsph − 1

εsph + 2

)
δij . (3.16)

It should be noted that the polarizability of the tip should be represented as a matrix.

While the polarizability of a sphere is isotropic, this is not technically true in the case of an

extended tip structure optically coupled with the surface. Here, the polarizability will differ

depending on whether the tip sphere is polarized parallel or perpendicular to the surface

plane.

When a charge distribution is in the presence of a dielectric substrate surface charges

move, arranging themselves to satisfy the boundary conditions of Maxwell’s equations at

the surface interface. The distribution of these charges results in a field distribution which is

equivalent to the scenario where a hypothetical image charge is embedded within the surface

medium. The relative magnitude of the image charge necessary to satisfy the Maxwell’s

equations boundary conditions of the surface of the dielectric is defined to be

β =

(
ε2 − 1

ε2 + 1

)
. (3.17)

Consequently, when a polarized sphere is brought in proximity to a surface, the dipole

moment of the sphere initiates the formation of image charges in the surface. Calculation

of the total strength of the dipole moment must then take into account the external applied

field as well as the field the sphere experiences from its own image in the surface.

Let us first consider the case that the polarization of the incident field lies in the out-

of-plane direction, ~Einc = (0 · x̂, 0 · ŷ, Einc · ẑ). Here, the image dipole within the surface

forms aligned in the same direction as the tip-sphere dipole. This may be expressed in the

following form as a function of distance d above the surface,
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peff,z = αeff,zEinc,z = αsph,z

(
1 +

αeff,zβ

2πε0(2(r + d))3

)
Einc,z. (3.18)

The recursion relation for αeff,z given by Eqn. 3.18 can be solved to yield the effective

polarizability for a sphere above a surface.

αeff,z = αsph,z

(
1−

αsph,zβ

16πε0(r + d)3

)−1

(3.19)

For a dipole oriented parallel to the surface plane, ~Einc = (Einc · x̂, 0 · ŷ, 0 · ẑ) the image

dipole is oriented in the opposite direction of the tip-sphere dipole.

Here, the total dipole of the tip-sphere may be expressed as

peff,x = αeff,xEinc,x = αsph,x

(
1 +

αeff,xβ

4πε0(2(r + d))3

)
Einc,x. (3.20)

Note that the coupling between the tip-sphere and its image in the surface is here reduced

by a factor of two compared to the p polarized example (p denotes polarization parallel to

tip, while s denotes polarization perpendicular to the tip axis). This is a result of the fact

that the dipole field strength for a displacement perpendicular to the dipole orientation is

half of that when the displacement occurs parallel to the dipole orientation.

Again, solving the recursion relation for the self-interaction for the effective polarizability

we find for the in-plane polarizability,

αeff,x = αsph,x

(
1−

αsph,xβ

32πε0(r + d)3

)−1

. (3.21)

3.6 Extraction of near-field signal.

As discussed in the previous section, the origin of the near-field signal component may

be described by modeling the tip-sample coupling as a polarizable sphere coupled with its

image within the surface. The scattering cross section of a sphere in the quasi-static limit

(r � λ) may be expressed as [49]

Cscat,i =
k4

6π
|αsph,i|2. (3.22)
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Figure 3.7: a) due to the AFM tip oscillation at frequency f = νd the scattered field of
the tip varies at the series of harmonics of νd. As the near-field contribution is strongly
localized to the surface it is generally contained in the higher harmonic contributions (n ≥
2). Panels b) and c), display approach curve data from an Pt tip, r = 20 over an Au
surface. As seen in panel b), while ξz,1 contains a near-field component, it also contains
significant contributions from background scattering from the tip which are uncontrolled
and not localized to the surface. Panel c) shows the strong increase of signal related to the
near-field contribution along with tip-dipole (dashed line) and monopole models (solid line)
for the approach scaling. See the following sections for a comparison/discussion of both the
dipole and monopole models.

As the cross section is defined for the scattered intensity, the simplest approximation

which can be made for an estimation of the total scattered field ~Escat can be made by noting

that the field scattering cross section Cscat is proportional to αeff ,

Escat,i ∝ αeff,i · Einc. (3.23)

A complete description of the collected signal accounts for the fact that the AFM tip

is illuminated by the incident field both directly and indirectly due to its reflection at the

sample surface. Typically the light-cone of illumination from the focusing element has an

approximate numerical aperture of NA= 0.5 with the center optic axis forming a 30 degree

angle with the surface. The tip scattering field may also emerge directly from the tip or

reflect of the sample surface [48].

For the case of p polarized illumination, the effective polarizability of the tip is generally

much stronger in the out-of-plane direction. As a result the enhancement contributions of

the field for polarizations parallel to the surface are typically neglected. Hence, the total

scattering field of the tip can be approximated as
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Escat,z = fscat,z (1 + rp)
2 αeff,zEinc,z, (3.24)

where rp is the Fresnel reflection coefficient for p-polarized light. The constant fscat,z repre-

sents a proportionality constant dependent on the experimental parameters of the system

including the wavelength scaling of the tip-scattering (see Eqn. 3.22), the illumination angle

of the AFM tip, and the numerical aperture of the focusing element. The (1 + rp)
2 term

accounts for the direct and surface reflected illumination of the AFM tip, as well as the

direct and surface reflected signal pathways. The (1 + rp)
2 term in Eqn. 3.24 accounts for

both the direct and surface reflection external illumination of the AFM tip as well as the

direct and surface reflected signal contributions of the light scattered by the AFM tip.

For typical s-SNOM measurements the AFM tip is dynamically oscillating in the z direc-

tion in feedback with the sample surface. This motion can be approximated to be sinusoidal

in nature and defined by an oscillation amplitude A and distance of closest approach to the

surface h (h = 0 when in contact with the surface).

ztip[t] = A(1 + cos[νd · t]) + h (3.25)

The periodic motion of the AFM tip allows for the near-field scattering signal to be

expressed as a sum of harmonics of the tip-motion frequency (νd, 2νd, ..., nνd).

Escat,z[t] =

∞∑
−∞

ξz,n · exp[i · nνdt] (3.26)

Furthermore, as Eqn. 3.19 shows, the effective polarizability of the AFM tip and thus the

total scattered field is highly dependent on the height above the sample surface. This

enhancement of the scattered field as the AFM tip periodically nears the surface results in

the allocation of part of the near-field scattering to the higher harmonics of νd (see Fig 3.7a).

The magnitude of the scattering field at a given harmonic ξz,n (n = 0, 1, 2, ...) incident on

the detector can be expressed as the Fourier component of the total signal at said harmonic

frequency.

ξz,n =
1

T

∫ T/2

−T/2
Escat,z(t) · exp[−i · nνdt] (3.27)
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The quantity ξn is a complex value, whose absolute value represents the magnitude of the

scattered field and whose real and imaginary parts define the phase of the scattered light.

φ = arctan

[
Im[ξn]

Re[ξn]

]
(3.28)

It is important to emphasize that the background signal contributions occur primarily

at the DC (n=0) and first harmonic (n=1) frequencies. Conversely, the sharp field en-

hancement as the tip approaches the surface results in the distribution of the near-field

signal contributions across the higher harmonics of the νd, i.e. n ≥ 2. This is illustrated

schematically in Fig. 3.7.

3.7 Spectral variation of s-SNOM signal.

The sensitivity of near-field optical signals to variations in the optical properties of materials

is one of the unique advantages of s-SNOM measurements. Variations in the associated op-

tical constants n and κ, and thus the real and imaginary parts of the dielectric permittivity

of the surface material, result in contrast in the magnitude of the scattered s-SNOM near-

field signal component. Variations in ξi,n (i here denotes polarization of scattering) occur

through a variety of mechanisms as the effective polarizability (Eqn. 3.19 and Eqn. 3.21) de-

pends on several different parameters including the tip-sample separation, the tip material,

as well as the surface material. As a result, enhancement of ξi,n may occur either through

sample or tip related resonances.

Fig. 3.8 displays simulated resonant contrast-enhancement of the optical signal scattering

at the second harmonic ξz,2/fscat,z using the tip-dipole model for an Au tip above differing

sample surfaces with dither amplitude A = r. Here, “contrast” implies that the spectral

scaling of s-SNOM signal resulting from the k4 = (2π/λ)4 scaling of the scattering-intensity

efficiency in Eqn. 3.22 has been normalized. This normalization k4 = (2π/λ)4 scaling makes

sense when comparing the signal contrast observed for excitation at a single wavelength, but

would need to be accounted for in the signal observed in, for example, broadband spectrally

resolved measurements. The upper panels in Fig. 3.8 represent the spectral dependence of

the contrast enhancement of ξz,2 as the tip approaches the surface while the lower panels
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display line-traces for heights of h = 0 (red), h = r/4 (orange), h = r/2 (green), h = r(blue),

and h = 2r (purple).

Panel a) represents the effect of a tip resonance on the magnitude of the s-SNOM signal.

Here, the dipolar resonance for a spherical gold particle in the quasi-static limit (r � λ)

gives a particle resonance in the visible spectral range. This resonant polarizability of the

tip-sphere is enhanced and slightly red-shifted as the AFM tip moves closer to the surface.

This red-shift is attributable to the shift in resonance frequency of the coupled sphere-surface

system as the AFM tip sphere experiences increased interaction with its image dipole within

the surface [50,51].

Conversely, for panels b-e) in the IR range, the Au sphere is far off-resonance and acts

simply as a good conductor. In these panels resonances occur through the surface material

resonances. These resonances can occur through the presence of surface phonon polaritons

as is the case for SiC and quartz SiO2 in b) and c). They may also occur through molecular

resonances of the surface material as seen in for the case of polytetrafluoroethylene (PTFE)

and Poly(methyl methacrylate) (PMMA) in panels d) and d).

Note that the s-SNOM signal enhancement and variation for the surface phonon related

signals occurs at much stronger intensities than the signal associated with molecular res-

onances. This is a result of the strong-evanescent fields associated with surface polariton

waves at a dielectric interface. As can be seen in the lower panels of Fig. 3.8, as the AFM

tip approaches the surface, the signal component ξz,2 tends to red-shift in the presence of

either AFM tip (a) or surface phonon polariton resonances (b-c) due to the large variation

of the real part of the dielectric permittivity through the resonance condition (εr = −2 for

sphere resonance, εr = −1 for surface polariton resonance).

3.8 Beyond the tip-dipole approximation.

While the coupled dipole/tip-sphere model of αeff,i qualitatively describes the enhancement

above a surface, it is clear simply from the geometric perspective that the tip is, in reality,

a more extended object and that a more detailed model of the surface related enhancement

of the polarizability may be necessary. To this end, several models have been presented

which incorporate the AFM tip’s more extended geometry into the enhancement model
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of closest approach h above the surface. a) the signal above an Au surface in the visual
range, b) above SiC, c) above SiO2, d) above PTFE, e) above PMMA in the IR range where
resonances occur.
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[45, 47, 52, 53]. Many of these models, however, require extended numerical simulations in

order to reconstruct the E-field distribution associated with the AFM tip. This requirement

for extended numeric simulation makes it difficult to analyze the behavior of the scattering

of the tip as it periodically moves above the surface.

In order to provide an analytic expression for observed s-SNOM signal, a model was

put forth by A. Cvitkovic, et al [48] which approximated the tip as an extended spheroidal

structure. In the following section the monopole approximation of the fields of this prolate

spheroid will be covered following reference [48], as well as its differences from the spherical

model will be discussed.

The prolate spheroidal structure in reference [48] is characterized by a radius of curvature

of the tip R and the length of the spheroid L. Here, the field at the tip of a prolate spheroid,

illuminated by an external field Einc and polarized along the longitudinal axis of the spheroid

may be modeled as [48,54],

Epsph[D] = γEinc =

 2F (L+D)
D2+L(2D+R)

+ ln
[
L−F−D
L+F+D

]
2F (L−εR)
LR(ε−1) − ln

[
L−F
L+F

] + 1

Einc, (3.29)

where F is the half distance between the spheroid focii, F = (L(L−R))1/2 and D is the

distance from the tip of the spheroid. Setting D = 0, we find the total field at the tip to be

Epsph[0] = γ0Einc =

 2F
R + ln

[
L−F
L+F

]
2F (L−εR)
LR(ε−1) − ln

[
L−F
L+F

] + 1

Einc. (3.30)

While the distance dependence of the field moving along the spheroid axis is complex,

Cvitkovic et al. make the assumption that the field induced for an isolated spheroidal

structure can be approximated by two point charges (Q0 and −Q0) placed at a distance

W0 from the ends of the spheroid [48]. The magnitude of these of approximation charges

induced by the external field can be determined by matching the monopolar field magnitude

to the induced field of the prolate spheroid,

Emp[D] =
Q0

(W0 +D)2
=
W 2

0 (Epsph[0]− Einc)

(W0 +D)2
. (3.31)

This leads to an estimated monopole strength of
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Q0 = W 2
0 (γ0 − 1)Einc, (3.32)

where W0 ' 1.31RL
L+2R is the position of the approximation for the point charge within the

spheroid for values of R/L < 0.3.

Bringing the surface close to the spheroid, an image charge Q′0 = βQ0 forms due to the

presence of Q0 close to the surface which in turn results in the formation of a second set

of charges within the spheroid (Qi and −Qi). The charge distribution picture is completed

by the final location of a final image charge Q′i in the surface. Through estimation of the

magnitude of the charge induced at the end of the tip due to the presence of the surface

Qi, an estimation of the near-field polarization contribution pnf ' Qi · L may be made in

comparison to the far-field polarization pff ' Q0 · 2L.

Following some derivation and taken explicitly from [48] analytic expressions for the

magnitude of the image charges induced in the spheroid can then be derived,

Qi =
βf0

1− βf1
Q0 where, (3.33)

f0 = (g − 2H +W0 +R

2L
)
ln
[

4L
4H+2W0+R

]
ln
[

4L
R

] (3.34)

f1 = (g − 2H +Wi +R

2L
)
ln
[

4L
4H+2R

]
ln
[

4L
R

] . (3.35)

Here R, H, and L correspond to the distance of the monopole charge Q0 from the end

of the sphere, the spheroid surface separation, and the total length of the spheroid. The

quantity g represents a scaling parameter necessary for the approximation of the spheroid

field to that of a monopole field for charge Q0 and is typically ' 0.7 ± 0.1 [48]. The final

expression for the near-field enhancement factor can be expressed as

η(H) =
pi
p0

=
Qi · L
Q0 · 2L

=
β(2Lg − 2H −W0 −R) ln

[
4L

4H+2W0+R

]
4L ln

[
4L
R

]
− β(4Lg − 4H − 3R) ln

[
4L

4H+2R

] . (3.36)

Finally the effective polarization peff of the spheroid system may be expressed in term
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of the two constituent dipoles induced in the spheroid,

peff = p0 + pi = 2Q0 · L(1 + η). (3.37)

This implies that the effective polarizability for the system can be expressed as

αeff,z = 2(γ0 − 1)W 2
0L(1 + η). (3.38)

The approximations made in the monopole model should be stressed. First, the prolate

spheroid is approximated to be in the electrostatic limit (L� λ). Second, the field induced

on the prolate spheroid near the surface is approximated to that of a mono-polar point

charge. Furthermore, the equations for the effective polarizability are only accurate for

large aspect ratio ellipsoids, R/L < 0.3, for distances below ' 3R. The only adjustable

parameter in the model is g, the constant approximating the amount of the induced charge

participating in the near-field interaction. Typically g can be assigned a value of 0.7± 0.1

based on the tip-geometry, but can also be given a small imaginary part to account for the

finite conductivity/radiation resistance for the probe.

If the above approximations apply, it has been shown that the monopolar approximation

can successfully model the magnitude of s-SNOM signal observed above materials which

exhibit polaritonic surface resonances. Specifically, the incorporation of an extended tip-

geometry into the model more correctly models the red-shift and spectral broadening of the

s-SNOM signal [48] which the coupled dipole/tip-sphere model does not correctly predict.

Fig. 3.9b-f) exhibits the primary differences between the monopole model and the cou-

pled dipole/tip-sphere model. For the monopole approximation, a tip curvature to length

ratio of R/L = 0.1 was taken. Panel b displays the differences in the s-SNOM signal ex-

pected for an Au probe above a SiC surface. Most notably the spectrum of the monopole

model is broadened and red-shifted in comparison to the coupled dipole/tip-sphere model

due to its incorporation of an elongated scatterer.

Panels c and d display the simulated s-SNOM contrast normalized against that of a

perfect conductor as a function of the real part of the substrate material. The differing

lines represent the s-SNOM signal associated with different values of the imaginary part of

the substrate material. It is clear here that the extended dipole model predicts much larger

s-SNOM contrast in the presence of surface polaritons occurring when Re[ε] = −1.
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Figure 3.9: A comparison of the tip-sphere dipole model with the model of an AFM tip as a
more extended spheroid using the monopole approximation. The geometry of the spheroidal
approximation description is depicted in panel a. Panel b illustrates the normalized scatter-
ing field spectra of SiC for both the dipole and monopole models. The signal dependence of
both the monopole and dipole models on the dielectric properties of the surface are provided
in c and d for fixed values of Im[ε]. Panels e and f represent a comparison of the dipole and
monopole models for fixed Im[ε] = 1 and Im[ε] = 5 respectively.
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Panels e and f give a side-by-side comparison of the monopolar and coupled dipole/tip-

sphere models for specified values of the imaginary part of the surface ε. As shown in panel

e, it can be seen that the magnitude of the s-SNOM contrast varies significantly when

Re[ε] ' −1 and Im[ε] is small, corresponding to a strong polaritonic resonance. However,

when Re[ε] is far from -1 and/or the Im[ε] > 2 there is only a slight difference between

the two models. This has important consequences for how spectroscopic s-SNOM data are

analyzed. If the material studied exhibits polaritonic surface resonances, the monopolar

model should more accurately describe the s-SNOM contrast. In all other cases, simple

modeling of the contrast using the coupled dipole/tip-sphere model should be as accurate.

3.9 Non-interferometric s-SNOM Signal Analysis.

For the following section, the nature of the detected s-SNOM signal without any source of

interferometric amplification will be considered. Here, it will be assumed that the incident

electric field upon the AFM probe will be polarized parallel to the tip axis (p-polarization).

As the tip scattering coefficient is much larger for p-polarized light, the s-polarized signal

contribution will here be neglected. Still, it should be emphasized that the field incident on

the detector can, in certain cases, have polarization dependence which can affect the nature

of the relationship of the detected signal with the background and near-fields. Specifically,

this is the case when illuminating the AFM tip with s-polarized light, which will be cov-

ered in the following section. For this reason the vector notation for the electric fields is

maintained.

For p-polarized illumination and detection, the light collected by the focusing optics in

an s-SNOM experimental setup is composed of a small near-field scattering contribution

~Enf from the region of interest at the tip-sample gap region, as well as a much stronger

background signal contribution ~Ebg related to various backscattering processes from the

extended tip/sample region. The near-field contribution may be viewed as equivalent to the

scattering-field ~Escat,i discussed in the previous sections.

Under this description, the field incident upon the detector can be expressed in terms of

the sum of these two field contributions, each with their own characteristic temporal phase,
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φnf and φbf , respectively.

~Edet[t] = ~Enf [t] · exp[i(ωt− φnf)] + ~Ebg[t] · exp[i(ωt− φbg)] (3.39)

~Enf may be related to the scattering coefficient derived in section 3.6 as described via

the relation with the strength of the incident driving field ~Einc. Here, Snf,n represents the

scattering matrix of the AFM tip-substrate system, although for this example the only the

p-polarized scattering from p-polarized incident fields is considered.

~Enf [t] =

∞∑
−∞

Snf,n
~Einc exp[inνdt] (3.40)

In Eqn. 3.24 for example, the term (fscat,z (1 + rp)
2 αeff,z) would represent the scattering

matrix for p-polarized excitation and detection defining both the amplitude and phase of

the s-SNOM signal with respect to the external optical excitation.

As a result, the near- and background field contributions may also be described in terms

of an expansion of the harmonics of the tip-dither frequency.

~Enf [t] · exp[i(ωt− φnf)] =

( ∞∑
n=−∞

~Enf,n exp[inωdt]

)
· exp[i(ωt− φnf)] (3.41)

~Ebg[t] · exp[i(ωt− φbg)] =

( ∞∑
n=−∞

~Ebg,n exp[inωdt]

)
· exp[i(ωt− φbg)] (3.42)

The total intensity incident upon the detector can thus be expressed as

Idet[t] = ~Edet[t] · ~E∗det[t] (3.43)

= | ~Ebg[t]|2 + | ~Enf [t]|2 + 2 ~Ebg[t] · ~Enf [t] cos[∆Φ]. (3.44)

Where ∆Φ = φbg − φnf represents the phase difference between the background and near-

field signals.

We can break down each of the field contributions even further. The background is

contained extensively in the DC (n = 0) frequency (|Ebg,0| � |Ebg,1| � |Ebg,n|). Conversely,

the near-field signal contribution is spread over many of the higher harmonics. For the n = 0

and n = 1 harmonics of νd, the magnitude of the background signal is much greater than or

comparable to the near-field signal (|Ebg,0| � |Enf,0|, |Ebg,1| ' |Enf,1|). At higher harmonics
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greater n > 2 however, the near-field contribution is much larger than the background

(|Ebg,n≥2| � |Enf,n≥2|).

As a result, Eqn. 3.44 may be expressed in terms of the main background contributions.

Idet[t] = |Ebg,0|2 + |Enf [t]|2 + 2 ~Ebg,0 · ~Enf [t] cos[∆Φ] (3.45)

With Cdet representing the detector responsivity for a given wavelength and intensity of

light, the total observable detector voltage for a given harmonic signal n can be expressed

as

Udet,n = Cdet (2Ebg,0Enf,n cos[∆Φ]) . (3.46)

The intrinsic disadvantage in non-interferometric detection can be seen in Eqn. 3.46;

the magnitude of the signal is directly proportional to the both the magnitude and phase

difference of the background signal. Both of these aspects of the background signal are

uncontrolled by the user and can vary as the sample moves beneath the tip. This uncon-

trolled “self-homodyne” amplification of the near-field signal can result in a modulation

of the observed near-field signal in the form of interference fringes as the near-field phase

component moves between being in and out of phase with the background field. For small

s-SNOM scans, this effect may not be an issue if the near-field signal is clearly observed

and the scan size is much smaller than the wavelength of light.

However, for larger scans it is necessary to implement the use of a reference field with

well defined and controllable amplitude and phase. This is achieved through homodyne

amplification of the near-field signal.

3.10 Homodyne s-SNOM signal analysis.

Implementation of homodyne amplification involves the addition of the field from a reference

arm with an adjustable delay length as a means of controlling the reference phase. The basic

experimental layout of an s-SNOM optical path is displayed in Fig. 3.10 ,with the reference

beam shown as the left arm of the interferometer. The total field incident upon the detector

can consequently be expressed as

~Edet[t] = ~Enf [t] · exp[i(ωt−φnf)] + ~Ebg[t] · exp[i(ωt−φbg)] + ~Eref [t] · exp[i(ωt−φref)]. (3.47)
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Figure 3.10: The optical beam-path for a basic s-SNOM measurement with application of
a homodyne reference field.

For most measurements, we shall make the approximation that the homodyne field is

very strong compared to the other signal contributions, ~Eref � ~Ebg � ~Enf . It follows from

Eqn. 3.47 that the intensity at the detector may be written as the sum of six terms,

Idet[t] =|Eref [t]|2 + |Ebg[t]|2 + |Enf [t]|2 + 2 ~Eref [t] · ~Ebg[t] cos[φref − φbg]

+ 2 ~Ebg[t] · ~Enf [t] cos[φbg − φnf ] + 2 ~Eref [t] · ~Enf [t] cos[φref − φnf ].
(3.48)

By applying lock-in filtering on nνd, terms 1, 2, and 4 in Eqn. 3.48 are removed from

the detector signal. In addition, under the assumption that the reference field is large

compared to the background and near-fields, it may be assumed that the magnitude of

term 6 in Eqn. 3.48 is the dominant term in the detectable signal. The resulting detector

voltage thus can be expressed as

Udet,n = Cdet (2Eref,0Enf,n cos[∆Φ]) . (3.49)
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Here, ∆Φ represents the phase difference between the reference and near-field signal

contributions, and while Eqn 3.49 looks similar to Eqn. 3.46, both the magnitude and

phase of the homodyne arm now represent controllable parameters. This allows for the

determination of the phase of the near-field scattered light through two-phase interferometry.

This requires that two measurements of the signal magnitude be made with the reference

phase shifted by π/2 between the two measurements.

The arctangent of the signal magnitude of the two measured signal intensities yields the

phase of the scattered signal with respect to the reference phase.

∆Φ = arctan

[
Udet,n(φref − π/2)

Udet,n(φref)

]
(3.50)

3.11 Pseudo-heterodyne s-SNOM signal amplification.

A recently developed novel technique was recently put forth by N. Ocelic et al whereby

efficient background suppression as well as resolution of the phase of the near-field scattered

light may be simultaneously measured in a single scan [55]. This technique, termed “pseudo-

heterodyne” detection, involves periodically varying the delay of the reference arm while

recording the near-field related signal in the detector.

Through the modulation of the length of the reference arm, the reference phase is varied

with a phase modulation amplitude of γ at frequency M . Here, φref represents the average

phase offset of the reference arm.

Eref [t] · exp[iωt+ φref ] = ER exp[iγ cos[Mt]] · exp[iωt+ φref ] (3.51)

For pseudo-heterodyne measurements, the mirror modulation frequency is required to

be a much lower frequency than the dither frequency (M � νd). Typical values for the

frequency lie in the M/2π ' 200 Hz range. Decomposing the reference field into its Fourier

expansion components for a phase-modulated field, the reference field can be expressed as

Eref [t] · exp[iωt+ φref ] =

( ∞∑
m=−∞

Eref,m exp[imMt]

)
· exp[iωt+ φref ]. (3.52)
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Where,

Eref,m =
1

T

∫ T/2

−T/2
Eref [t] exp[imMt] (3.53)

=
1

T

∫ T/2

−T/2
ER exp[iγ cos[Mt]] exp[imMt] (3.54)

= ER · Jm[γ] exp[i(φref +
mπ

2
)]. (3.55)

Jm here represents the spherical Bessel function. The total electric field at the detector

takes the same form as the conventional homodyne interference measurement shown in

Eqn. 3.48. The distinguishing difference for pseudo-heterodyne detection is that unlike a

conventional homodyne measurement in which the reference field is entirely encompassed

by a static term Eref,0, the reference field in pseudo-heterodyne detection measurements is

spread across several harmonics of the reference arm modulation frequency M .

The interference of the reference and near-field signal consequently results in the splitting

of the near-field signal into sideband frequencies, νnm = nνd+mM . As a result the detected

signal at a given sum frequency of the harmonics can be expressed as

Udet,n,m = Cdet

(
2ER · Jm[γ]Enf,n cos[φnf − φref −

mπ

2
]
)
. (3.56)

As can be seen that from Eqn. 3.56 above, measurement of an even sideband (m =even)

gives the in phase real part of the near-field signal, while for m =odd, the sideband measures

the out-of-phase imaginary component of the Fourier component. Through the measurement

of two sidebands the magnitude of the near-field component can be found to be

Enf,n =
1

2CdetER

(
Udet,n,m

Jm[γ]
+ i

Udet,n,l

Jl[γ]

)
. (3.57)

For the the special case in which Jm[γ] is equal to Jl[γ], which occurs when the modu-

lation depth γ12 = 2.63, the expression for the magnitude of the near-field can be further

simplified to

Enf,n =
1

2CdetERJ1[γ12]
(Udet,n,2 + iUdet,n,1) . (3.58)
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Figure 3.11: The panels above display the topography and associated s-SNOM optical signal
measured using pseudo-heterodyne signal filtering techniques for an Au-Si interface using
optical excitation from a CO2 laser (λ = 10.6 µm). A clear correlation of the measured
optical signal b) with the substrate material is observed with no background effects from
the uncontrolled self-homodyne component of the signal.

The modulation depth which corresponds to this phase modulation amplitude is ∆l =

γ12·λ
2·2π ' 0.21λ. Finally, the phase difference between the near-field and reference field can

be derived from the arctangent of the two detected signal components,

∆Φ = arctan

[
Udet,n,1

Udet,n,2

]
. (3.59)

Fig. 3.11 displays an example of the implementation of pseudo-heterodyne signal filtering

techniques. Here, using mid-IR optical excitation from a CO2 laser (λ = 10.6 µm) the

variation in s-SNOM contrast is measured across a gold-silicon interface. As expected, a

clear enhancement of the s-SNOM signal occurs over the gold as compared to the silicon

substrate. It is further notable, that this measurement technique provides a near background

free measurement of the near-field signal scattered by the tip as evidenced by the absence

of signal fluctuations in the optical signal due to uncontrolled self-homodyne effects.
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Chapter 4

MAPPING OF THE NEAR-FIELD DISTRIBUTIONS ASSOCIATED
NANO-PLASMONIC STRUCTURES.

4.1 Introduction.

Surface plasmons in noble metal materials are electromagnetic surface waves which are

composed of a coherent oscillation of the free-electron charge density. These oscillations

can lead to a large near-field enhancement associated with the presence of surface waves

in the IR-Vis spectral range. The ability of noble metal nano-structures to further confine

light and enhance the electromagnetic fields associated with surface waves has made them

the focus of much theoretical and experimental research interest. Specifically, the study

of surface plasmon polariton (SPP) excitations in both surfaces and nano-structures has

generated a great deal of scientific interest in recent years as these polaritonic excitations

show great promise for the capture, confinement, and enhancement of electromagnetic fields.

The unique optical properties of noble metal nanostructures, in particular, offer significant

potential for diverse applications such as surface-enhanced Raman [56,57] and fluorescence

spectroscopies, [58, 59] molecular sensing [60], biomedical diagnostics [61, 62], tomography

agents [63–65], cancer therapy [63,66,67], photonic circuits, [68,69] and optical waveguides

[70,71].

The common characteristic of the role of noble metal nano-structures in the applica-

tions listed above is the implementation of the nano-structures for local optical electric field

enhancement on nanometer length-scales. The primary challenge facing further progress

in the development of advanced plasmonic systems is the design of structures with specific

optical properties in the near-field regime has remained difficult. Creating a suitable set

of selection criteria and pertinent properties which establish the relevant characteristics

of the near-field of a plasmonic response is a necessary step in designing next-generation

plasmonic systems/devices. In these efforts, it is well known that knowledge alone of the par-
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ticle morphology and its related SPP spectral resonances is insufficient in understanding the

distribution and magnitude of the field enhancement around the nano-structure. This un-

derstanding is due to the fact that the details of the local field distribution are not uniquely

reflected in the spectrally broad SPP response due to the intrinsic ultrafast electronic de-

phasing [72]. Indeed, it is possible for fundamentally different near-field distributions to

result from different nano-structures with nominally identical SPP spectral responses. The

insight that can be gained from probing the near-field distribution is thus indispensable for

the design of future plasmonic nano-structures with specific optical functionalities.

In this chapter, I will cover the basic principles of localized surface plasmon resonances

and will discuss the implementation of s-SNOM measurement techniques as a means of

characterizing the intrinsic plasmonic response of two systems, Ag nanoprisms exhibiting

resonances in the visible regime and Ag nanorods with resonances in the mid-IR spectral

range. Of the different geometries, plasmonic nanoprisms have emerged as a prototypical

building block for nanoplasmonic applications in the visible due to the tunability of the

plasmon resonance with size over a broad spectral range [73–75], the anticipated strong

local-field enhancement associated with the particle tips [76, 77], and the prospect of pairs

of nanoprisms to serve as optical antennas [78–80]. Ag nanorods, with their high aspect

ratios, allow for the extension of the concept of a localized surface plasmon resonance from

the visible to the infrared regime. In the following sections, I will review the observed field

localization for these nano-rod structures via s-SNOM characterization and will discuss the

characteristic differences in properties of localized plasmon resonances between the visible

and infrared frequency regimes.

4.2 Localized Surface Plasmon Resonances.

As defined in section (2.5) a surface polariton is a solution to the conditions for an electro-

magnetic surface wave in the presence of a strong material resonance (for example, the bulk

plasmon modes in metals or a phonon resonance in dielectric media). Through the surface

wave dispersion relation, the condition for a resonant surface wave occurs when the real part

of the dielectric permittivity for a surface is equal to -1 (Re[ε]=-1). The concept of a surface

polariton resonance, i.e. a resonant solution to Maxwell’s equations for the material and
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surface geometry, can analogously be extended to describe optical resonances in nanoscale

particles. Here, the solution for the particle polarizability for a given nano-structure ex-

hibits resonances based upon the dielectric properties of the material and the details of the

structure geometry. For example, in noble metal nano-structures the dielectric properties

described by the Drude model allow for resonant oscillations of the free electrons confined to

the particle. These resonant oscillations of the confined electron cloud are correspondingly

defined as localized surface plasmon resonances (LSPR).

Unlike surface waves, which correspond to the well defined dispersion relation for the

in-plane wavevector component (Fig. 4.1a, purple line), LSPR resonances are defined by

a single characteristic resonance frequency across all wavevectors (Fig. 4.1a, black-dashed

line). This concentration of allowable wavevector contributions is indicative of the high

degree of field confinement in the localized plasmon response.

For nano-scale metallic structures several approximations may be made in describing

the basic characteristics of localized surface plasmon resonances. First, in the Rayleigh

approximation, the characteristic length scale of nano-structure lns is assumed to be much

smaller than the wavelength of light lns � λ. This approximation allows for the adoption

of the quasi-static description which states that the magnitude and phase of the driving

electric field may be considered to be constant throughout the entire nano-structure.

A further approximation for noble metal nano-structures is that the thickness tns is on

the order of the skin depth δ of the metal tns ' δ. This relationship means that the electric

fields incident upon the nano-structure are able to significantly penetrate into the nano-

structure. As a result, external fields are able to collectively affect the conduction electrons

of the entire particle as a whole with respect to the fixed positively charged lattice ions.

Through this forced motion of the collective electron cloud, a negative charge builds

on the surface at one side of the particle while a positive charge builds on the opposite

side via the remaining presence of positively charged lattice sites. The attraction of the

negatively charged electron cloud to its own positively charged vacancy which it left behind

at the opposite side of the nano-structure results in a restorative force. The characteristic

strength of this restorative force, which results from the displacement of the electron cloud

defines the resonance frequency of the LSPR for the nano-structure.
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Figure 4.1: Panel a) displays the dispersion relation for the in-plane component of light in
free space (blue), a surface wave on an Ag surface (purple), and for an example localized
surface plasmon resonance (black dashed). The large distribution of allowed wavevectors
for a localized plasmonic excitation allows for the efficient concentration of light. As dis-
cussed in Chapter 2, the background shading represents the nature of the surface wave with
Zenneck, Fano, Evanescent, and Brewster waves represented by green, orange, red, and blue
respectively. Panel b) displays simple qualitative examples of possible spatial distributions
of the electric field for dipolar and quadrupolar excitations on spherical, ellipsoidal, and
triangular nano-structures.

Fig. 4.1 a) depicts the variation of the spatial near-fields associated with both dipolar and

quadrupolar resonances for sphere, elliptical, and triangular nano-structures. As shown, the

spectral and spatial characteristics of the LSPR resonances may be manipulated through

the variation of the nano-structure morphology.

4.2.1 The structural dependence of localized surface plasmon resonances.

The magnitude of the restorative force on a displaced electron cloud in a metallic nano-

structure depends on several of the parameters including the size, shape, and particle ma-

terial in addition to the dielectric properties of the medium in which the nano-structure

is embedded. These attributes are all intricately tied to the polarizability of the electron

cloud within the metallic nano-structure. For the case in which the excitation frequency of

the external electric field matches the resonance frequency, the polarizability of the nano-

particle is resonantly enhanced resulting in a drastic increase in the local strength of the
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Figure 4.2: The schematic of the excitation of a localized surface plasmon for a small noble
metal sphere is depicted in panel a). The external electric field, shown as the red sinusoidal
wave, drives the oscillation of the electron cloud, whose oscillation is phase shifted by π/2
on resonance. Panel b) displays the spectral dependence of the scattering coefficient for
differing sizes of Ag spheres as calculated by Mie theory. The strong dependence of the
polarizability resonance on the aspect ratio of the nano-particle is displayed in panel c).
Simulations for b) and c) were performed for particles embedded in a medium of refractive
index n = 1.5.

electric fields associated with the nano-structure. Fig. 4.2a) displays a representation of the

relationship between a spherical nano-particle, the driving external electric field, and the

motion of the electron cloud for an on-resonance excitation frequency.

The dependence of the LSPR on differing geometric details is shown in Fig. 4.2b) (size)

and c) (elongation ratio) for the specific case of Ag spheroidal structures embedded in a

dielectric medium of n = 1.5 . Panel b) displays the dependence of the scattering coefficient

of Ag nano-spheres on the radius r of the sphere as modeled via Mie theory [49]. Here, it can

be seen that small spheres fitting the Rayleigh approximation exhibit only a characteristic
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dipolar response as exhibited by the resonance of the r = 10 nm particle. For nano-spheres

of radii of r = 25 nm and r = 50 nm, as the radius increases the dipolar resonance broadens

and redshifts while contributions from quadrupolar and other higher order modes begin to

contribute to the extinction at higher energies.

Panel c) of Fig. 4.2 illustrates how the dipolar resonance in the longitudinal particle

polarizability redshifts as a function of the ellipticity of a spheroidal Ag particle. Again

operating under the Rayleigh approximation, spherical particles exhibit an LSPR spectral

response which occurs at the blue end of the visible spectrum (4.2b and c, blue lines). As the

aspect ratio of the particle is increased, the dipolar resonance linearly red-shifts to longer

wavelengths. For example, for an aspect ratio of 8, the spheroidal nanostructure exhibits

a longitudinal LSPR resonance which is already well into the near-infrared regime. This

strategy of elongating the aspect ratio of a nano-structure to achieve LSPR resonances in

the infrared regime and the associated properties as the resonance moves into the mid-IR

spectral range will be discussed later in this chapter in section 4.4.

Adjustments to the Drude model description.

Typically model calculations like the ones presented in Fig. 4.2 are performed utilizing the

bulk dielectric properties which for noble metals under the Drude model are characterized

by an intrinsic free-electron scattering time τscat. This characteristic scattering time can

be associated with the average distance an electron travels between scattering events by

multiplying τscat by the Fermi velocity (lscat = vF · τscat). For example, for Ag the Fermi

velocity and scattering times are 1.40 · 106 m/s [81] and 40 fs [24] respectively leading to

a scattering length of lscat ' 50 nm. Neglecting the effects of radiation damping, this

means that for particles of size larger than the characteristic bulk scattering length, the

spectral width of the localized plasmon resonance should primarily lie in agreement with

the Rayleigh limit as characterized by the simple Drude model for bulk relaxation and

should be independent of particle shape [72]. For particles of characteristic lengths smaller

than the scattering length (lns < lscat) a broadening of the plasmon should be observed

corresponding to the increased contribution of surface related scattering to the total damping
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of the plasmon excitation.

4.2.2 The effect of fine-scale structural details on localized surface plasmon resonances.

Noble metal nano-structures may be created by a variety of fabrication and lithography

methods including electron-beam (E-beam) lithography [82] and chemical synthesis tech-

niques. The advantage of E-beam lithography techniques lies in the high degree of control

over the geometric arrangement of nano-structures. Through this fabrication technique ar-

rays and specific arrangements of structures may be easily created allowing for the creation

of extended complex geometric structures/patterns. However, E-beam lithography tech-

niques and, in general, fabrication techniques which rely on evaporation of metal films onto

a surface are limited to a spatial resolution of ' 5 − 15 nm. This resolution limitation is

important in determining the characteristics of LSPR resonances, as the nature of the field

distribution of localized plasmon resonant response is highly dependent on the fine-scale

geometric features of the nano-structure. Defects caused through grain boundaries or inho-

mogeneous metal deposition can result in a poorly defined response of the LSPR in both

the spatial and frequency domains.

In order to correlate a well-defined geometric structure with a characteristic LSPR elec-

tric field distribution, chemically synthesized metallic nano-structures have the advantage of

a highly controllable geometric structure. Here, the development of novel chemical synthetic

growth methods has led to creation of crystalline metal nanoparticles with structural control

down to the nm range for a wide variety of sizes and shapes. Available geometries include

cubes [83], prisms [73, 74, 84], rods [85], or spheroids [86] of several metals and their alloys

which allows for the excitation of LSPR eigenmodes which are often stronger and better

defined compared to those of polycrystalline structures produced by E-beam lithography

techniques [87].

As revealed through dark-field spectroscopy techniques [75,88–94] and numerical simula-

tions [76,77,95–98], the fine-structure geometric details of a nano-particle can have dramatic

effects on the spectral distribution of the LSPR. Here, the local structural details of the nano-

particle affects how the electron cloud distributes itself across the particle as it is oscillates
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through optical excitation. The high-crystal quality of chemically synthesized structures

minimizes electron scattering from grain boundary defects thus reducing the mean electron

scattering time τscat resulting in narrower sharper plasmons resonances [87]. Details such as

sharpness of point features on nano-prisms or corners of nano-cubes can drastically affect

the confinement of the electron cloud to constricted portions of the nano-structure both

affecting the field strength and magnitude of the restoring force [76]. Furthermore, the na-

ture of the local index of refraction can drastically alter the spectral location of the LSPR

leading to the proposal of metallic nano-structures as sensing devices [90].

As most experimental characterization tools for the optical properties of metallic nano-

structures operate in the far-field regime, little is known of the nature of the near-field

distribution and strength related to these structures. This lack of understanding exists

despite the fact that information on properties of the near-field distribution is vitally im-

portant both in confirming the predictions of numerical simulations and in implementing

the many potential applications of nano-plasmonics which rely on the enhancement of the

electric-field around the nano-structures. s-SNOM represents a unique technique which

allows for the characterization of the spatial distribution and strength of the near-field dis-

tribution surrounding these nano-structures with high resolution. The results of s-SNOM

mapping allow for a correlation between the far-field spectral behavior of the localized sur-

face plasmon resonances both with the spatial distribution of the near-fields and how said

near-fields relate to the fine structural details of the nano-particle geometry.

4.3 Near-field characterization of Ag triangular nanoprisms.

For characterization of the spatial distribution of near-fields associated with localized sur-

face plasmon resonances, triangular nanoprisms hold several unique attributes which make

them ideal candidates for s-SNOM characterization in the visible spectral range. It has been

well established via previous dark-field spectroscopy measurements [75, 88, 99] and numeri-

cal simulations [76, 77] that Ag nanoprisms exhibit not only a strong LSPR response, but

also a response whose spectral properties are highly dependent on the prism size and the

specific details of the geometry. These far-field studies and analysis have further shown that

in addition to the presence of dipolar LSPR resonances, an additional rich spectral struc-
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ture also exists which includes higher order quadrupolar modes located at higher energies.

While the spatial distribution of the electric fields associated with the dipolar resonances of

these structures may seem trivial, the spatial distribution of the higher order quadrupolar

excitations are complex. Indeed, previous to the measurements presented here, the field

distribution of the quadrupole modes was only accessible via numeric simulation. Through

implementation of s-SNOM mapping of the LSPR resonances, we are able to experimentally

characterize the spatial near-field distributions associated with both the dipolar and more

complex quadrupolar excitations of these triangular nanoprisms

4.3.1 Synthesis and far-field characterization.

For our studies, triangular nanoprisms with sizes ranging from 50 to 400 nm were synthe-

sized from aqueous solution of silver nitrate (AgNO3) and poly(vinyl pyrrolidone) (PVP) as

discussed previously [74]. This method has been shown to produce triangular nanoprisms

of controllable size with {111} triangular face and {100} side facets as determined by elec-

tron diffraction [100]. Samples were prepared by dispersing the nanoparticles on a silica

substrate using a drop cast deposition technique. As the synthesis technique involves the

presence of a PVP polymer solution , the samples were subsequently rinsed under deionized

water in order to remove as much remaining PVP on the surface as possible. The resulting

sample consists of an assortment of individual nanoprisms randomly distributed across the

substrate surface. The LSPR response of the individual nanoprism shown is measured using

standard white-light dark-field micro-spectroscopy.

The spectral width of the LSPR resonances in the Ag nanoprisms studied corresponded

well with the Rayleigh limit discussed in section 4.2.2 implying that the bulk scattering con-

tributions were still the primary damping mechanism of the plasmon excitations. Fig. 4.3a)

displays an typical dark-field scattering spectrum for an Ag nanoprism with a length of 200

nm as estimated from the LSPR resonance location.

In general, it has been well established both experimentally [73–75] and theoretically

[76,77,95] that for both Ag and Au nanoprisms the dipole resonance broadens and red-shifts

with increasing particle size. As the size of the particle increases beyond the Rayleigh ap-
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Figure 4.3: An example dark field LSPR scattering spectrum for an individual Ag nanoprism
with a length of 200 nm as estimated from the LSPR resonance location is displayed in panel
a). The insets display electron micrographs of typical nanoprism structures with the scale
bar of length 200 nm. Panel b) displays the calculated optical extinction spectra for Ag
nanoprism particles truncated tips and sizes corresponding to an edge length of 120, 200, 300,
and 400 nm with under s polarized illuminating light. The calculated extinction spectra
are characterized by a large dipolar excitation at lower energies with weaker spectrally
separated multipolar modes at higher energies. As the edge length increases the LSPR
resonances systematically shift to lower energies.

proximation scattering limit, quadrupole and higher order multipole modes begin to emerge

leading the appearance of additional spectral features at higher energies [74, 75]. This is

observed within Fig. 4.3a) by the peak corresponding to the quadrupolar resonance in the

dark-field scattering spectra at ' 415 nm. Discrete Dipole Approximation (DDA) simula-

tions of the relationship of the spectral positions of the dipole and quadrupolar modes with

the edge length of the nanoprism are displayed in Fig. 4.3b). The clear spectral separation

of the dipole and multipole modes and their systematic, near linear frequency shift to lower

energies with increasing size allows for the investigation of the near-field distribution associ-

ated with these different LSPR modes by tuning the particle size for a fixed laser excitation

frequency.
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Figure 4.4: Schematic of experimental setup for mapping of the near-fields associated with
localized surface plasmon resonances on noble metallic nano-structures. For the s-SNOM
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4.3.2 s-SNOM mapping of Ag nanoprisms.

In order to probe the plasmonic near-field of the Ag nanoprisms we utilize s-SNOM measure-

ment techniques implementing the use of a dielectric AFM tip as a minimally perturbative

scattering probe [101–103]. As discussed in chapter 3, this experimental approach towards

characterizing evanescent fields associated with the nanoprisms provides enhanced sensitiv-

ity and superior spatial resolution down to ∼15 nm compared to conventional microscopy

techniques [104–107]. Additionally, the projection of the near-field polarization and phase

into the far-field of the tip-scattered signal uniquely allows for amplitude and phase sensi-

tive probing of the nanoprism fields via the homodyne interferometric detection [55,108–110]

techniques discussed in section 3.10.

The experimental setup as shown schematically in Fig. 4.4 is based on a modified atomic
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force microscope (AFM, CP-Research, Veeco Inc.) with sample scanning and dynamic force

control of the cantilever probe tip. For the measurements on Ag nanoprisms described

here, monochromatic excitation from a HeNe laser (λ = 632.8 nm) was used for resonant

excitation of the optical LSPR polarization of individual nanoprisms. In an epi-illumination

and -detection geometry a Cassegrain objective (NA = 0.5, working distance =20 mm, f=13

mm, angle of incidence = 60◦ with respect to the surface normal) directs the light onto the

tip apex region with elliptical focus size of ∼2 µm in width at a power of ∼5 mW. The

incident and detected polarizations can be controlled by polarizing optics with s and p

defined with respect to the plane formed by incidence/emission k-vector and the tip axis

(see Fig. 4.4). For the scattering experiments, individual nanoprisms of desired size are

located by AFM scanning. Under laser illumination the tip-scattered near-field response

of the particle is then recorded simultaneously with the topography. With the s-SNOM

acquisition times between 10 and 60 minutes small sample drifts result in minor image

distortions as indicated by the slightly different shapes of the dashed image contours.

For the mapping of fields surrounding Ag nanoprisms silicon scanning probe tips (ATEC

NC-20, Nanosensors) were used as near-field probes. While probing of the optical near-field

is necessarily associated with a frustration of the evanescent field of the nanostructure

through the presence of the AFM tip, silicon as a tip material ensures a small perturbation

of the intrinsic particle near-field distribution albeit at the expense of a reduced signal

intensity compared to the implementation of metallic AFM probe tips. Due to the lack of

antenna or plasmon resonances at visible wavelengths for Si tips, the invasive effect of the

probe is minimized especially with regard to the strong plasmon resonant polarization of

the crystalline Ag nanoprisms. The tip scatters both s- and p-polarized light effectively,

however, the magnitude of the scattering is dependent on the geometry-related tip scattering

function [108, 109, 111]. While the tip scatters both s and p-polarizations, generally the

magnitude of the scattering of the p-component is stronger. For a given measurement, the

combination of the incident and detection polarizations will be denoted by the subscripts

“in” and “det” respectively (i.e. a measurement with s incident polarization and p detection

polarization would be denoted sinpdet).

The tip-scattered near-field signal is directed onto a silicon photodiode (Model 1801, New
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Focus). An optional interferometric detection with a reference beam of adjustable phase

is used for homodyne amplification in order to extract the near-field phase information.

Selection of the polarization of the reference field is performed through use of a λ/4 waveplate

in the reference arm. As discussed in section 3.6, the near-field scattering response from the

tip-sample gap region is discriminated from the far-field background by signal demodulation

at the second and higher harmonics of the cantilever tip-sample dither frequency νd by lock-

in detection [112].

4.3.3 Ag nanoprism s-SNOM characterization results.

Fig. 4.5 shows the near-field pattern resulting from s-SNOM characterization of a small

rounded Ag prism exhibiting a resonant dipole excitation with an edge length of l ≈ 120 nm

and a height of h ≈ 35 nm for different excitation and detection polarization combinations.

Topography (a) and s-SNOM data of the second-harmonic demodulated optical signal (c)

are shown for s-polarized resonant excitation and scanning in the xy plane as defined in

Fig. 4.4. The corresponding out-of-plane field localization in the z direction is illustrated

by a s-SNOM measurement in the yz plane shown in Fig. 4.5b) which was performed along

the trajectory indicated by the white dashed line in the topography scan.

The observed field localization to within just several 10s of nm above the nanoprism

confirms the evanescent near-field character of the signal detected in these experiments.

As the Si AFM probe primarily scatters p polarized light, from polarization selective de-

tection it can be demonstrated that the s-SNOM signal without interferometric detection

predominantly probes the out of plane |Ez|-component of the nanoprism (Fig. 4.5c).

For comparison, Fig. 4.5e) shows corresponding s-SNOM result of the same particle

applying interferometric homodyne signal amplification for s-polarized excitation and s-

polarized detection (sinsamp), amplifying the in-plane |Ex| field distribution. Similarly, for

p-polarized excitation and detection (pinpamp) as shown in Fig. 4.5f) the |Ez| component is

probed. As can be seen the optical field in the vicinity of the small nanoprism is character-

istic of a simple in-plane resonant dipole excitation with its orientation determined by the

input polarization. The two lobes of the s-SNOM intensity distribution, being proportional
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Figure 4.5: Topography (a) and corresponding near-field s-SNOM images for a rounded
single crystal Ag nanoprism exhibiting a dipolar excitation. For s-polarized excitation and
non-interferometric detection, (c), the signal is dominated by the out-of-plane z-component,
|Ez|. The spatial 3D field localization to within 10’s nm above the particle is seen from
the xz-scan (b) for p-polarization excitation along the trajectory indicated by the dashed
line in the topography (a). For comparison, in homodyne amplification detection in sinsamp

polarization configuration the in-plane field component |Ex| is probed (e) as compared to
|Ez| for pinpamp, (f). Schematic (d) shows a corresponding model field distribution with tip
scan line indicated (dotted). Arrows indicate incident polarization.

to the absolute value squared of the tip-scattered local evanescent field, thus represent the

field enhancement near the two poles of the oscillating dipole. In contrast to the |Ez| field,

which is predominantly concentrated at the near-edge regions confined within the bound-

aries of the particle (Fig. 4.5c, f), the in-plane |Ex| field exhibits significant intensity beyond

the outer periphery of the nanostructure (Fig. 4.5e) consistent with the expected dipolar

field distribution as shown schematically in Fig. 4.5d).

Fig. 4.6 shows corresponding s-SNOM results for a large nanoprism with an edge length

of l ≈ 450 nm. For 633 nm excitation wavelength the response is dominated by the higher

order quadrupolar polarization response (Fig. 4.3) [74, 77, 113]. The s-SNOM images in
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Figure 4.6: Topography (a) and corresponding tip-scattered near-field images at 633 nm for
p- (c) and s-polarization (b), of a large single crystal Ag nanoprism exhibiting quadrupole
excitation. The s-SNOM cross sections (d,e) indicate spatial field variations at lengths
scales as short as 20 nm.

Fig. 4.6 are observed for p- (c) and s-(b) polarized excitation. They exhibit large spatial

modulations on length scales as short as 20 nm as seen in the lateral signal cross sections

(d,e). The dominant features of the near-field distribution observed can be identified with

the quadrupolar spp excitation as discussed below in section 4.3.4. Finer details are likely

due to slight asymmetries in particle shape, and possible spectral overlap of higher order

excitations together with the possible effect of the retardation induced phase variation of

the incident driving field.

4.3.4 Comparison Ag nanoprism measurements with numerical simulations.

Numerical calculations using the discrete dipole approximation (DDA) [114] provide insight

into the origin of the spp mode structure and its variation with particle size. Fig. 4.7
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Figure 4.7: Calculated optical near-field distribution of Ag nanoprism for 633 nm excitation.
Top row: dipolar mode for nanoprism with edge length 120 nm, thickness 35 nm, and 10nm
truncated from each tip under s-polarized excitation, with total field |E2| = |E2

x +E2
y +E2

z |
(a), z-component |E2

z | (b), and in-plane field |E2| = |E2
x+E2

y | (c). Bottom row: quadrupolar
fields of nanoprism with edge length 450 nm, thickness 25 nm, and 35 nm truncated from
each tip. Panel d) shows the total field |E2| under the s-polarized excitation. Panels e) and
f) represent the total field |E2| and z-component |E2

z | under the p-polarized illumination
respectively. Signs represent relative phase of quadrupoles

shows calculated near-field patterns expected under the experimental conditions with angle

of incidence of 70◦ and both polarization excitations for 633 nm light, i.e., with the driving

electric field parallel or perpendicular with respect to the top edge of the prism. For the

dipole resonance of a small nanoprism with edge length of 120 nm the calculated near-

field patterns at a vertical plane 20 nm above the triangular plate surface are displayed

for the total field intensity (|E2| = |E2
x + E2

y + E2
z |) (a), the z-component field intensity

(|E2
z |) (b), and the in-plane component field intensity (|E2

x +E2
y |) (c). The largest field and

strongest confinement at the tips is found for Ez with the two poles being out of phase in

accordance with the experimental observation. The weaker in-plane field exhibits a more
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extended spatial distribution beyond the particle boundaries (see Fig. 4.5e) and Fig. 4.7c).

For orthogonal polarization, i.e., driving the plasmon eigenmode between a prism tip and its

opposite edge, the enhancement is spatially less confined not only at the edge as expected,

but also at the prism tip as evident from the |Ez| field distribution (Fig. 4.5f). This can be

rationalized considering the induced free electron current being scattered by the tapering

prism edges under an angle with respect to the driving optical laser field.

The calculated near-field patterns for a quadrupole resonance as associated with a large

nanoprism particle are shown in Fig. 4.7d-f). Fig. 4.7d) represents the distribution of the

total field intensity, |E2|, under the s-polarized incidence. Fig. 4.7e) and f) represent the

total field |E2| and its z-component |E2
z |, respectively, under p-polarized excitation. Similar

to the case of small prisms, the z-component dominates over the in-plane field. In p-

polarized excitation, the spp near-field pattern shows a quadrupole response characterized

by four field enhanced regions (+/- signs indicate their relative phases). These poles exhibit

unequal field intensity and different shape as also observed in the experiment. In accordance

with experiment both s- and p-polarization give rise to a large local field enhancement at

the lower two adjacent edges which dominates over the corresponding fields found at the

tips (Fig. 4.6b,c). For s-polarization, the other two weaker charge centers of the quadrupole

can be discerned at the two tips located at either end of the top edge of the prism as seen

in Fig. 4.6b)) (experiment) and Fig. 4.7d) (theory). Similarly, for the p-polarized case only

one pole is located at a tip giving rise to a corresponding small field enhancement for the

lower tip as seen in Fig. 4.6c) (experiment) and Fig. 4.7e,f) (theory). With an oblique angle

of incidence and structure sizes up to several hundred nanometers, phase retardation can

influence the spp excitation. Varying the angle of incident radiation, comparison of further

calculations (data not shown) with the results shown in Fig. 4.7 indicates retardation of the

excitation field has minimal effects on the quadrupolar modal distribution observed.

In agreement with the experimental observation, the calculations also predict the addi-

tional polarization density along the top edge of the prism. The quadrupole assignment for

s-polarized excitation is furthermore consistent with the theoretically derived quadrupole

vector field in [ref. [77]]. The interference of the quadrupole mode with dipole and higher

order modes may give rise to the additional signal modulations at higher spatial frequencies
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as observed in the experiments together with possible effects due to deviations from the

ideal equilateral triangular shape and inhomogeneities in the illumination.

From the observed transition of the near-field distribution from a simple dipole to a

complex quadrupole spp excitation with the size of the Ag nanoprisms a number of general

conclusions can be drawn. For small particles with edge length of order l < 50 − 100 nm

the emission is dominated by a single resonance due to pure dipole excitation [74,77]. This

characteristic size corresponds to the size limit for the validity of the Rayleigh approximation

with the optical response becoming independent of the particle geometry in general [72].

Observed optical signal between separate scans of s- and p- polarization in Figs. 4.5 and

4.6 differ by less than a factor of 2 which is a good indication that the fields induced by each

polarization excitation are of comparable strength as indicated by numerical simulations in

Fig. 4.7. It should be noted however, that a quantitative comparison of the relative strength

of the different polarization components of s-SNOM fields is difficult in general. Even with

reference homodyne amplification, a polarization anisotropic self-homodyning background

of uncontrolled phase orientation from the far field and tip scattering may still affect the

magnitude of the detected signal.

The nature of the multipolar excitations has been of interest since the first experimental

observations of spectral features at higher optical frequencies in Au or Ag nanoprisms [77,84,

115]. Our results provide the first identification of the corresponding near-field distribution

with ultrahigh spatial resolution. The reduced dimensionality, resultant from the high aspect

ratio in terms of edge length with respect to thickness, uniquely allows for the suppression of

out-of-plane modes and the spectral separation of quadrupole and even higher order mode

excitation for these effectively 2D structures [77]. This behavior is akin to elongated quasi-

1D rods [89] where spectrally well-separated multipole resonances can be observed. This is

in contrast to, e.g., spherical particles, where the multipolar resonances are not spectrally

distinct from the broadening of the dipolar resonance.

It was noted theoretically that the multimode excitation in plasmonic nanoprisms be-

comes increasingly efficient with increasing size and decreasing thickness giving rise to a

surprisingly strong surface plasmon polarization density across large areas of the nanoprism

[77]. Our experiments seem to confirm this prediction: The tip-scattered intensities of the
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multipole modes for large prisms are comparable to the signal obtained for the small dipolar

nanoprisms under otherwise identical experimental conditions. This behavior can be inter-

preted with the prism thickness being comparable to or thinner than the skin depth of ∼ 30

nm for Ag at the excitation wavelength of 633 nm. As a result, the optical field inside the

prism experiences a low loss of the multimode field excitations that are otherwise strongly

damped in the bulk due to the smaller wavevectors associated with them [77]. Note how-

ever, that the near-field intensities are not necessarily reflected in intense radiative far-field

emission as seen by the comparably small scattering intensities of the multipoles. This is

due to the in general larger wavevector mismatch of the multipole vs. the dipole excitation

with the optical far-field as known form antenna theory [89].

Contrary to intuitive expectation, in cases of multipole excitation as seen in the data

presented here and other data for different sized prisms (data not shown), the tips of the

triangles in general do not represent regions of highest local field enhancement. While higher

order modes are expected to penetrate more effectively into smaller geometrically confined

regions due to their larger wavevector [113], these regions are not necessarily associated

with the highest polarization density.

4.4 Extension of LSPR to mid-infrared regime.

As many noble metal nano-structures in the Rayleigh limit have aspect ratios ' 1, their

characteristic LSPR response occurs in the visible or near-IR spectral regimes. This spectral

response, however, does not mean that the concept of a resonant polarizability response

cannot be extended to lower frequencies. In fact, it is well known that phenomena and

applications involving electromagnetic surface waves on noble metals encompass a wide

frequency range extending over many orders of magnitude only limited at high energies

by the interband absorption typically in the blue/UV spectral range as determined by the

electronic band structure of the metal.

In contrast to the visible spectral region, the intrinsic properties of surface waves in the

mid-IR regime are less well understood. This is despite the general importance of mid-IR

active nanostructures for surface enhanced IR absorption (SEIRA) [116–121], as optical an-

tennas for IR emitters [122–124], IR and THz detectors [125], and thermal sensors [126,127].
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Figure 4.8: Drude model prediction of the frequency dependence of the real (solid line)
and imaginary (dashed line) conductivity of silver. Selected data points up to the longest
wavelength available from reference [132], derived from measured optical constants of silver,
illustrate the close correspondence between Drude theory (τ = 40 fs, ~ωpl = 9.17 eV, and
εDC = 3.7) as discussed in section 2.3 and experiment in the mid-IR and visible spectral
ranges [21,22,132].

Due to the strong damping of the coherent electron oscillation at visible frequencies, the cor-

responding SPP propagation length is limited to several micrometers [128–130]. The damp-

ing is greatly reduced in the IR allowing propagation lengths into the millimeter range [131].

In addition, studying the mid-IR response of metal nanostructures provides microscopic in-

sight into the underlying electron dynamics with the optical cycle period being comparable

to the Drude electronic relaxation time τscat. This spectral range signifies the transition

regime that links the low energy Hagen-Rubens regime describing classical antenna reso-

nances (ω � τ−1
scat) with the relaxation regime (τ−1

scat < ω < ωp) of the surface plasmon, with

ωp being the plasma frequency of the metal [18].

Fig. 4.8 displays the experimentally measured values and Drude fit of the real and

imaginary components of the optical conductivity of Ag across a frequency range several

orders in magnitude spanning from the low frequency regime through the visible spectral

range. Here, the mid-IR spectral range is distinguished from the visible by a both larger real
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conductivity Re[σ] and imaginary conductivity Im[σ]. For conventional surface waves, this

elevated conductivity manifests itself in less confined more “light-like” surface waves, with

longer propagation distances than the visible regime (refer to Chapter 2). These “light-like”

surface waves correspond to Zenneck-type surface waves. By utilizing structural resonances

in low-dimensional/quasi-1D noble metal structures, the lack of confinement characteristic

of the mid-IR 2D plasmonic excitations may be overcome through the concentration of

intense fields within/around the nano-particle.

4.4.1 The concept of dipolar optical antennas in the form of rod-like nanostructures.

As shown in Fig. 4.8, there are several characteristic regimes for the conductivity of noble

metals (for further details refer to Chapter 2). The low frequency limit is characterized by a

high real part of the conductivity and a low imaginary component related to the loss. It is in

this radio frequency/microwave frequency regime where the traditional understanding of an

antenna structure is defined. Several assumptions are made as to the nature of relation of

the wavelength of light generated/captured to the antenna. Specifically, for a simple dipole

antenna, it is a simple first order assumption that the antenna material is a perfect conductor

(σ =∞), that radius of the antenna structure is negligible (r � λexc), and that penetration

of the electric field inside the antenna structure is small (r � δ). These assumptions imply

that, for an incoming excitation wavelength λexc, the resonant length for a dipolar antenna

excitation Ld should occur approximately at half the excitation wavelength Ld = λexc/2.

The above assumptions, however, break down and do not extend to localized surface

plasmon resonances at optical frequencies. At these high frequencies for conventional rod-

like nano-structures the noble metals exhibit significant loss (Im[σ] > Re[σ]), the ratio of

the radius of the nanorod to the resonance wavelength is finite (r/λ 6= 0), and the electric

field may significantly penetrate into the nano-rod structure (δ/r 6= 0). This means that the

traditional scaling of low-frequency dipolar resonances breaks down, and that a new model

which incorporates the above parameters into the determination of the resonant length must

be found.

One method of modeling the LSPR resonances in cylindrical particles is by describing
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the nano-structure in terms of a cylindrical waveguide. Here, a light traveling along the

waveguide is defined in terms of an on-axis wavevector γ and an off-axis wavevector inside

κ1 and outside κ2 the cylinder. As the size of the waveguide is reduced, it is well known that

the corresponding propagating wavevector γ is also reduced. The relationship of γ to the

radius of the cylindrical structure is given by the solution for TM0 modes for a cylindrical

waveguide [133,134],

εrod[λ]

κ1r

J1[κ1r]

J0[κ1r]
− εsurr[λ]

κ2r

H
(1)
1 [κ2r]

H
(1)
0 [κ2r]

= 0 (4.1)

where,

κ1 = k0

(
εrod −

(
γ

k0

)2
)1/2

(4.2)

κ2 = k0

(
εsurr −

(
γ

k0

)2
)1/2

. (4.3)

Given a excitation wavelength λ and radius r and with defined values for the dielectric

permittivity of the rod εrod and the surrounding medium εsurr, we may solve for the propa-

gation constant γ which satisfies Eqn. 4.1. The quantity γ defines an effective wavelength

for light in the waveguide λeff = 2π/γ. The effective dipole resonant length, can to first

order then be defined as Ld = λeff/2. Recently theoretical work has further incorporated an

additional modification to account for the apparent increase in antenna length due to the

reactance of the nano-rod end resulting the following expression for the dipole resonance

length [135],

Ld =
1

2

(
λ
k0

γ
− 4r

)
. (4.4)

The dependence on the Ld on both the radius of the cylindrical nanostructure and the

wavelength of light is displayed in Fig. 4.9. Panel a) exhibits scaling of the effective dipole

length as a function of r. It is noteworthy here that deviation from the classical resonance

length occurs for radii below the nominal skin depth of the rod material. The linear scaling

of the dipolar resonance with wavelength is exhibited in panel b) for the visible spectral

range and panel c) for the infrared for rods of varying radii.
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Figure 4.9: The characteristics of the dipolar resonance length for rod-like Ag plasmonic
structures are depicted above. Several factors play important roles in determining the
dipolar resonance length including the effective index of refraction in which the nanorod is
embedded and the radius of the rod. Panel a) displays the relation of the resonance dipolar
resonance length as a function of the nanorod radius for an antenna composed of Ag and
excitation wavelengths of λ = 0.5, 1, 2 and 10 µm. Panel b) displays the near-linear scaling
of the dipolar resonance length of Ag nanorods as a function of excitation wavelength for
nanorod radii of 5, 10, 20, and 40 nm in a surrounding medium of permittivity ε = 1. Finally,
panel c) demonstrates the sensitive dependence of the dipolar resonance length/excitation
wavelength relationship on the index of refraction of the surrounding medium. For a rod
of radius r = 20 nm, the λ/2 resonant length is plotted for surrounding media of dielectric
constant εsurr =1, 1.5, 2, and 4.

The synthesis of high aspect ratio silver nanowires/rods with lengths up to tens of

micrometers (synthesis discussed below) enables the extension of structural plasmon res-

onances into the mid-IR range. With previous work having been limited to the study of

the far-field properties of these crystalline structures, little is yet known as to the nature

of the underlying resonant modes and associated spatial field distribution and local field

enhancements resulting from plasmonic excitations in the mid-IR range. To address these

questions, s-SNOM measurement techniques can be employed to study the resonant dipole

and higher order modes at the low energy limit of the coherent plasmon polariton regime

of these Ag nanowires. Phase sensitive optical vector near-field mapping at an excitation

wavelength of λ = 10.6 µm provides a direct image of the nanometer scale spatial field

distribution of the surface standing waves and their dependence on microscopic structural

parameters. s-SNOM can be further utilized to establish the scaling of the dipolar resonance

with wavelength in order to compare with classically understood antenna resonances. Here,

deviation from the classical prediction is expected as the skin-depth δ and rod radius r are
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similar in size [135–137].

4.4.2 Synthesis of Ag nanorods and s-SNOM measurement procedure for mid-IR charac-

terization.

High aspect ratio crystalline Ag rods can be grown with high yield by reducing silver nitrate

with ethylene glycol in the presence of poly(vinyl pyrrolidone) (PVP). A homogeneous

diameter even for high aspect ratios (1:10 to 1:200), an atomically smooth surface, and

reduced electron scattering with the absence of grain boundaries due to the crystalline

structure enables an improvement of the optical properties relative to rough, polycrystalline

wires made from electrothermal deposition thus providing an ideal material for mid-IR

plasmonics. The Ag nanowires measured were synthesized as described in detail previously

[138]. 5 mL of ethylene glycol (EG) were stirred in a glass vial, suspended in an oil bath

(150◦C). After heating for 1 hour under stirring at 260 rpm, 40 µL of a 4 mM copper(II)

chloride solution (CuCl2) in EG were added. After an additional 15 minutes, 1.5 mL of

a 0.147 M poly(vinyl pyrrolidone) (PVP, Molecular weight Mw ≈ 55,000, concentration

expressed in terms of monomer) solution in EG were added followed immediately by 1.5

mL of a 0.094 M silver nitrate (AgNO3) solution in EG. The reaction was quenched after

another 1 hour. Finally, the reaction products were washed with acetone, collected by

centrifugation, and subsequently dispersed in water. The silver nanorods obtained were

characterized by scanning and transmission electron microscopy (SEM/TEM) as shown in

Fig. 4.10b-d). They exhibit a pentagonal cross-section due to fivefold twinning consistent

with silver nanowires grown from decahedral seeds in which the (100) surfaces of the wire

have been stabilized with PVP [93,139].

4.4.3 Results/Discussion of mid-IR s-SNOM mapping of Ag rods.

Fig. 4.11 displays topography and non-phase resolved s-SNOM scans corresponding to |Ez|2

of different Ag wires under the sinpout illumination and detection configuration. Panels

a), c), and e) display the topography data of Ag nanorods of lengths ranging between

from L ≈ 1 µm to L ≈ 12.3 µm. For lengths up to approximately 4 µm, dipolar mode
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Figure 4.10: Scattering-scanning near-field optical microscopy (s-SNOM) (a) with polariza-
tion selective excitation and interferometric homodyne detection to probe specific near-field
vector components of IR plasmon modes of Ag nanowires. Transmission electron microscope
images (TEM) confirm the crystalline nature and pentagonal twinning of the nanowires (b,
c). Solid lines parallel to the atomic planes have been added as a guide to the eye. Scanning
electron microscope (SEM) image of a representative Ag nanowire with typical aspect ratio
studied (d).

patterns are observed (Fig. 4.11b) and d) with one lobe at either end of the wire. For longer

wires, L ≈ 6 µm (upper wire in f), the wires exhibit a more complex spatial distribution

characteristic of multipolar excitations.

No contrast is observed for sufficiently off-resonant excitation as evident by the lack

of optical signal, Fig. 4.11b) and d), corresponding to several structural features seen in

the topographies in a) and c). For wires orientated predominantly along the x-direction

(wire section visible on left side of a), the longitudinal resonance can not be excited for sin.

Similarly, negligible contrast is observed for sub-micron Ag particles that exhibit plasmon

resonance in the visible spectral region. The bent wire shown in c) does not exhibit any

s-SNOM contrast although the driving field in the y-direction still has a component along

the upper wire segment. This may be due to an associated spectral resonance shift and/or

additional damping associated with the bend itself, thus emphasizing the sensitivity of the

relationship between the wire geometry and its orientation with respect to the driving field.
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Figure 4.11: Topography (a,c, and e) and corresponding non-phase resolved near-field IR
s-SNOM |Ez|2 signal (b,d, and f) for sinpout polarization configuration for crystalline Ag-
wires of different lengths. The white arrows in panels b),d), and f) indicate the orientation
of the excitation polarization. For lengths up to L ≈ 4 µm the Ag wires exhibit a dipolar
mode, with multipolar resonances supported for longer wire lengths (f).

Fig. 4.12a and b), displays corresponding AFM and s-SNOM data taken under the

pinpout configuration exhibiting self-homodyne interference contrast. The observed contrast

arises from the constructive (left) and destructive (right) interference of the nanowire signal

with the uncontrolled self-homodyne field provided by the far-field background as discussed

above. Panels e) through h) show results for homodyne detection under controlled interfer-

ometric phase and amplitude reference conditions. Panels c) and d) display the topography

of a wire of length, l ≈ 1.25 µm exhibiting a dipolar resonance. Corresponding optical

s-SNOM scans representing Ez are shown in e)- g) for relative phases of the homodyne

signal of Φ = π, π/2, and 0, respectively. Fig. 4.12h) shows the signal variation for a line

scan along the center of the wire incrementally varying the phase between Φ = 0 and π.

The inversion of the signal contrast at the two nanowire ends varying the reference phase
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Figure 4.12: Topography a) and corresponding s-SNOM signal b) for a typical Ag wire
under the influence of a self-homodyne field. The phase relation between the poles of a Ag
wire is demonstrated by topography (c and d) with corresponding detected s-SNOM signal
under interferometric homodyne amplification (e-h). Contrast arises from constructive and
destructive interference of the reference field with out-of-phase field from the respective
poles of the wire. Ez s-SNOM scans for discrete reference phase values of Φ = π, π/2, and
0 (e,f, and g, respectively). Corresponding background subtracted s-SNOM line scans for
continuous variation of Φ h).

is characteristic for the dipole excitation.

Based on observed spectral response and theory, the large SEIRA effect observed on

structurally related micrometer sized metal nanowires was attributed to strong local-field

enhancement at the poles [121]. The s-SNOM images in Fig. 4.11 and 4.12 agree with

these predictions with the highest observed optical intensities occurring near the ends of

the Ag wires as expected. Our measurements only provide a rough estimate of the local

field enhancement with values of order 10-50 as deduced from comparison with the detected

signal from the un-enhanced center of the wire and the estimate of an enhancement of

unity around the noise level. This enhancement is consistent with a theoretical value of

45, calculated 1 nm above the surface for Ag wires at their dipole resonance in the 3.5 µm

wavelength range [121].
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Estimate of resonant length.

From studying Ag wires of different lengths, a dipolar field pattern is observed for wires

between L ≈ 1 µm and L ≈ 4 µm. A resonant length of Ldipole ' 3 µm could be deduced

for the λ = 10.6 µm wavelength excitation used. This length is considerably shorter than

the first ideal classical antenna resonance at L ≈ λ/2 = 5.3 µm. Despite high aspect ratios

of 1:10 to 1:200, an inhomogeneous dielectric environment and still considerable damping

(even at mid-IR frequencies) give rise to a departure from the ideal scattering behavior of

perfectly conducting and infinitely thin metal wires in which the antenna resonances occur

at lengths of L ≈ nλ
2 for n = 1, 2, 3, . . . [140].

Within the low frequency limit, linear antenna resonances are dictated by both the

approximation that the radius r is much smaller than the wavelength (i.e., r � λ) but is

still much greater than the skin depth δ. In this spectral range, the optical properties of

metals are largely frequency independent and characterized by both a large real conductivity

σRe and low absorption coefficient α = 2/δ.

The extension of linear antenna structures to the infrared/visible spectral range typically

results in structures in which the skin depth is comparable to the radius of the antenna,

i.e., δ ∼ r. This is the case for our chemically synthesized Ag wires with radii down to

r ≈ 25 nm and skin depth δ ≈ 30 nm at λ = 10.6 µm [132]. Here, the electric field

significantly penetrates into the antenna structure resulting in a deviation of the optical

properties from that of classical antenna theory which is reflected in the modification of the

half-dipole resonance length [18].

Recently, a modified classical waveguide theory for the TM modes of a cylindrical waveg-

uide [133] which accounts for the reactance of the ends of the antennas was used to predict

the effective wavelength scaling behavior for optical antennas [135]. This theory and other

models, which incorporate DDA and boundary element methods [136,137], predict a scaling

behavior that has been confirmed by infrared spectroscopy in lithographically grown struc-

tures [120, 141] and comparison of s-SNOM and numerical simulations of optical infrared

antenna structures [142].

Using the modified waveguide theory [135] and assigning an effective real dielectric con-
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stant equal to the geometric average of the dielectric constants for the SiO2 substrate and

air, εsurr =
√
εair · εsub ≈ 2, we derive an effective wavelength of λeff ≈ 6.7 µm and half

wavelength resonance of Ldipole ≈ 3.4 µm for a typical Ag wire of radius of r = 25 nm for

incident light λ = 10.6 µm. This result is in good agreement with our experimental findings

of Ldipole = 3 µm which correspond to λeff ≈ 10.6 µm/(1.8± 0.5) ≈ 6± 2 µm.

Dephasing time and plasmon properties in the IR.

Planar SPPs in the visible are characterized by both a distinct dispersion relation with

respect to the light line and a high degree of field localization near the surface resulting

from a non-zero in-plane component of the electric field which permits the formation of

a spatially and temporally varying charge distribution. These properties reflect the fact

that the visible frequency range corresponds to the upper limit of the relaxation regime,

1/τ ∼ ω < ωpl [18]. Unlike the low frequency limit, the optical properties of metals are

marked by both real and imaginary conductivities σRe and σIm, respectively, as well as a

related large absorption coefficient α. Visible frequencies, in particular, are distinguished

by a low σIm and a negligible σRe which is reflected in the heavy loss and low propagation

lengths for visible plasmon excitations [129,130].

While the mid-IR and visible spectral ranges both fall into what is generally classified

as the relaxation regime [18], these two spectral ranges are distinct in their optical material

responses. Fig. 4.8 illustrates these inherent differences as manifested in σRe and σIm for a

simple Drude description of the optical properties of silver [21,22,132]. At lower frequencies

in the relaxation regime (the mid-IR spectral range) metals exhibit appreciable values of

σRe and σIm. While α is expected to retain a relatively constant high value for frequencies

throughout the entire relaxation regime (α ≈ 7.7 · 105, 9.0 · 105, and 8.5 · 105 cm−1,

for λ = 0.5, 10, and 30 µm, respectively), the enhanced conductivity relative to visible

frequencies results in a reduction of loss and increase of the predicted propagation length l

in the IR spectral range (l ≈ 16 µm and 55 mm for an Ag/air interface at λ = 0.5 and 10 µm,

respectively) [129,130].

Of further physical importance for low-frequency plasmon properties is the relaxation
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time τ of the metal which under the Drude model represents the mean time between electron

scattering events. The relaxation time is of particular interest at mid-IR frequencies where

the optical cycle time τIR becomes comparable to τ . As a result, the mid-IR spectral range

represents the low frequency limit for the coherent plasmon excitation. This further high-

lights the interest in the variation of the carrier density in materials (e.g. semiconductors)

to control the plasmon dephasing time τ [143].

4.5 Summary/Conclusions.

As revealed through the preceding chapter, surface plasmon polariton phenomena in no-

ble metallic structures provide a means to enhance and localize electromagnetic fields to

sub-wavelength dimensions. This capability provides a basis for the implementation of no-

ble metallic structures in nano-optical applications. Specifically, localized surface plasmon

resonances of noble metallic nano-structures provides a means of localizing electromagnetic

fields at optical frequencies to nano-scale dimensions. Here, s-SNOM measurement tech-

niques provide the capability to characterize the relationship between optical resonances

of nano-structures with the associated near-field magnitude and distribution. We have

here demonstrated the technique for Ag nano-prisms in the visible frequency range and

Ag nano-rods in the mid-IR spectral range. The technique, however, may be extended to

any nano-plasmonic system providing experimentalists with a means of correlating the di-

mensions and geometric details of single nano-structure with its intrinsic near-field optical

response.
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Chapter 5

THERMAL INFRARED NEAR-FIELD SPECTROSCOPY (TINS)

5.1 Introduction.

The study of thermal radiation has a long and rich history, most famously highlighted by

Planck’s description of the spectrum of a blackbody radiator which set the stage for the birth

of quantum mechanics in the 20th century. Despite a long history of seminal contributions

from Gustav Kirchhoff and Max Planck, research interest in thermal radiation has recently

experienced a rebirth of interest. The primary focus of this interest lies, however, not in

the description of thermal bodies in the far-field regime but rather in the near-field.

Recent theoretical models have predicted distinct spectral characteristics of the electro-

magnetic thermal near-field which fundamentally differ from the far-field regime both in

magnitude and spectral distribution. Specifically, it has been predicted that the thermal

near-fields exhibit strong spectral enhancement in the presence of surface resonances. In

order to describe the properties of thermal near-fields, these models incorporate the mi-

croscopic source of the thermal radiation: the fluctuational microscopic current density

distribution within the radiative body.

Combining scattering-Scanning Near-field Optical Microscopy (s-SNOM) with Fourier-

transform spectroscopy using a heated atomic force microscope tip as both a local thermal

source and scattering probe, for the first time the thermal near-field in the mid-infrared

is spectroscopically characterized. Here, the spectrally distinct and orders of magnitude

enhanced resonant spectral near-field energy density associated with vibrational, phonon,

and phonon-polariton modes is observed. We describe this behavior and the associated

distinct on- and off-resonance nanoscale field localization with model calculations of the

near-field electro-magnetic local density of states (EM-LDOS). The results presented in

this chapter provide a basis for intrinsic and extrinsic resonant manipulation of optical

forces, control of nano-scale radiative heat transfer with optical antennas, and use of this
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new technique of thermal infrared near-field spectroscopy (TINS) for broadband chemical

nano-spectroscopy.

5.1.1 Historical development of the study of thermal radiation: far-field to the near-field.

The investigations of thermal radiation dates back hundreds of years, initially beginning

with William Herschel’s discovery of infrared light in his studies of the spectrum of the

solar light in 1800 [144, 145]. The collaboration of Robert Bunsen and Gustav Kirchhoff

in the mid-1800s led to further advances in the characterization and description of thermal

light [146]; here, measuring the emission of the flames of various burning materials, Bunsen

and Kirchhoff were able to correlate the thermal emission of various substances with the

gaps in the solar spectrum. This observation led to the formulation of Kirchhoff’s law for

far-field thermal radiation which states, for a given material at thermal equilibrium with its

surroundings the absorptivity is equal to the emissivity. Having established the relation-

ship between absorption and emission, Kirchhoff further coined the term “blackbody” as a

conceptual object with perfect absorption, and consequently, ideal thermal emission.

The measurement and description of the spectral distribution of thermal radiation was

one of the pre-eminent challenges of physics in the late-1800s. A proposed model of the

spectral distribution by German physicist Wilhelm Wien correctly described the spectrum

at short-wavelengths, but was subsequently shown to be incorrect at long wavelengths [147].

This work was followed by the first measurement of thermal emission from a blackbody by

Otto Lummer [148], and a model of thermal emission by Lord Rayleigh which converse con-

verse to Wein’s model, correctly predicted the correct spectral scaling at long wavelengths.

It was at the turn of the century that Max Planck put forth a definitive model which would

unify the Rayleigh-Jeans and Wein approximations [149]. This description was accomplished

through the specification that the allowable energy states for thermal oscillators was not

continuous, but rather had to assume discrete (quantized) values. It was this fundamental

assumption which would lay the foundation for the development of quantum mechanics in

the 20th century.

For over a century now, the laws of Kirchhoff [146] and Planck [149] have fully described
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far-field thermal emission, the fundamental origin of which lies in the microscopic space-time

fluctuation of charge carriers. However, recent studies of the electromagnetic thermal near-

fields have emphasized fundamentally distinct spectral, spatial, and coherence properties at

sub-wavelength dimensions for solid media [26, 150–153]. One of the most important and

fascinating results of theoretical predictions [26, 152–154] is the resonant enhancement of

the near-field spectral energy density when associated with either intrinsic electronic and

vibrational excitations or extrinsic geometric resonances of the medium.

Despite its influence on and possibility for control of the above phenomena via resonant

interaction, experimental investigations of the spectral distribution of the electromagnetic

thermal near-field have remained difficult due to its purely evanescent character [155–158].

Specifically, while far-field thermal radiation is most often characterized by broadband

blackbody-like emission, systems with characteristic surface resonances have been predicted

to exhibit sharply peaked, near-monochromatic (vibrational lifetime limited) spectral energy

density distribution in the near-field field regime [152]. In this chapter, the development

and implementation of a new s-SNOM technique utilizing specially designed heated AFM

probes will be discussed in order to, for the first time, characterize the spectral distribution

of infrared thermal near-fields.

5.2 Far-field thermal radiation.

It is a fundamental property that all matter radiates when heated with a spectral intensity

distribution which depends on the optical properties of the material, specifically the real

and imaginary indices of refraction n and κ respectively (see chapter 2). The following

subsections will introduce the concept of the electromagnetic density of states and how it

relates to the derivation of Planck’s formula for thermal emission from a blackbody radiator.

These descriptions will be extended in later sections to the concept of the electromagnetic

local density of states.

5.2.1 Derivation of the far-field electromagnetic density of states and energy density.

First consider a volume V consisting of a box with sides of length L. Inside this box, fields

exist as transverse waves (normal modes) over varying frequencies. The frequencies of these
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electromagnetic fields are related to the energy and momentum of the photon particles which

make up these fields by the via the relations Eph = ~ω and |~pph| = ~|~k| = ~ω/c.

To determine the electromagnetic density of states it is necessary to count the number of

modes which lie in a momentum interval of k to k+ dk. Specifying the boundary condition

that the electromagnetic waves have nodes at the box walls, the wavelengths must obey the

relation λ = nL/2 where n = 1, 2, 3.... . In accordance, the values of the wave-vectors are

kx = nx
π

L
, ky = ny

π

L
, kz = nz

π

L
. (5.1)

The spacing of wavevector states in momentum space given above means that every

mode in k-space occupies a momentum-space volume of

δVk =
(π
L

)3
. (5.2)

The number of modes below a given absolute momentum value |~k| is expressed as the

volume of a sphere of radius |~k| in momentum space Vk = 4/3πk3. Counting the number of

modes in all directions within the momentum interval of k to k + dk by we find that

dVk = 4πk2dk. (5.3)

Subsequently dividing by the momentum volume per mode yields the total number of

modes in the momentum interval k to k + dk

dVk
δVk

=
L3

2π2
k2dk. (5.4)

Finally, we can divide by the total volume of the box V = L3 to arrive at the density of

modes, the total modes per unit volume in the momentum interval k to k + dk 1

D[k]dk =
dVk
δVkL3

=
k2

2π2
dk. (5.5)

For photons, D can be re-expressed in terms of the angular frequency of the electro-

magnetic waves using the relation D[ω] = D[k] dkdω for ω = ck. By further multiplying by a

factor of two to account for the two possible polarizations of transverse waves this yields

D[ω] =
ω2

π2c3
. (5.6)

1Note that we have here only derived the density of states for a 3D body. For 1D and 2D bodies, the
density of states is D1D[k] = 1

π
and D2D[k] = k

2π
respectively
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This density of modes for electromagnetic radiation is known as the electromagnetic density

of states.

As photons have a spin of 1, they obey the Bose-Einstein distribution function F [ω].

F [ω, T ] =
1(

exp[ ~ω
kBT

]− 1
) . (5.7)

Above, kB represents the Boltzmann constant.

The product of the Bose-Einstein distribution function with the density of states and the

electromagnetic wave energy defines the spectral energy density of a given frequency interval

within the volume. This was the famous Planck distribution for far-field electromagnetic

waves proposed by Planck in 1900,

uff [ω, T ]dω = Eph · F [ω, T ] ·D[ω]dω (5.8)

→ uff [ω, T ] =
ω2

π2c3

~ω(
exp[ ~ω

kBT
]− 1

) = D[ω] ·Θ[ω, T ]. (5.9)

Here, Θ[ω, T ] represents the mean energy of a thermal oscillator (photon). Fig. 5.1a) displays

the spectral energy density distribution for a blackbody at temperatures of 300, 500, and

700 K respectively.

Considering an area element within the volume V , the radiant energy flux is related

to the energy density and the speed of light qrad = uffc/4. By definition, if a blackbody

is placed in the volume, it will absorb all incoming radiant energy. To remain at thermal

equilibrium, it must emit the same amount of energy. As a result the spectral emissive

power of a blackbody ξbb is defined to be

ξbb[ω, T ] =
ω2

4π2c2

~ω(
exp[ ~ω

kBT
]− 1

) . (5.10)

5.2.2 Extending the description of thermal radiation from blackbodies to real materials.

The spectral emissive power of real materials is characterized by several parameters includ-

ing an object’s intrinsic properties, such as the real and imaginary indices of refraction, as

well as extrinsic parameters such as size and shape. Unlike the broad featureless spectrum

which composes blackbody thermal emission, thermal emission from real bodies reflects the



95

O
p
a
q
u
e
 m

a
te

ri
a
ls T

ra
n
sp

a
re

n
t M

a
te

ria
ls

Perfect blackbody

Perfect metal Perfect vacuum

ε=1

ε=0R*=1

R*=0T*=0

T*=1

ε
Au

[λ=10μm]

ε
Au

[λ=0.5μm]

ε
Si
[λ=0.5μm]

ε
Si
[λ=10μm]

ε
SiC

[λ=10.6μm]

ε
SiC

[λ=5μm]

ε
SiC

[λ=0.5μm]

ε
SiO

[λ=0.5μm]
2

ε
Au

[λ=5μm[

ε
SiO

[λ=5μm]
2

ε
SiO

[λ=10μm]
2

ε
Si
[λ=5μm]

0 30001000 2000 4000 5000

Frequency [cm-1]

0 30001000 2000 4000 5000

Frequency [cm-1]

8∙10-20

4

0

2∙10-19

1

0

T=700 K

T=500 K
T=300 K

Blackbody: T=500 K

SiC: T=500 K

u
[J

∙s
/m

-3
]

u
[J

∙s
/m

-3
]

a) b) c)

0 30001000 2000 4000 5000

Frequency [cm-1]

E
m

is
s
iv

it
y,

 ε

0.0

1.0

0.2

0.4

0.6

0.8 SiC

d)

Figure 5.1: The spectral energy density associated with a blackbody described by Planck’s
Law is displayed in panel a). The difference between the spectral energy density associated
with the thermal emission from an ideal blackbody and a real material (SiC) is shown in
panel b). As determined by Kirchhoff’s law, the thermal emission of SiC at most frequencies
is very similar to an ideal blackbody. Strong deviations from black-body occur between 800
and 1000 cm−1 where SiC is highly reflective due to its Reststrahlen band. The emissivity of
SiC as determined from panel b) is displayed in panel c). Panel d) displays the emissivity of
a 1mm thick optical slab for several materials at assorted wavelengths. This panel illustrates
that materials can deviate from perfect blackbody emissivity through finite transmissivity
and reflectivity. The bottom two corners of the triangle represents materials with zero
reflectivity which occurs either through full transmission (T=1, perfect vacuum) or full
reflectivity (R=1, perfect metal).
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material/object properties above. By characterizing this far-field thermal emission we can

consequently gain information on the optical properties of a given material/object.

The emissivity of a given body is defined as the ratio of the spectral emissive power of

that of a blackbody radiator

ε[ω, T ] =
ξbody[ω, T ]

ξbb[ω, T ]
. (5.11)

Kirchhoff’s law states that, at thermal equilibrium the directional-spectral emissivity is

equal to the directional-spectral absorptivity of a material. The only assumption here is

that the material is at uniform temperature and that the fields within the enclosure are not

strong enough to modify the intrinsic properties of the object via non-linear interaction.

The definition of directional absorptivity A for Kirchhoff’s law is A[ω, θ] = 1−R[ω, θ]−

T [ω, θ] with quantities R[ω, θ] and T [ω, θ] representing the directional reflectivity and trans-

missivity respectively, averaging over both s and p polarizations. It is often assumed that

the directional emissivity ε[ω, θ] is equivalent to ε[ω, θ] = A[ω, θ] = 1−R[ω, θ]. The primary

approximation here is that the total transmission through the object T [ω, θ] is ' 0. This

assumption implies that the object is semi-infinite or opaque; however, this requires that

the characteristic size of the object l is much larger than the penetration depth of radiation

δ (l� δ). Fig. 5.1d) demonstrates a visualization of when this assumption is valid, simulat-

ing the calculated emission from a 1 mm thick semi-infinite slab for various materials and

emission wavelengths. The left hand side of the triangle represents materials considered to

be opaque while the right side represents those considered to be transparent. The top point

of the triangle represents a perfect blackbody radiator. Conversely, the bottom edge rep-

resents an object which has no thermal emission; this arises as no absorption occurs either

through perfect reflectivity (left corner), perfect transmission (right corner), or combination

of reflection and transmission which results in zero absorption (bottom edge).

With this caveat in mind, for the further descriptions we will assume for simplicity that

the materials are semi-infinite and opaque. Describing the directional emissivity as

ε[ω, θ] = 1−R[ω, θ], (5.12)
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and the total emissivity for a given material can be expressed as

ε[ω] =
1

π

∫ 2π

0

∫ π/2

0
(1−R[ω, θ])dθdφ. (5.13)

Fig.5.1b) gives examples of the spectral energy density uff,SiC associated with a SiC

surface. It is evident that SiC behaves very much like a blackbody radiator except in the

800-1000 cm−1 spectral window. This deviation is due to the high reflectivity Reststrahlen

band which occurs due to the presence of the LO and TO phonon modes for SiC (see

following discussion further in chapter). The relationship of the emissivity and reflectivity

is displayed in Fig. 5.1c).

5.3 Thermal radiation in the near-field regime.

5.3.1 Definition of electromagnetic local density of states.

The electromagnetic density of states D[ω] discussed in the previous section is a fundamen-

tal quantity for a homogeneous material from which many macroscopic quantities can be

derived. With the introduction of spatial variation in the material properties, it is neces-

sary to introduce the Electromagnetic Local Density of States (EM-LDOS) ρ[~r, ω]. Here,

the distinction lies in the fact that the density of states ρ[~r, ω] is now a function of the spatial

coordinate ~r. The following section will follow the definition of the EM-LDOS established

by Joulain et al. [26, 153]

To derive an expression for the EM-LDOS, we begin by considering a system with

temperature T in thermal equilibrium. Similar to Eqn. 5.9 where the spectral energy density

uff [ω, T ] is defined in terms of the density of states D[ω], the local spectral energy density

u[~r, ω, T ] may be defined in terms of the EM-LDOS ρ[~r, ω],

u[~r, ω, T ] = ρ[~r, ω] · ~ω(
exp[ ~ω

kBT
]− 1

) = ρ[~r, ω] ·Θ[ω, T ]. (5.14)

In their derivation of the expressions for the EM-LDOS, Joulain et al. introduce the

correlation functions Eij and Hij for the electric and magnetic fields respectively for a
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stationary system.

Eij [~r, ~r′, t− t′] =
1

2π

∫
dωEij [~r, ~r′, ω] exp[−iω(t− t′)] = 〈Ei[~r, t]E∗j [~r′, t′]〉 (5.15)

Hij [~r, ~r′, t− t′] =
1

2π

∫
dωHij [~r, ~r′, ω] exp[−iω(t− t′)] = 〈Hi[~r, t]H

∗
j [~r′, t′]〉 (5.16)

These quantities are useful as the electromagnetic energy density is the sum of both the

electric and magnetic energy contributions. The primary goal here is determine u[~r, ω, T ]

through the relation,

u[~r, ω, T ] =
ε

2
〈|E[~r, ω]|2〉+

µ

2
〈|H[~r, ω]|2〉. (5.17)

In order to determine the magnitude of the electromagnetic fields above a medium, the

microscopic source of the electromagnetic fields must be considered. This source is the

fluctuational current density distribution arising from the random thermal movement of

charged particles (electrons, ions, ect...) within the medium.

Working from the microscopic picture of a fluctuational current density distribution, two

requirements exist in determining the external u[~r, ω, T ] associated with a given thermal

body: 1) it is necessary to establish the relationship between a thermal current element

within the material and the electromagnetic field induced outside the thermal body, and 2)

the statistical properties of the fluctuational current distribution must be understood.

To satisfy the first requirement, the electric and magnetic fields outside the material

associated with a given electric current element ~j[~r] or magnetic current density element

~m[~r] inside the material may be established using the Greens dyadic functions for the system

geometry:

~E[~r, ω] = iµ0ω

∫ ←→
G E [~r, ~rb, ω] ·~j[~rb, ω]d3~rb (5.18)

~H[~r, ω] =

∫ ←→
G H [~r, ~rb, ω] · ~m[~rb, ω]d3~rb. (5.19)

Here, the quantities
←→
G E and

←→
G H represent the Green dyadic function for the specific

system geometry relating the current within the material to the field generated above the

interface. The integral over d3~rb represents the integral over the entire thermal body.
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The second requirement is met via the application of the fluctuation-dissipation theorem

which relates the power spectrum of the fluctuational current density to the loss mechanisms

of the material. Here, the correlation function statistical fluctuations of the current density

distribution can be related to imaginary part of the dielectric permittivity [26],

〈ji[~r1, ω]jj [~r2, ω
′]〉 = 4πε0ωIm[ε[ω]] ·Θ[ω, T ]δijδ[~r1 − ~r2]δ[ω − ω′]. (5.20)

Implementing both Green’s dyadic (Eqn. 5.19)and the fluctuation-dissipation theorem

(Eqn. 5.20), the expressions for the correlation functions may be derived [153]:

Eij(~r, ~r′, ω) = Θ[ω, T ] · µ0ω

2π
Im
[
GEij(~r, ~r

′, ω)
]

(5.21)

Hij(~r, ~r′, ω) = Θ[ω, T ] · ε0ω
2π

Im
[
GHij (~r, ~r′, ω)

]
. (5.22)

Considering only positive frequencies, the spectral energy density u[~r, ω, T ] can be ex-

pressed in terms of the correlation functions and thus the dyadic Green’s functions.

u[~r, ω, T ] = 4

(ε0
2

) ∑
i=1,3

Eii[~r, ~r, ω] +
(µ0

2

) ∑
i=1,3

Hii[~r, ~r, ω]

 (5.23)

→ u[~r, ω, T ] = Θ[ω, T ] · ω
πc2

Im[Tr[
←→
G E [~r, ~r, ω] +

←→
G H [~r, ~r, ω]]]. (5.24)

Comparing with the definition for the EM-LDOS given by Eqn. 5.14, we arrive at a

formula for the electromagnetic local density of states in term of the dyadic Green’s function

for the system,

ρ[~r, ω] =
ω

πc2
Im[Tr[

←→
G E [~r, ~r, ω] +

←→
G H [~r, ~r, ω]]]. (5.25)

5.3.2 The EM-LDOS for a semi-infinite planar half space.

In this section, following the derivation of Joulain et al. [26,153], the EM-LDOS correspond-

ing the planar geometry will be derived along with the associated spectral energy density.

The system geometry in this case is defined by a material composing upper semi-infinite pla-

nar half space (z > 0) of complex dielectric permittivity ε1 and a material composing lower

semi-infinite planar half space (z < 0) of complex dielectric permittivity ε2. Both the upper
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Figure 5.2: a) schematic depiction of the parameters of the description of the EM-LDOS
associated with a semi-infinite planar half-space. The fluctuational currents within the
surface are related to the induced field through the Greens Dyadic function for the system
[159]. The wave-vector components in the parallel and perpendicular directions to the
surface plane associated with these fields are displayed on the right side of panel a). A
qualitative depiction of the contribution to the total EM-LDOS from the propagating far-
field waves (k‖ < k0) and evanescent solutions (k‖ > k0) is provided for the far- and near-field
regimes (panels b) and c) respectively).

and lower half spaces are assumed to be composed of linear, isotropic, and non-magnetic

media and in general have frequency depended dielectric permittivities.

The Green’s function for this system from ref [159] correlates the microscopic current

density element at a given location in the lower half space with the s and p-polarized plane

waves generated and accounts for their presence in upper half space by incorporating the

Fresnel reflection coefficients of the planar surface separating the two half-spaces [159].

Combination of this Green’s dyadic function with the fluctuation-dissipation theorem

allows for the expression of the electromagnetic local density of states ρ[z, ω] as shown by

Eqn. 5.26, at a given frequency ω and height above a material z, in terms of an integral over

the parallel wavevector component k‖ from zero to infinity. The notation corresponding to

the system geometry here follows that derived for surface waves in chapter 2 and is displayed

schematically in Fig. 5.2.
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ρ[z, ω] =
ρv[ω]

2

{∫ ω/c

0

k‖

k0 |k1,⊥|
2− |rs12|

2 − |rp12|
2

2
dk‖︸ ︷︷ ︸

propagating

+

∫ ∞
ω/c

4k3
‖

k3
0 |k1,⊥|

Im[rs12] + Im[rp12]

2
e−2Im[k1,⊥]·zdk‖︸ ︷︷ ︸

evanescent

}
.

(5.26)

The equation above gives insight into the nature of the EM-LDOS as a function of

height above a planar surface as it may expressed as a sum of evanescent and propagating

contributions. Propagating contributions correspond to values of k‖ which are below that

of the free-space wavevector k0; evanescent contributions thus correspond to values of k‖

which are greater that of the free-space wavevector k0.

The three unit vectors x̂, ŷ, and ẑ define a point in space as ~r = xx̂+ yŷ + zẑ and light

wavevectors as ~k = kxx̂+ kyŷ + kz ẑ. It is simpler to further express these vectors in terms

of the in and out-of-plane contributions as ~r = ~R+ ~z and ~k = ~k‖ + ~k⊥ where ~R = xx̂+ yŷ,

~k‖ = kxx̂+kyŷ, and ~k⊥,i = kz ẑ. Fig. 5.2a) shows the relationship of the wavevectors between

both the upper and lower media.

Within Eqn. 5.26, ρv = ω2/π2c3 represents the vacuum density of states while k0 rep-

resents the free-space wavevector (k0 = ω/c). The quantities rs12 and rp12 represent the

Fresnel reflection factors of the medium for s and p polarizations expressed as the in and

out-of-plane components of the wavevector of the light,

rp12 =
−ε1k⊥,2 + ε2k⊥,1
ε1k⊥,2 + ε2k⊥,1

(5.27)

rs12 =
k⊥,1 − k⊥,2
k⊥,1 + k⊥,2

. (5.28)

Finally k‖ and kn,⊥, in the upper and lower half-space (n = 1 and n = 2) may be related

to one another by the dispersion relation for light εnµnk
2
0 = k2

n,⊥+k2
‖ with Im[kn,⊥] > 0 and

k0 = ω/c [26].

In the following sections I will discuss how the height above a surface affects the magni-

tude of the EM-LDOS through integration of Eqn. 5.26. Both the far- and near-field regimes

will be addressed.



102

The EM-LDOS in far-field regime.

The primary expectation for the calculation of the EM-LDOS using Eqn. 5.26 is that it

should match the classical description of far-field thermal radiation given by Kirchhoff and

Planck. It is evident that terms inside the first integral correspond to the 1−R[ω, θ] given

in Kirchhoff’s law for opaque bodies in Eqn. 5.12.

In the far-field regime (z � λ), only in-plane wavevectors corresponding to propagating

solutions in the first term of Eqn. 5.26 contribute to the EM-LDOS (k‖ < k0, k1,⊥ ∈

Re). As a result, the far-field spectral energy density associated with Eqn. 5.26 reduces to

the classical solution defined by the Kirchhoff’s emissivity ε and the Planck distribution,

uff [ω, T ] = ε[ω] · ubb[ω, T ] [160].

The EM-LDOS in the near-field regime.

While the far-field contribution to the EM-LDOS is still present for sub-wavelength distances

from the surface z < λ, the contribution of the evanescent solution in Eqn. 5.26 (k‖ > k0

for which k1,⊥ ∈ Im) approaching the near-field regime begins to become significant. In the

quasi-static near-field limit (z � λ), the evanescent solutions are the dominant component

of the EM-LDOS [26, 153]. These solutions are contained in the second integral term of

Eqn. 5.26.

The relation k‖ � λ
4πz gives the specific value of k‖ for which the contribution to the

total EM-LDOS becomes negligible. This implies that in near-field regime large values of

k‖ (k‖ � k0) now make large contributions to the total EM-LDOS. In this limit of large

k‖ (k‖ → ∞), the Fresnel reflection factors reduce to rs12 = 0 and rp12 = ε2−1
ε2+1 . Here, the

EM-LDOS may be approximated by the evanescent component described by the second

integral term in Eqn. 5.26, which further simplifies to,

ρevan[z, ω] ' 1

π2ω

Im[ε2]

|ε2 + 1|2

∫ ∞
ω/c

k2
‖ exp [−2k‖ · z] · dk‖. (5.29)

The integration of Eqn. 5.29 simplifies to the formula for the quasi-static scaling of the

EM-LDOS given by Eqn. 5.30

ρevan(z, ω) ' 1

4π2ωz3

Im[ε2]

|ε2 + 1|2
. (5.30)
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In the near-field limit, this results in a spectral energy density which exhibits ∝ z−3

scaling and can be expressed as

uevan[z, ω, T ] ' Θ[ω, T ] · 1

4π2ωz3

Im[ε2]

|ε2 + 1|2
. (5.31)

5.3.3 Simulation of the spectral distribution and magnitude of thermal near-fields above

surfaces.

The experimental measurements in the following sections focus on the characterization of

the thermal fields above three materials. First, polytetrafluoroethylene (PTFE) was chosen

as an example of a molecular solid with its characteristic symmetric and anti-symmetric C–F

vibrational stretch modes. Natural SiO2 quartz and SiC as crystalline solids with collective

phonon and phonon-polariton surface excitations.

Using the optical constants (n and κ) for each of these materials, the EM-LDOS and

the associated spectral energy density u[z, ω, T ] can be calculated for specific heights above

the surface using Eqn. 5.26. Fig. 5.3 displays the changes observed in the magnitude and

spectral distribution of u[z, ω, T ] for z = 100, 10, 1, and 0.1 µm representing the transition

from the far-field to the near-field regimes.

For PTFE (a) in the far-field regime (i,ii) calculation of the predicted EM-LDOS shows

that it behaves very much like a blackbody radiator. Small variations in u[z, ω, T ] are

predicted associated with the C–F molecular resonances of PTFE located at 1158, 1210,

and 1240 cm−1 (latter two spectrally not resolved) [161,162]. Transitioning to the near-field

regime (iv), u[z, ω, T ] can be approximated by Eqn. 5.31. Here, peaks occur associated with

the peaks in the imaginary part of the permittivity for PTFE (Im[εPTFE]) associated with

the previously mentioned molecular resonances.

The prediction of the far-field u[z, ω, T ] associated with SiC (b) and quartz SiO2 (c)

surfaces, as expected, follows Kirchhoff’s law. As shown by Fig. 5.3 (row i) both materials

are predicted to exhibit black-body like spectral distributions, with deviations occurring

where the materials exhibit heightened reflectivity. For SiC, this heightened reflectivity

occurs in the Reststrahlen band (800-1000 cm−1) associated with the LO and TO phonon

modes of SiC (797 and 971 cm−1, respectively). Similarly quartz SiO2 exhibits heightened
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Figure 5.3: The changes in the spectral energy density u[z, ω, T ] (blue-lines) above PTFE
(a), SiC (b), SiO2(c) surfaces at representative distances of z =100, 10, 1, and 0.1 µm
(iv,iii,ii, and i respectively) display the transition from the radiative far-field regime to the
near-field regime. The spectral energy density of a ideal blackbody radiator is shown (purple
lines) as a reference. The temperature for the calculations above is T = 300 K.

reflectivity with its LO and TO modes (1050− 1250 cm−1) [163,164].

In near-field regime both SiC and quartz SiO2 meet the necessary conditions necessary

for a surface phonon polariton wave (SPhP) (SPhP condition→ Re[ε2] = −1). With the

spectral energy density in the near-field limit approximated by Eqn. 5.31 it is evident in

Fig. 5.3 that these surface wave resonances result in the drastic enhancement in u[z, ω, T ].

For SiC the SPhP resonance condition is met at approximately ωSPhP = 950 cm−1. For

quartz SiO2, due to the presence of multiple phonon modes, the SPhP resonance condition

is met at several locations. This is evidenced by the surface wave dispersion relation shown

for quartz in chapter 2. Due the limitations on the spectral range of the detector used in
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the following experimental section, for quartz SiO2 we will focus on the surface waves which

occur at '1157 and 1190 cm−1.

The variation of the spectral distribution of u[z, ω, T ] with z is further displayed for SiC

in Fig. 5.4a). The scaling of the u[z, ω, T ] for differing frequencies is displayed in Fig. 5.4b).

The on-resonant contribution (ω = 950 cm−1) is depicted by the red line while the scaling

at off-resonant frequencies is depicted by the green and blue lines (ω = 1200 cm−1 and

ω = 2000 cm−1 respectively).

While the model calculations predict drastic changes in the u[z, ω, T ] in the near-field

regime, the evanescent character of these fields has made experimental characterization

difficult. Previous to this work, no spectrally sensitive measurement of the near-field EM-

LDOS and u[z, ω, T ] had been made. In the following sections, the implementation of s-

SNOM techniques using heated AFM probes towards characterizing the spectral distribution

of the EM-LDOS will be detailed.

5.4 Thermal Infrared Near-field Spectroscopy (TINS) using s-SNOM tech-
niques with heated AFM tips.

As discussed above, recent studies of the electromagnetic thermal near-field have recently

emphasized fundamentally distinct spectral, spatial, and coherence properties at sub-wavelength
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dimensions for solid media [26, 152, 153]. The properties of thermal near-fields deter-

mine important near-surface phenomena including not only nano-scale radiative heat trans-

fer [165,166] but also the Van der Waals/Casimir-Polder forces originating in the zero-point

fluctuations or induced by the thermal fluctuations as first shown by Lifshitz and demon-

strated by off-resonance interaction at a dielectric surface [167–170]. One of the most fasci-

nating results of recent theoretical predictions [26,152–154] is the resonant enhancement of

the near-field spectral energy density when associated with either intrinsic electronic and vi-

brational excitations or extrinsic geometric resonances of the medium. Despite its influence

on and possibility for control of the above phenomena via resonant interaction, experimen-

tal investigations of the spectral distribution of the electromagnetic thermal near-field have

remained difficult due to its purely evanescent character [150,155–158,171].

In the following section, I will demonstrate the generation, evanescent field scattering,

and interferometric detection of thermal near-fields using a new scattering scanning near-

field optical microscopy (s-SNOM) implementation with novel heated thermal atomic force

microscope tips. With this technique of thermal infrared near-field spectroscopy (TINS), I

will identify the enhanced and spectrally narrow evanescent fields associated with different

molecular vibrational and surface phonon polariton modes.

5.4.1 Experimental apparatus for TINS.

The experimental layout is shown in Fig. 5.5. The system is based on an atomic force

microscope (AFM, CP-Research, Veeco Inc.) operating in non-contact dynamic force mode

and modified to allow for independent control of sample and tip temperature. The thermal

evanescent fields induced via sample or tip heating [156,157] are scattered by the AFM tip

into detectable far-field radiation. This tip-scattered thermal radiation is collected using a

Cassegrain-type reflective objective (NA=0.5, not shown) oriented at an angle of 60◦ with

respect to the surface normal, directed through a Michelson interferometer, and detected

by a mercury-cadmium-telluride (MCT) detector (Kolmar, Model KLD-0.25/DC/11.5) from

5.5−12 µm; the detector spectral range is here limited by the detector bandgap at the long-

wavelengths and the achievable temperature/detector sensitivity at shorter wavelengths.
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Figure 5.5: Experimental setup for thermal infrared near-field spectroscopy (TINS) mea-
surements with thermal near-field radiation scattered by the tip and spectrally resolved via
a Michelson-type FTIR interferometer (inset ii: typical interferogram). Both the surface
or a specialized AFM tip (inset i) can be heated resistively with the tip in dynamic force
feedback. The evanescent thermal near-field exhibits resonant enhancement via molecular
or phonon resonances.

Discrimination of the near-field signal against the far-field emission/scattering is performed

by lock-in filtering on the fundamental frequency of the AFM tip-dither frequency νd [15,46].

A resistive sample heater controls the sample temperature in the 300 - 500 K range

with upper limit set by stable AFM scanning conditions. Specially designed AFM probes

(Anasys Instruments, AN2-200) allow for resistive tip heating up to ' 700 K (Fig. 5.5, inset

ii). These probes have been further modified by focused-ion beam milling for free line of

sight optical access to the tip-sample apex region.

The advantage of the use of heated AFM probes is that they allow for stable scanning

conditions to be maintained with higher temperatures in the tip-sample gap region compared

to either sample heating or active heating of both tip and sample. With the heated AFM

tip in close proximity to the material surface, efficient localized heat transfer occurs via
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ballistic thermal air conduction [172]. Using localized surface melting of polycarbonate

samples allowed us to gauge the surface temperatures near the tip to be at least ∼ 550 K

with the AFM operating in non-contact force feedback mode. Note that for the purpose of

our study discussed here, exact knowledge of the surface temperature is not critical. Surface

temperature primarily affects the signal intensity and, only to a minor extent, the spectral

characteristics of the near-field energy density distribution.

The spectral distribution of the scattered thermal light from the heated tip-sample gap

region is reconstructed via interferometric FTIR detection. With the use of a dielectric

tip material (Si) which is off-resonant and thus spectrally broadband in the vibrational

spectral range of interest (5.5 − 12 µm), the tip-scattered light reflects the intrinsic vibra-

tional/phonon resonances of the sample surface [45,153].

5.4.2 Results of TINS characterization.

Fig. 5.6 (a-c, red lines, upper panels) shows the tip-scattered thermal near-field signal for

SiC, SiO2, and PTFE, respectively, using a heated tip at ' 700 K. For all three materials

peaked near-field spectral signal distributions are observed associated with the respective

molecular or surface phonon polariton (SPhP) resonances as discussed below. For compari-

son, the expected spectral energy density distribution u[z, ω, T ] at 20 nm above the surface

is calculated for the three materials using literature values for the respective complex dielec-

tric function (a-c, black lines, upper panels) [23,173] following the exact procedure discussed

in the appendix (i.e., not using the quasi-static approximation). The corresponding relative

far-field thermal emission spectra from the three heated materials measured with the AFM

tip retracted are shown (a-c, red lines, lower panels) normalized against emission from a

Si surface. They exhibit a signal decrease near the respective resonances in accordance

with Kirchhoff’s law of thermal emission for opaque bodies (Fig. 5.6 a-c), black line, lower

panels) [160].

As can be seen for SiC, a peaked near-field signal occurs near ∼ 945 cm−1; for SiO2 it

is observed between 1150 and 1205 cm−1. These spectral peaks correspond to the SPhP

resonance modes of the respective materials. The SPhP resonance condition is met in
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Figure 5.6: Tip-scattered enhanced thermal near-field signal (upper panels, red lines, a-
c) for SiC, SiO2, and PTFE, associated with the characteristic phonon-polariton, phonon,
and vibrational resonances. The spectral energy density associated with the EM-LDOS
(upper panels, black lines, a-c), calculated for z = 20 nm and T = 500 K, is concurrently
displayed in the figure with the simulated spectral distribution of the TINS signal (blue
dashed lines, a-c, arbitrary units). In contrast, far-field thermal emission from heated
substrates (lower panels, red lines, a-c) exhibit signal decreases associated with elevated
reflectivity on resonance in agreement with calculated far-field thermal emissivity given by
Kirchhoff’s law (lower panels, black lines, a-c).
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SiC at ' 950 cm−1 while for SiO2 it is met both at '1157 and 1190 cm−1. As a non-

dispersive molecular solid PTFE does not meet the conditions for surface wave excitation.

Its distinct molecular resonances located at 1158, 1210, and 1240 cm−1 (latter two spectrally

not resolved) are associated with the different C–F symmetric ωS and antisymmetric ωAS

vibrational stretch modes [161, 162]. The measured signal magnitude is slightly weaker

compared to that from polaritonic materials.

The observed resonant near-field characteristics are fundamentally distinct from the

manifestation of these resonances in far-field emission, scattering, and reflection. SiC ex-

hibits a reduction in far-field emissivity below ∼ 1000 cm−1 which marks the onset of the

high reflectivity Reststrahlen band (800 − 1000 cm−1). The measured emission from SiO2

shows slight dips corresponding to enhanced reflectivity associated with the series of LO

and TO Si-O phonon modes (1050−1250 cm−1) [163,164]. The PTFE film further exhibits

reduced emissivity in the vicinity of the C-F vibrational modes, albeit weaker, due to the

lower vibrational density of states compared to that of the optical phonon modes in SiC or

SiO2.

In order to verify the near-field origin of the observed behavior, we measured a series of

near-field spectra as a function of distance above the sample surface and observed peaked

TINS signals associated with the expected resonances of the EM-LDOS up to a height of

∼ 1 µm above the sample surface. As an example the corresponding tip-sample distance

dependence of the integrated combined ωS and ωAS modes for PTFE (1100 − 1300 cm−1)

is shown in Fig. 5.7 (red solid circles) A strong near-field confinement below ∼ 200 nm is

found. The corresponding parameter free on-resonance model calculation of the distance

dependence of the expected TINS signal derived from the spectral energy density above

PTFE is shown as the solid line. 2

In contrast, the off-resonant signal contribution (here integrated from 1400 - 1600 cm−1)

does not exhibit a discernible increase (blue open squares) within the uncertainty of the

experiment. This behavior is also reproduced by the corresponding off-resonant calculation

2With the scattering power of the tip, Pscat[z, ω, T ] ∝ u[z, ω, T ], we here model the distance dependence
of the TINS signal occurring at a frequency of νd as proportional to the quantity ∂u/∂z as the signal
in dynamic s-SNOM measurements are primarily sensitive to the gradient of the optical near-field (see
ref. [174]).
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(dashed line) which only exhibits a weak increase at very short distances (< 50 nm) [26,153].

In addition to characterizing the TINS tip-sample distance dependence for PTFE we

have also acquired corresponding data for SiC as shown in Fig. 5.8. As expected from the

spectral energy density u[z, ω, T ], we observe an onset of signal increase associated with the

SiC surface phonon polariton (SPhP) resonance located at ω ' 950 cm−1 (λ ' 10.5 µm) at

a height of z ' 1.5 µm corresponding to a ∼ λ/2π.

We observe a less pronounced enhancement than expected from the u ∝ z−3 scaling

as seen for PTFE. A possibility for this discrepancy is the differences in the visco-elastic

damping of the cantilever in addition to variations in the heat transfer properties between

the tip and surface.

5.4.3 Discussion of TINS measurements results.

The origin and consequences of the difference between the far- and near-field spectral behav-

ior, its distance dependence, and its material specific resonant and non-resonant relationship

with molecular vibrations, optical phonons, or surface polariton modes can be understood

from an in-plane wavevector k‖ dependent analysis of the spectral distribution of the EM-

LDOS calculated using Eqn. 5.26 and displayed in Fig. 5.9.
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Figure 5.8: Distance dependence of the spectrally integrated resonant TINS signal (925-975
cm−1). Onset of the signal increase is seen at a height of z ' 1.5 µm ' λ/2π as expected.
An interpolation (black dashed line) of the approach data is provided as a guide to the eye.

In the far-field regime (z � λ, k‖ < k0), materials generally act as broadband emitters

with decreased emissivity associated with increased reflectivity. This corresponds to k‖ < k0

for far-field emission with k0 representing the free space wavevector (white dashed line).

In the transition from the far- to the near-field (i, ii, iii), the contributions to the total

EM-LDOS from states with large in-plane wavevector components k‖ begins to become

significant. Due to the large on-resonance contributions from the evanescent modes to

the EM-LDOS, which increase with decreasing distance much faster than the off-resonance

contributions, the initial onset of the near-field regime occurs at larger distances at resonant

frequencies (as seen in the data in Fig. 5.7).

Under conditions for surface wave excitation (Re[ε2] < −1), enhancement of the EM-

LDOS associated with evanescent fields begins near z ' λ. Here, states with k‖ satisfying

the polariton dispersion relation k‖ = ω
c

√
ε2
ε2+1 start to become the principle contribution

to the EM-LDOS. In close proximity to the surface (z � λ), the EM-LDOS lies in the

quasi-static regime where it is dominated by large in-plane wavevector states (k‖ � k0) at

frequencies where Im[ε2] is maximal or the surface polariton resonance condition Re[ε2] = −1

is met as can be seen from Eqn. 5.30.

This behavior is shown specifically for materials without (Fig. 5.9a: PTFE) and with
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the far (below) to near-field (above) transition while the material’s surface wave dispersion
relation (dashed magenta) indicates the driving surface resonances.
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(Fig. 5.9b and c: SiC and quartz SiO2) SPhP excitation. The three distances above the

surface of 10, 1, and 0.1 µm in the plots represent the far-field, transitional, and electrostatic

near-field regimes, respectively. In the far-field regime ρ[10 µm, ω] is dominated by states

below the light line (white dashed) where k‖ corresponds to propagating modes. The near-

field regime is characterized by k‖ above the light line representing evanescent fields. The

magenta lines show the k‖[ω] which satisfy the SPhP dispersion relation.

PTFE represents a material with localized non-dispersive molecular excitations. In the

far-field (i) it exhibits characteristic broadband emission with only slight dips in ρ[z, ω] on

resonance. As it fails to meet the surface polariton dispersion criterion, near-field enhance-

ment occurs where Im[εPTFE] is maximal on resonance (ii, iii). As a consequence, and in

agreement with experiment, the spectral near-field line-widths correspond to the far-field

absorption line-widths also defined by Im[εPTFE].

In contrast, for SiC (Fig. 5.9b) (with similar results for quartz SiO2), the enhancement of

ρ[z, ω] is governed by the dispersion relationship for the SPhP. As a consequence, the peak

magnitude of ρ[z, ω] is over one order of magnitude larger for SiC compared to PTFE. For

SiC, as seen at a distance of 10 µm (i), the characteristic gap in the far-field propagating

states (k‖ < k0) beginning at 1000 cm−1 is related to the high-reflectivity Reststrahlen

band. In the transition regime at a distance of 1 µm (ii), an enhancement at energies

below the SPhP resonance of 950 cm−1 following the surface wave dispersion relation devel-

ops. At short distances (iii) the distribution of EM-LDOS is governed by high wave-vector

contributions located at the asymptote of the dispersion relation corresponding to the res-

onance condition for surface phonon-polariton excitation. This leads to the characteristic

strong SPhP peak in the EM-LDOS responsible for the distinct spectral differences between

the near-field and the far-field regime as observed in the experiment as well as the larger

near-field response of SiC compared to PTFE.

To understand the detailed relationship between the tip-scattered thermal near-field

signal and the underlying EM-LDOS, one has to consider that the detected near-field signal

can be affected by the mutual optical polarization between the tip and the sample. Similar to

conventional s-SNOM with external excitation illumination, here the radiating polarization

in the tip is driven by the thermal evanescent field which in turn is affected by the resonant
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dielectric properties of the sample. Modeling the tip as a small off-resonant polarizable

sphere, its effective polarizability as a function of distance above the surface z and radius r

is given by

αeff = α

(
1− αβ

16πr3(1 + z
r )3

)−1

, (5.32)

with β = (ε2 − 1)/(ε2 + 1) relating the strength of the image dipole in the surface and α =

4πr3 ·(εsph − 1) / (εsph + 2) representing the Clausius-Mossotti relation for the polarizability

of a sphere with dielectric permittivity εsph [15,46]. The resulting optical polarization leads

to a spectral distribution of the scattered power which can be expressed as the product of

u[z, ω, T ], the effective scattering cross-section of the sphere Ceff , and the speed of light c

as,

Pscat[z, ω, T ] = Ceff · c · u[z, ω, Tsurf ]. (5.33)

Here, the effective scattering cross-section of the sphere Ceff is defined in terms of the

effective polarizability as Ceff = k4|αeff |2/(6π) [175].

The resulting spectral distribution of the tip-scattered intensity induced by the near-field

thermal spectral energy density for T = 500 K is plotted in Fig. 5.6 (blue dashed line) for

all three materials convolved with the ' 25 cm−1 spectral resolution of our experiment. We

find good general agreement between the experimentally observed results and the model for

the scattered power by the tip given by Eqn. 5.33. The scattered near-field power derived

from the relationships above also agrees well with the 30-100 pW of near-field scattering

power observed in our measurements.

The experimental results on SiC are reminiscent of laser s-SNOM spectroscopic mea-

surements which exhibit a signal peak at 920 cm−1 [48, 104]. As in s-SNOM, Eqn. 5.33

incorporates a optical phase related few cm−1 red shifts with line asymmetry due to the

strong tip-sample coupling at short distances (z . AFM tip apex radius) [15,48]. This effect

is slightly more pronounced when considering details of tip geometry and higher-order mode

coupling compared to the simple model above, but within the limits of the natural line width

of molecular or phonon excitation. A 5-10 cm−1 red shift and spectral broadening is also

expected from phonon softening and increased damping with temperature [171, 176–178].

We attribute these as the dominant effects, together with a higher defect density of the nat-
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Figure 5.10: The height and spectral dependence of u[z, ω, 500 K] a) and Pscat[z, ω, 500 K]
b) are displayed with logarithmic color scales as calculated using Eqns. 5.26 and 5.33 for
a Si sphere of radius a = 20 nm. Panels c) and d) compare the spectral distributions of
u[z, ω, 500 K] and Pscat[z, ω, 500 K] for heights of 10 and 40 nm, marked by the white dashed
lines in panels a) and b), representing height-to-tip radius ratios of z/a = 0.5 and z/a = 2
respectively.

ural quartz measured, for the observed deviations from the model calculations. However, a

detailed discrimination is not possible within the available spectral resolution and signal to

noise ratio of our experiment.

For distances larger than the strong tip-sample coupling range of about the ∼ 40 nm of

the tip apex radius, TINS can thus serve as a measurement of the evanescent spectral energy

distribution and resonances of the sample with the tip acting only as a weakly perturbing

scatterer. The associated underlying near-field EM-LDOS, also for shorter distances, may

be explicitly extracted using an appropriate models that incorporates the dynamic variation

of coupling with the tip-dither motion, the role of far-field interference and surface reflection,

details of the tip geometry affecting coupling and scattering, as well as contributions due

to variations in the surface topography.

With knowledge of the EM-LDOS calculated using Eqn. 5.26, the spectral energy density

above a specific surface material at a given temperature may be calculated by multiplying

with the Planck distribution u[z, ω, T ] = ρ[z, ω] ·Θ[ω, T ]. Fig. 5.10a) displays the resulting

u[z, ω, T ] in the near-field regime above a SiC surface in the vicinity of the SPhP resonance

frequency at 950 cm−1. The associated scattering by the AFM-tip, modeled by the scatter-

ing of a small off-resonant polarizable sphere and calculated via Eqn. 5.33 for a 20 nm Si
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sphere, is displayed in Fig. 5.10b). Line-traces displaying the spectral distribution u[z, ω, T ]

and the associated spectral scattering power Pscat of the tip-sphere at heights of 10 and

40 nm above the surface are displayed in panels c) and d) of 5.10 representing height to

tip-radius ratios of 0.5 and 2 respectively.

At distances below the AFM tip-radius (panel c), the effect of mutual coupling between

the tip and its image dipole leads to a slight (∼ 5 cm−1) redshift in the Pscat. Due to

the narrow line-width of u[z, ω, T ] associated with the SPhP resonance in the near-field

limit, the magnitude of spectral shift in Pscat is constrained to the line-width of the peak in

u[z, ω, T ]. Furthermore, the incorporation of surface reflection terms for the Pscat has only

minimal effects on its spectral distribution. Finally, for heights greater than the tip-height

(panel d), any effects due to mutual coupling with the surface are minimal, meaning that

the scattering distribution of the non-resonant sphere directly reflects the intrinsic spectral

distribution of u[z, ω, T ].

5.4.4 TINS as a nano-spectroscopic technique.

Far-field thermal emission spectroscopy, with its limited sensitivity, has long been known as

a useful technique for materials characterization especially where implementation of external

light sources is not practical or even possible [179,180]. Our work shows that the enhanced

EM-LDOS in the thermal near-field associated with resonance modes enables infrared ther-

mal near-field spectroscopy as a new scanning probe technique with IR vibrational contrast

and spatial resolution determined by the EM-LDOS near-surface localization and/or tip

apex radius.

The spatial resolution we achieve is demonstrated in Fig. 5.11 for a spectrally integrated

TINS scan of a PTFE flake boundary of thickness ∼ 100 nm on a Si substrate. The line

trace (f, laterally averaged over 6 lines in the high resolution scans c,d) indicates a spatial

resolution of ' 50 nm consistent with the tip apex radius. We interpret the enhanced signal

at the PTFE step edge with elevated near-field coupling and scattering at the edge.

Using the spatial resolution data obtained from Fig. 5.11, the sensitivity of the TINS

measurement can be estimated for PTFE. Here, for a density of 2.2·106 g/m3 and a tip-apex
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Figure 5.11: Topography a, c) and spectrally integrated TINS signal b,d) with contrast
between a PTFE flake of thickness ∼ 100 nm on a Si substrate. Panels c) and d) represent
a higher resolution scan near the PTFE step edge with line-trace f) of topography and
TINS signal (laterally averaged over 6 scan lines, along red dashed line in c). An increase in
scattering with the tip at the PTFE step edge is observed as indicated schematically in e).
The spatial resolution of ' 50 nm as indicated by the vertical grey dashed lines f) agrees
with expectation related to tip apex radius.

localized sample volume of ∼ 1 · 106 nm3, the number of sampled C-F groups amounts to ∼

5·107, corresponding to ≈ 40 attomol of CF2 groups. Modeling the statistical distribution of

the PTFE CF2 groups using the micro-canonical partition function for a harmonic oscillator

Z∗ = 1/(1−exp(−~ω/kBT )), an estimated 3−8% fraction of vibrationally excited oscillators

contributes to the signal for temperatures in the 500-700 K range. Assuming a minimal

signal-to-noise ratio of ∼ 10 necessary for spectral peak assignment the resulting sensitivity

for spectroscopic contrast is as high as 3-5 attomol.

This sensitivity represents an increase in IR-spectroscopic sensitivity of at least 4 orders

of magnitude over conventional far-field IR microscopy techniques where spatial resolution

is constrained by the diffraction limit (∼ 10 µm) [181] and non-enhanced far-field absorp-

tion. The sensitivity is comparable to conventional laser-based s-SNOM [106], and can

be further improved utilizing IR optical antenna modes of specially engineered tips. This

implementation of s-SNOM with a heated tip thus allows for broadband chemical nano-

spectroscopy, complementary to the use of an external thermal light-source [44], yet with
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higher sensitivity and the thermally driven vibrational optical dipoles providing their own

intrinsic light source.

In summary, our spectroscopic characterization of the enhanced electromagnetic near-

field spectral energy densities connect the previously well defined regime of broadband

far-field thermal radiation to the prediction of intrinsic and extrinsic thermal near-field res-

onances and their wave-vector distribution. The results open the door for, e.g., tailoring

heat management in microelectronic and thermophotovoltaic devices, optical antenna reso-

nant control and switching of optical forces, enhanced IR and thermal sensing, and compact

chemical nano-imaging and -spectroscopy instrumentation without the need for an external

excitation source.
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Chapter 6

S -SNOM CHARACTERIZATION OF CORRELATED ELECTRON
SYSTEMS: VANADIUM DIOXIDE (VO2) MICRO-CRYSTALS.

Some of the most profoundly interesting and potentially useful physical phenomena in

condensed matter physics today occurs in a class of materials known as transition metal

oxides. These materials exhibit a wide range of emergent properties including colossal

magnetoresistance, metal-insulator transitions, multi-ferroicity, and high-temperature su-

perconductivity. They are prized today for their value as magnets and as materials for

electronics. Transition metal oxide systems are often characterized by competing nearly

degenerate states with coupled charge, orbital, spin, and lattice degrees of freedom. Despite

the obvious attractiveness of transition metal oxide systems for technological applications,

the understanding of the complex physics which underlies these systems is largely incom-

plete. The lack of systematic knowledge of the relevant driving forces and parameters behind

many of the exotic phases exhibited by these systems make material design and device devel-

opment difficult. In the following chapter, I will introduce the implementation of s-Scanning

Near-field Optical Microscopy (s-SNOM) for the characterization of the complex phases of

these systems characterized by complex, correlated electron phenomena. In particular, I

will focus on the utilization of infrared s-SNOM/Raman spectroscopy in mapping phase

separation during the metal-insulator transition in vanadium dioxide (VO2); additionally, I

will discuss the ultrafast characterization the photo-induced phase transition in VO2.

6.1 Introduction to correlated electron systems and phase separation.

The recognition of the importance of role of electron-correlation effects in condensed matter

systems emerged with the development of the band theory description of metals and insula-

tors in first half of the 20th century [182–186]. The “band structure” description for a given

crystalline material represents the solution for the allowed energy and momentum states

for non-interacting electrons within a periodic crystal lattice. The electronic states in this
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description can be expressed in terms of Bloch states for which the energy eigenfunction

for a periodic (crystalline) system may be written as the product of a plane wave envelope

function and a periodic function. These solutions take the form of bands representing the

energy-momentum dispersion relation for electronic states for a specific direction and crystal

lattice symmetry.

Under this model, insulators are defined as materials with electron energy bands which

are completely occupied with a large energy band-gap separating the filled valence and

empty valence bands. As the valence electrons of a solid material completely fill a given

band, no states are available to excite electrons under small energy perturbations charac-

teristically prohibiting electronic conduction. Correspondingly, if the valence electrons only

partially fill the band which they occupy, small energy perturbations may excite the highest

energy electrons at the Fermi level to unoccupied states making the material a conductor.

Semi-conductive materials are subsequently defined as those materials for which valence

electrons fill an entire band, but for which unoccupied states are not far separated by a

large energy gap.

It was recognized early on, however, that the description of electrons in terms of delo-

calized Bloch waves failed to incorporate electron-electron interactions [187] resulting the

model’s failure to correctly predict the electronic structure for certain materials. The first

primary example was that of NiO for which conventional band theory predicts the material

to be metallic, but which is found to be a transparent insulator [188,189]. It was proposed

that the insulating character of this material system was due to electron-electron interac-

tions and it was later shown that the insulating properties were due to the presence of an

anti-ferromagnetic sub-lattice [190–193]. In addition to NiO, many materials have been

identified for which the band structure description fails to correctly predict the electronic

properties of the system. This early example sets the stage for the broad definition of

correlated electron systems.

The term “correlated electron systems” is often used to represent the class of materials

for which the non-interacting band-structure model fails to correctly predict the electronic

properties of the system [194]. The interactions present in correlated electron systems spans

a wide variety of interaction mechanisms including electron-electron, -phonon, and -quasi-
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particle interactions. Under this broad definition, Mott insulators are systems which are

insulating by virtue of the electron-electron interactions in spite of the prediction by the

band-structure model of a metallic state. For these systems Coulomb repulsion of electrons

at differing crystal lattice sites is strong, consequently blocking electron motion at low

temperatures/energies [195].

One of the defining properties of correlated electron systems is the measured value of

the kinetic energy of mobile electrons Kexp is much lower than that predicted by the band

structure model (Kexp/Kband < 1) [195–197]. This is a result of the competing interests

of the mobility of the electrons and correlation effects which favor localization through the

mutual Coulomb interaction between electrons; a higher correlation effect inhibits mobility,

thus reducing the kinetic energy of electrons below that expected from band theory. In con-

trast, simple metal systems with non-interacting itinerant electrons exhibit kinetic energies

in good agreement with band-structure model calculations (Kexp/Kband ' 1) [195–197].

Despite being the focus of research interest for nearly a century, many correlated elec-

tronic systems are still poorly understood. The description of correlated electron systems

is one of the pre-eminent challenges of current condensed matter research. The transition

metal compounds, in particular, represent a system class predisposed towards this type of

strong correlative effect by the presence of d band electrons. Here, the d bands are charac-

terized as occurring in a narrower energy bandwidth than comparable s orbital band and

further must have states for up to ten electrons resulting in a high free electron density of

levels related to the d band [24]. In addition, the d states are characterized by both spin

and orbital degrees of freedom.

The energetic interplay of these degrees of freedom under the constraints imposed by the

crystal lattice field make transition metal compounds ideal systems for correlated electron

effects to occur. Transition metal oxides exhibit a wide range of emergent properties includ-

ing colossal magneto-resistance (CMR) [198–200], metal-insulator transitions (MIT) [201],

multi-ferroicity [202], and high-temperature superconductivity [203,204]. Despite the obvi-

ous attractiveness of potentially using these phenomena for technological applications, the

largely incomplete understanding of the underlying complex fundamental physics, and even

lack of systematic knowledge of relevant driving forces and parameters behind many of these
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Figure 6.1: The role of coupled charge, spin, and lattice degrees of freedom in the forma-
tion of inhomogeneous mesoscopic domains ranging from the atomic scale, to macroscopic
dimensions given by external fields. The interplay of these interactions (red arrows) can
result in intrinsic phase coexistence on mesoscopic length scales (1 nm< l<1 mm) which
we can access spectroscopically on the nanoscale with scattering scanning near-field optical
microscopy (s-SNOM) with < 10 nm spatial resolution.

exotic phases, make material design and device applications difficult.

The strong electron correlation in transition metal oxides and related materials leads

to unusually rich phase diagrams with distinct crystallographic, electronic, and magnetic

phases with frustration and degenerate ground states. One resulting overarching phe-

nomenon is that in many cases phase competition and coexistence of multiple phases exists

near phase boundaries. It has become increasingly evident that this gives rise to structural

and electronic inhomogeneities and nanoscale spatial phase separation with complex spatial

architecture [205–210]. This phase co-existence over a wide range of length scales from
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Figure 6.2: Schematics of an example phase diagram indicating the ideal macroscopic first
order phase boundaries (left) and multi-phase coexistence and spatial separation scenario
(right) with domain formation. The parameter g represents a generalized control parameter
such as doping, strain, or external fields. After ref. [205]

nano- to microscale, is determined by both intrinsic and extrinsic factors. It can be static

or dynamic, and is very sensitive to external stimuli via, e.g., electric and magnetic fields,

strain, current, and temperature (Fig. 6.1).

While the transition between the distinct electronic, magnetic, and crystallographic

phases of correlated electron materials is often predicted to be discontinuous (first order)

it is often observed to occur over broad ranges of the independent system parameter (i.e.

temperature, external strain, ect...). This is a result of the discontinuity in the thermody-

namic free energy for a first order phase transition in an unconstrained system in thermal

equilibrium. Here, the system should entirely exist in one phase or the other. However, the

interplay of external parameters (temperature, pressure, electromagnetic fields, strain) with

local conditions (strain, crystal boundaries, defects, ect) within these materials oftentimes

favors the local existence of one or the other specific phases (Fig. 6.2).

Evidence of local phase separation on mesoscopic length scales and domain formation

emerged indirectly from bulk characterization such as transport [211, 212] , x-ray and neu-

tron diffraction [213, 214], and angle resolved photo-emission spectroscopy (ARPES) [215].

Here, macroscopic quantities expected to exhibit a discontinuous change at the phase tran-

sition temperature are broadened. This has been interpreted with the formation of an

inhomogeneous phase distribution.
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While the evidence of phase separation is often evident in macroscopic-scale characteri-

zation of these systems, the disadvantage of these measurement techniques is that they are

unable to characterize the nature of the microscopic distribution of the constituent phases.

As a consequence, bulk characterization techniques are only able to provide a measurement

of the average of an inhomogeneous distribution of microscopic domains.

In an effort to gain information about the underlying spatial texture and domain for-

mation, scanning tunneling microscopy (STM) [216–221], electron microscopy techniques

(SEM, TEM) [222–226], photoelectron emission microscopy (PEEM) [227], magnetic force

microscopy (MFM) [228–231], piezoresponse force microscopy [232], conductive AFM [208],

as well as conventional optical microscopy techniques [207,233,234] have been applied. From

the wide range of investigations it emerged that spatial phase separation and co-existence

in strongly correlated electron systems spans > 5 orders of magnitudes in mesoscopic length

scales ranging from the atomic to the 10s µm scale, yet of mostly unknown texture (stripes,

patches, topology, and hierarchy). In these studies the fundamental questions of interest

are, what factors are involved in the formation of phase inhomogeneities, how are those

factors related to the distribution characteristic length scale of phase domains, and what

are the intrinsic electronic properties of said domains?

While all the techniques mentioned above have their individual strengths, the indirect

scattering/diffraction techniques face the challenge that for irregular domains fundamen-

tally distinct textures and topologies could give nearly identical experimental signatures.

The real space direct imaging techniques are often sensitive to only one order parameter,

and/or applicable to only a limited number of perturbations. In general, electron mi-

croscopies are not applicable under magnetic or electric field and it is difficult to obtain

contrast between metallic and insulating phases. STM and PEEM are not a priori bulk

techniques, with concerns of perturbation from surface electronic states and sensitivity to

surface contaminations. PFM and MFM can determine ferroelectric and magnetic domain

order, respectively, yet not simultaneously, and are insensitive to antiferromagnetic order

(which is prevailing in many multiferroics). Depending on the technique special sample

preparation is often required. There is therefore a real lack of a technique that can image

multiple order parameter simultaneously, operate under strong magnetic and electric fields,
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over a wide range of temperatures, access many different orders of length scales, and can

simultaneously probe ultrafast time scales.

In order to simultaneously gain access the mesoscopic length scales characteristic of

phase inhomogeneities in correlated electron systems in addition to the energy levels of the

relevant solid-state excitations (0.01-1eV) and temporal dynamics (1fs-1ns) it is necessary to

characterize the material properties with high spatial resolution at frequencies in the optical

regime. In far-field optical characterization the spatial resolution of conventional far-field

microscopy techniques is constrained by the diffraction limit. As discussed in chapter 3,

scattering-type scanning near-field optical microscopy (s-SNOM), as a combination of scan-

ning probe microscopy with optical spectroscopy, can provide few- nanometer optical spatial

resolution. It relies on the local field enhancement and its spatial confinement as provided

by the optical antenna properties of ultra-sharp probe tips [39, 41, 235]. Scanning the tip

in close proximity to the sample by means of atomic-force or scanning-tunneling feedback

(AFM, STM), imaging contrast arises due to the local mutual near-field tip-sample polariza-

tion. As a consequence the scattered light from the tip-apex region contains spectroscopic

information about the sample from a region later- ally confined by the dimensions of the tip

apex radius, which in turn defines the spatial resolution (practically limited to about 5-10

nm) [14,104,236–238].

Through implementation of apertureless s-SNOM techniques, we may gather character-

ize the optical properties of these correlated electron systems below the diffraction limit to

a resolution of ' 10 nm. In recent years, s-SNOM measurement methods have utilized a

variety of optical contrast methods including elastic light scattering, Raman spectroscopy,

fluorescence, and nonlinear optical spectroscopy. In this chapter, I will discuss focus on the

metal-insulator transition in vanadium dioxide (VO2), and how implementation of s-SNOM

characterization using IR elastic light scattering in combination with far-field optical tech-

niques provides a more detailed analysis of the phase separation behavior and transition

mechanisms of this correlated electron system.
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6.2 Metal-Insulator Transitions (MIT).

In the description of metal-insulator transitions the fundamental mechanism by which a

large change in the electronic properties occurs can typically be separated into one of two

categories. The nature of the transition can be related to the physics of the insulting state.

For the case of non-interacting electrons, the insulating state is accurately described through

the band structure model and the transition to the metallic state is correlated with a change

in the crystal lattice. Metal-insulator transitions related with electron-electron interactions

can correspondingly be associated with the change in the magnitude of the electron-electron

interactions in the material.

6.2.1 Peierls-type insulators.

The electrons within a metal-insulator transition fitting the Peierls-type model are approx-

imated as non-interacting electrons. Under this model, the essential change which induces

the MIT occurs when the specific volume of the crystal unit cell changes in such a manner

that electronic bands constituting the band-structure no longer overlap. The formation

of a band-gap through structural distortion prevents the electrons at the Fermi-level from

entering the conduction band through small energy perturbations resulting in a transition

to a semi-conducting/insulating state from the conductive state.

This type of transition from a metallic to insulating state through lattice distortion was

first put forth by Rudolf Peierls [239] in which he showed that a 1D half filled metal is

unstable against a structural distortion. Peierls considered a 1D chain of atoms with one

electron per atom separated by distance a, at temperature T = 0, over which electrons at

the Fermi energy with wavenumber kF = 2π/a could move freely.

If the evenly spaced lattice sites along the chain are slightly distorted following the

function δx[x] = ∆ cos[2kFx] the mean cost in elastic energy is proportional to Eel ∝ ∆2/4.

Peierls, however, showed that the reduction in electronic energy is ∝ ∆2 ln[∆]. This implies

that small distortions are energetically favorable as the reduction in electronic energy is

greater than the gain in elastic energy. One consequence of this lattice distortion is that

electrons now experience a periodic potential U [x] ∝ ∆ cos[2kFx] resulting in the formation
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Figure 6.3: The charge density distribution and the electron energy dispersion for a linear
1D chain of atoms is pictured above for a equally spaced chain a) and a chain exhibiting
Peierls distortion and the formation of a charge density wave b)

of a band gap at ±kF and charge density waves within the 1D lattice. The lattice distortion

and related change in the band structure is pictured in Fig. 6.3.

Extending the concept of a Peierls-type distortion to solid state systems in three dimen-

sions, lattice deformations may also be induced through the interaction of the electrostatic

crystal field with localized electrons [194]. For example, for transition metal atoms sur-

rounded by oxygen octahedra a cubic crystal lattice symmetry would yield degeneracy in

some of the d electronic orbitals. In this case, it may be energetically favorable to reduce

the degeneracy and thus lower some electronic orbital energy levels through the distortion

of the oxygen octahedra [194]. The observation of a change in electronic properties through

such a lattice distortion which doubles the size of the unit cell characteristically defines

a Peierls-type metal-insulator transition. For a Peierls insulator the interaction between

electrons and lattice ions results in the static, periodic distortion of the whole crystal lattice

structure generating the formation of charge density waves extending through the crystal

lattice.
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6.2.2 Mott-Hubbard insulators.

As discussed in the introduction, several materials exist as insulators due to correlated

electron interactions despite being predicted as having metallic electronic structure from

band model calculations. Specifically, under this picture a Mott-Hubbard type insulator can

be defined as an insulator whose gap for single particle excitations at the Fermi level arises

through electron-electron interactions. The effect of these correlations forces a quantum

phase transition from a correlated metal to a Mott-Hubbard insulator in which the local

magnetic moments do not display long range order [194,240].

Mott first proposed how electron-electron interactions could suppress metallic behavior

in favor of an insulating electronic phase [190]. Under his description when electron moves

from one crystal lattice site to another, it leaves behind it a positively charged hole. The

electron and hole attract each other with a force resulting from the potential U ∝ −e2/r,

where e is the electron charge and r is the electron-hole separation. It was further reasoned

that the presence of electron-hole pairs here would screen the field between the electron and

a hole, reducing the potential to U ∝ −(e2/r) exp[−δehr], where δeh depends on the density

of electron-hole pairs [190]. When the density of pairs becomes large enough, the potential

U no longer can maintain bound states, allowing the system to conduct.

Specifically, in this description it is the Coulomb potential which is the critical interac-

tion, with a large U causing electrons to be localized at each lattice site within the crystal.

This description was formalized by Hubbard in the Mott-Hubbard Hamiltonian [241, 242].

In simple terms, within the Hubbard model electrons are allowed to travel between atomic

sites on a crystal lattice and are described as having s orbitals [194, 240]. An additional

term accounts for the Coulomb repulsion experienced by two electrons of opposite spin

which share the same lattice site.

The Hubbard hamiltonian may be expressed as, [240–242]

H =
∑
i,j

ti,jai,σaj,σ + U
∑
i

ni↑ni↓. (6.1)

Here, the suffixes i and j refer to the nearest-neighbor sites on the lattice while σ refers

to the spin direction. ni,σ represents the electron number operator for the spin state σ.
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Figure 6.4: Panel a) displays the metal-insulator phase diagram based on the Hubbard
model. The independent variables here are the strength of the Hubbard potential U and
the filling level n. The red arrows indicate the two transition mechanisms which occur
via bandwidth control and filling control. Panel b) displays the Hubbard model for the
relationship between the density of states and the U for a bandwidth control type transition
showing the transition from a metallic state for U/W = 0 to the fully insulating state at
U/W = 2 [201,243].

tij represents the hopping matrix which is responsible for the motion of electrons between

different atoms which can be related to the bandwidth W via the relation t = W/2z where

z represents the coordination number of the system. Finally, U represents the intra-atomic

correlation energy related to the Coulomb repulsion.

The most simple regime in the Hubbard Hamiltonian lies in the limit of tij � U . In this

case, the interaction between electrons is neglected. This reduces the model to the band

structure model with delocalized electrons.

Conversely, the opposite limit lies in tij � U where the electron localization energy

term is much larger than the kinetic energy for the hopping of delocalized electrons; as a

result, the electrons are localized on their lattice sites. This interaction regime leads to the

formation of the previously described “Mott” insulator in which the band theory predicts

metallic behavior but where the electron-electron repulsion is dominant resulting in the

formation of a band gap.

It is important to note that the Hubbard model in its most simple form makes some
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drastic over-simplifications. Specifically, the model only considers electrons in the s orbit.

The transition metal compounds in typical correlated electron materials, however, contain

several electrons in the d-orbitals. The degeneracy of the d orbitals in the crystal-lattice

and the interactions between the different orbital states adds to the complexity of these

transition metal compounds.

In the simple Hubbard model presented above the two essential parameters are the

strength of the electron-electron localization potential U and the band filling n. For the

case of an empty band or full band (n = 0 or n = 2) the system is considered to be a

band insulator. With no electron-electron localization, half filling (n = 1) of a band would

predict a metallic state. However, increasing the electron localization potential U/t results

in the formation of an insulating phase for n = 1. This transition at finite U is called a

bandwidth-control metal-insulator transition and is of first-order [201, 240]. The vertical

red arrow in panel a) of Fig. 6.4 represents the bandwidth control transition while panel

b) displays the relationship of the electronic density of states for various ratios of U to the

bandwidth W . For the case of a half filled band with s orbitals, the critical value of U

for which the two bands separate is W = 1.15U [240]. Experimentally the ratio of U to

t may be traditionally controlled by application of strain or pressure which shortens the

interatomic distance, decreasing the localization and increasing the transfer rate between

lattice sites.

In addition to bandwidth control MIT, the filling of carriers can also lead to the metallic

phase. This filling-control metal-insulator transition is not necessarily first-order [201]. The

horizontal red arrow in panel a) of Fig. 6.4 represents the filling control transition pathway.

Experimentally, filling-control transitions can be implemented through the doping of the

carrier concentration either through substitution of chemical elements or through photo-

doping.

6.3 The MIT in vanadium dioxide (VO2).

The vanadium oxides (VO, V2O3, VO2) are among the most famous of materials believed

to undergo a Mott transition [201, 244, 245]. VO, VO2, and V2O3 with cubic, monoclinic,

and trigonal crystal structures in the insulating phase exhibit metal-insulator transitions
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with orders of magnitude changes in conductivity at 114, 153, and 340 K, respectively

[244]. Each of these oxides exhibits unique phase behavior as a function of temperature,

pressure, and doping. The complexities associated with their phase transitions arise from

the interplay of electron-lattice effects which emerge via crystallographic or unit cell volume

changes [246, 247] at the phase transitions and electron-electron interactions via Coulomb

repulsion [245,248].

The MIT in bulk VO2 was characterized in 1959 by Morin, in which the DC electrical

conductivity was found to undergo a transition from a low-temperature semiconductor to

a high-temperature metal at approximately 340 K [244]. Despite the relatively simple

stoichiometry and structure of VO2, as well as the fact that its MIT was discovered over

50 years ago, many questions regarding the nature of its MIT remain unresolved. The

complex nature of the MIT, in addition to its easily accessible transition temperature above

ambient room temperatures, has made VO2 one of the most widely studied correlated

electron materials. To date, the fundamental mechanism of the MIT is still debated as the

observed properties of the transition exhibits both Peierls-like and Mott-like characteristics

[245,248–253].

Complicating the development of a fundamental description of the mechanism underlying

the MIT is the fact that VO2, in addition to the change in electronic properties across

the MIT, also exhibits a change in crystal structure between the metallic and insulating

phases. Furthermore, several different insulating phases exist, each with its own structural

differences from the high temperature crystal structure. Fig. 6.5 displays the temperature-

pressure phase diagram for VO2 which exhibits a high temperature metallic phase (R) and

three insulating phases (M1, M2, and T) which will be discussed in detail in the following

section.

6.3.1 Crystal structures of the phases of vanadium dioxide.

The rutile phase (R):

The high temperature phase of VO2 is characterized by a metallic electronic phase and a

rutile (R) tetragonal crystal structure with space group P42/mnm (D14
4h, No. 136) [255].
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Figure 6.5: The temperature-stress phase diagram for VO2 under uniaxial stress showing
the presence of the R, M1, M2, and T phases as measured via nuclear magnetic resonance
spectroscopy by Pouget et al in ref[ [254]].

As shown in Fig. 6.6a) each of the vanadium atoms in the body-centered tetragonal lattice

is surrounded by an oxygen octahedron.

The vanadium atomic sites in the tetragonal crystal structure can further be divided

into to distinct sub-lattices denoted here as sub-lattice A and sub-lattice B. Sub-lattice A

is composed of the vanadium sites at the center of the unit-cell which share an oxygen

octahedra edge for an octahedron with the same orientation surrounding [110] its neigh-

boring vanadium atoms along the c axis. Sub-lattice B is similarly composed of the corner

vanadium atoms surrounded by 90◦ rotated oxygen octahedra [110] which are connected by

a corner site to the octahedra surrounding the vanadium sites in sub-lattice A [256]. These

sub-lattice chains are indicated in Fig. 6.6 by the red arrows parallel to the cR axis.

The monoclinic 1 phase (M1):

The monoclinic M1 insulating phase occurs at temperatures below TMIT at low pres-

sures/levels of Cr doping [257] and is defined by a crystal structure with a space group

of P21/c (C5
2h, No. 14) [258]. Here, the vanadium sites are shifted from the R crystal
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distortion motion from the rutile crystal structure to the M1 and M2 phases is represented
by the black arrows for each of the respective insulating phases.
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structure first through a pairing of vanadium atoms along the cR axis and second from a

characteristic in-plane displacement of the vanadium atoms which alternates along the cR

and aR axes.

Fig. 6.6b) displays the M1 crystal structure with the green bonds between the vanadium

lattice sites indicating the V-V pairing distortion and the black arrows representing the in-

plane displacement on the two marked sub-lattices. Note that pairing and displacement of

the vanadium atoms results in two distinct V-V separation distances of ' 2.62 and ' 3.16.

The basis vectors for the M1 unit cell symmetry are displayed in the upper panel of

Fig. 6.6b). The approximate relationship of the basis vectors of the M1 phase to those of

the rutile phase is given through the following lattice transformation,
a

b

c


M1

=


0 0 −2

−1 0 0

0 1 1




a

b

c


R.

(6.2)

In addition, the lattice constants of the M1 phase as compared to R are shorter by

≈ 0.6% along the aR axis, shorter by ≈ 0.4% along the bR axis, and longer by ≈ 1.0% along

the cR axis [247, 255]. This results in a modification of the average unit cell volume from

the R phase of −0.044% [247].

The monoclinic 2 phase (M2):

As shown in Fig. 6.5, the monoclinic M2 insulating phase of VO2 occur at temperatures

below TMIT at elevated uniaxial stress along the [110]R direction [254] or through doping

of Cr [246] or Al [259]. The crystal structure of the M2 occurs with a crystal symmetry of

C2/m (C3
2h, No.12) [246].

The primary structural distinction of the M2 phase from that of the M1 phase is related

to the two vanadium site sub-lattices. In the M1 crystal structure, the vanadium atoms in

both sub-lattices undergo the pairing and in-plane displacement distortions. In contrast,

for the M2 crystal structure these distortions do not occur equally for both sub-lattices. As

shown in Fig. 6.6c), sub-lattice A pairs but does not show the in-plane zig-zag displacement.

Sub-lattice B exhibits in-plane zig-zag displacement but does not exhibit pairing. This
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unique distortion for each sub-lattice in V-V distances of ' 2.54 and ' 3.26 for sub-lattice

A and ' 2.93 for sub-lattice B.

The basis vectors for the M2 unit cell symmetry are displayed in the upper panel of

Fig. 6.6b). The approximate relationship of the basis vectors of the M2 phase to those of

the rutile phase is given through the following lattice transformation. Note however that

these basis vectors are dependent on the definition of the orientation of the crystal lattice

and may change depending on the definition [256,260]


a

b

c


M2

=


1 0 0

0 0 2

0 −2 0




a

b

c


R.

(6.3)

In addition, the lattice constants of the M2 phase as compared to R are shorter by

≈ 0.4% along the aR axis, shorter by ≈ 0.7% along the bR axis, and longer by ≈ 1.7% along

the cR axis [246, 247, 255]. This results in a modification of the average unit cell volume

from the R phase of 0.6% [246].

Recent studies have identified the M2 phase via X-ray diffraction in ensembles of VO2

single crystals [261] and via Raman spectroscopy in single surface bound/clamped crystals

[262]. However, details of the nanoscale domain formation and phase behavior of the M1,

M2, and R phases, together with their complex dependence on stress and temperature

within these micro-crystallites are not yet fully understood. The results of our s-SNOM

characterization of these structures will be discussed in section 6.4 of this chapter.

The triclinic phase (T):

The triclinic phase (T) has been found to be a transitional phase between the M1 and M2

insulating phases. The structure of this phase in moving from M2 to M1 corresponds with

the progressive dimerization of sub-lattice B and a progressive tilting of sub-lattice A. These

two gradual distortions leads to the equivalency of sub-lattice A and B with the vanadium

atoms chains in the cR direction in both sub-lattices being both dimerized and tilted.
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6.3.2 Details of the band structure of VO2.

Details of the band structure of VO2 are important to the description of the correlated

electronic effects in the material. A band structure illustration of the energy bands of VO2

is displayed in Fig. 6.7 with the orientation of the 3d orbitals with respect to the unit cell

of the rutile crystal structure displayed by panel a). Within the crystal lattice the fivefold

degenerate d levels of an isolated V4+ ion are split by the crystal field. Here, the octahedral

field of the six oxygen atoms provides a splitting in the a double degenerate upper state

of eg symmetry (dz2 and dx2−y2) and a triply degenerate lower state of t2g symmetry (dxy,

dxz, and dyz) [249].

According to the band model proposed by Goodenough et al in ref [249], the dx2−y2 lies

in the plane of the four oxygens in the oxygen octahedral and lobes oriented towards the

nearest vanadium atom neighbor in the cR direction. It is this orbital which allows for V-V

bonding along the cR axis forming what is denoted as the d‖ band. This d‖, along with a

π∗ band (formed through the mixing of the dxz, and dyz states with the 2p oxygen orbitals)

lie near the Fermi level of the metallic state as is shown by the band structure in Fig. 6.7b).

Under the band-structure description, the transition from the metallic to the insulating

state is reflected in the band structure through two effects. First, the pairing of vanadium

atoms along the cR axis breaks the degeneracy of the d‖ band resulting in the formation of

bonding and anti-bonding orbital states. Secondly, the distortion results in a slight elevation

of the π∗ bands above the Fermi energy through the hybridization of the 3d − 2p orbitals.

These band structure modifications leave the lower half of the d|| band full and below the

Fermi energy.

6.3.3 The question of the mechanism of the metal-insulator transition in VO2.

Since its discovery, the question of what the fundamental mechanism of the strong MIT

in VO2 has been a point of much experimental and theoretical interest and debate. The

primary point of interest lies in whether the essential character of the insulating state is

attributable to a Peierls type mechanism or a Mott-Hubbard type electron-electron inter-

action effect. In its basic form, the Peierls-type mechanism attributes the opening of the
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tal structure is displayed in panel a). Panels b) and c) display the band-structure for
the metallic/tetragonal (R) and insulating/monclinic (M1) crystal structures as derived by
Goodenough et al. in ref[ [249]]
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bandgap in VO2 to the pairing and tilting distortions of the crystal lattice between the insu-

lating and metallic phases [249, 251, 252]. While band theory calculations correctly predict

the upshifting of the d‖ band in the transition from the insulating to the metallic state, they

often underestimate the size of the gap [249] or even predict a semi-metallic state [256]. In

the Mott description, the metal-insulator and structural transition are viewed as coupled

and is attributed to the presence of strong electron-electron interactions [193,250,253].

6.3.4 VO2 micro-crystals.

Due to changes in the lattice parameters associated with the MIT, bulk crystals suffer from

strain-induced degradation in repeated cycling across TMIT [263]. For related reasons, the

MIT in polycrystalline VO2 thin films is broadened over a wider temperature range [264–266]

than in single crystals [244] as a result of a highly inhomogeneous macroscopic material

response [267,268] possibly the result of inevitable nonuniform local stress. This makes the

interpretation of macroscopic measurements on polycrystalline samples difficult and calls for

investigations of the properties of individual single crystals. The study of individual small

VO2 single crystals avoids averaging over an inhomogeneous ensemble [261] and eliminates

the granular structure of polycrystalline films [267, 268] providing access to the correlation

of the MIT with intrinsic crystallographic properties as well as the influence of stress (see

Fig. 6.8).

In the investigations discussed below, we have characterized the MIT of small individual

VO2 crystals bound to an oxidized Si substrate. These micron-sized crystals are highly resis-

tant to degradation on thermal cycling [229,270,271]. It has previously been shown that the

substrate-induced stress from the elastic misfit in the fused crystal/substrate system results

in the formation of periodic metallic and insulating domains during the MIT [229,270]. The

study of this system should provide important information relevant for the interpretation

of measurements on disordered polycrystalline films.
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contrast with free-standing single VO2 micro-crystals (b) with a sudden first-order phase
transition.

6.3.5 Micro-crystal synthesis.

The VO2 crystals are grown by vapor phase transport as described previously [229, 272].

VO2 (Sigma-Aldrich, ≥ 99.99%) powder placed upstream from an oxidized silicon substrate

is heated to ∼ 1275◦K in a tube furnace with 20 mbar of argon carrier gas for 30 min.

The resulting single crystals that grow on the substrate have roughly rectangular cross-

sections with thickness in the range of 25 to 200 nm, widths between 50 nm and several

micrometers, and lengths up to hundreds of micrometers. As known from X-ray diffraction

[272] and confirmed by our Raman measurements, the longitudinal axis corresponds to the

[100]M1 = [001]R crystallographic c-axis direction of the metallic R phase.

6.3.6 Phase separation via domain formation on VO2 micro-crystals.

Phase separation phenomena via the formation of micron-scale alternating metallic and insu-

lating domains in these surface-adhered crystals, as readily observed by far-field microscopy,
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involves the interplay of the mismatch of the thermal expansion coefficients between VO2

and the substrate, the crystal volume change associated with the MIT, the free energies of

the respective phases, and the energy associated with domain wall formation [229,273].

As stated in the previous section, the microcrystals are grown at high temperatures

(∼ 1275◦K) in a tube furnace bonded to the surface substrate. As the system temperature is

reduced the crystals experience tensile stress due to the higher thermal expansion coefficient

of VO2 compared with the Si/SiO2 substrate. This stress is expected to be larger along the

long axis of the crystal (cR axis) due to the larger thermal expansion coefficient in the cR

direction [247].

Cooling from the high temperature metallic phase to the low temperature insulating

phases, this tensile stress promotes the appearance of periodic insulating domains at tem-

peratures above TMIT, whose formation reduces the average stress along the crystal as their

lattice constants are larger in the cR direction compared to the R phase (6.6) [229].

This periodic domain formation can be qualitatively described by modeling the total

energy E per unit length of the beam as [274]

E[λ] =
λεmf

π3

∞∑
j=0

1− exp[−2(2j + 1)πt/λ]

(2j + 1)3
+
γt

λ
+

(fM + fI)t

2
. (6.4)

Here, λ is the spatial period of the domain pattern, while εmf =
(
Y (∆c/c)2

2(1−ν2)

)
is the

volume density of the elastic misfit energy. The quantity Y represents the Young’s modulus,

∆c/c ' 0.011 the elongation difference in the cR direction between the insulating and

metallic phase, ν the Poisson ratio, γ the domain wall energy per unit domain-wall area,

and fI and fM the the free energy densities of the M and I phases respectively. With

knowledge of the wire thickness, minimization of the energy may be modeled through the

formation of periodic insulating and metallic domains [229].

Upon further cooling, the insulating domains grow in size until the metallic phase has

completely disappeared, at which point the axial stress has become compressive (see analysis

below). Micro-crystals released from the substrate exhibit no domain formation convert-

ing entirely to the insulating or metallic phase near TMIT demonstrating that the phase

separation is primarily induced via strain.
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6.3.7 Raman analysis of crystallite phase.

Raman scattering experiments for phase identification are performed using a home-built

micro-Raman setup in an epi-illumination and detection geometry using a NA = 0.8 objec-

tive (Olympus, 50x). For illumination we use a continuous wave HeNe laser (λ = 632.8 nm)

with incident power of <0.01 mW to minimize sample heating. The scattered light is fil-

tered with a long-pass filter with a cutoff corresponding to a Raman shift of ∼160 cm−1

and detected with an imaging spectrograph with a N2(l)-cooled CCD (Acton Research).

Due to its symmetry group, the M1 phase is characterized by 18 Raman active modes

with 9Ag and 9Bg modes [275]. Similarly, the M2 phase also exhibits 18 Raman active modes

with a slightly different distribution with 10Ag and 8Bg modes [276]. The M1 and M2 Raman

spectra differ primarily in shifts of the 607 cm−1 and 189 cm−1 M1 phonon frequencies to

higher energies, the decrease of the 441 cm−1 mode frequency, and the splitting of the

221 cm−1 M1 mode. This, together with the spectrum of the R phase which is dominated

by a featureless luminescence [277,278], allows for the unambiguous distinction between the

M1, M2, and R phases.

Our group has characterized the uniaxial stress-temperature phase diagram for VO2 by

utilizing Raman spectroscopy to determine the insulating phase of VO2 micro-crystals on

bendable polycarbonate substrates. The characterization of the strain-phase relationship

for VO2 is vital, as the nature of the observed phase separation for substrate bound VO2

micro-crystals is associated with the external stress applied by the substrate.

Fig. 6.9a) displays the characterization performed by Atkin et al. in our group on VO2

micro-crystals attached to a bendable polycarbonate substrate [279]. Here, the amount

of external strain on the crystallite may be controlled by adjusting the buckling of the

substrate to which the micro-crystal is attached 1. This control allows for all three insulating

phases (M1, T, and M2) to be induced on a single micro-crystal for varying levels of strain.

Fig. 6.9b) displays the characteristic Raman spectra of each of these phases while Fig. 6.9c)

shows the fine differences between the three phases as evidenced by the ω0 ' 600 cm−1

1Unlike the substrate bound micro-crystals, for the study of micro-crystals on bendable substrates the
VO2 micro-crystals are glued at their ends to the bendable polycarbonate surface.
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peak. The resulting uniaxial strain-temperature phase diagram is displayed in Fig. 6.9d).

Fig. 6.10c) shows room temperature Raman spectra identifying free standing VO2 crys-

tals protruding from the edge of the substrate wafer to be in the M1 and M2 insulating

phases [262,276–278,280]. We were also able to obtain the M2 phase for certain freestanding

crystals, induced as a metastable state by the micron-size laser focus using slightly higher

illumination intensities2.

6.4 s-SNOM characterization of the metal-insulator transition in substrate
bound VO2 crystallites.

6.4.1 s-SNOM experimental details.

In order to investigate the fine spatial details of the phase separation on VO2 micro-crystals

as they are heated through the MIT, we implement high resolution s-SNOM mapping of

the phase transition. Here, the IR s-SNOM experimental setup, as shown schematically

in Fig. 6.10a), is based on a modified atomic force microscope (AFM, CP-Research, Veeco

Inc.). A CO2 laser with wavelength λ ' 10.6 µm is focused onto a Pt-coated AFM probe

(Nanosensors, ATEC) with a Cassegrain objective (NA = 0.5) at an angle of 65◦ with

respect to the surface normal (elliptical focus size of ≈ 30 µm in width, incident power

' 5 mW). The incident polarization is primarily oriented parallel with respect to the

tip axis (6.10a). The tip-scattered near-field response is detected by a mercury-cadmium-

telluride (MCT) detector (Kolmar, Model KLD-0.25/DC/11.5) and discriminated against

the far-field background via lock-in detection on the second-harmonic of the cantilever dither

oscillation frequency [46,101].

Related with the large changes in DC conductivity, VO2 also exhibits large changes

in the its optical properties (permittivity, optical conductivity, reflectivity, ect.) [281–283]

Optical excitation in the 6-12 µm mid-IR range, i.e., well above the optical phonon en-

ergies and below the interband transition, allows for optimal contrast between the insu-

lating and metallic phases of the VO2 [281, 283]. The image contrast due to the optical

2While the characteristic Raman peaks observed here agree well with previous measurements [276], the
exact mechanism behind the metastable stabilization of these freestanding crystals which likely involves
the localized heating/strain associated with the laser focus is difficult to characterize.
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dipole-dipole coupling between tip and sample (as discussed in Chapter 3, Section 3.5) is

determined by the local spatially varying dielectric function of the surface. Regions of the

metallic phase, with comparatively large IR optical conductivity, provide a higher effective

tip-sample polarizablility and thus a higher IR-s-SNOM signal compared to the dielectric

insulating phases [15, 46, 284]. The typically observed s-SNOM spatial resolution of 10-20

nm is conventionally determined by the radius of curvature of the AFM tip [46].

Our room temperature Raman measurements of individual crystals bound to the sub-

strate identify every crystal in a given macroscopic sample region as seemingly being in the

M1, M2, or T insulating phase. It is interesting to note here, that the Raman peak shifts

associated with the insulating phase are less clearly defined for the substrate bound rods

as a result of the stress induced by the substrate. Most samples exhibited some degree of

peak shifting and broadening from the ideal spectra observed in Fig. 6.10. We have found

that deviations are typically associated with the triclinic phase [279].

In the following discussions on substrate bound rods we typically identify the phase

as either M1 or M2. While a particular spectrum may not completely resemble a specific

phase, the identification stems from the proximity of a given spectrum to either the M1 or

the M2 phase or a clear mixture thereof. Even for substrate bound micro-crystals in which

we observe topographic variations associated with the twinning of the crystal in the M2

phase (see discussion in following section) [285, 286], we still measure a Raman spectrum

which does not perfectly match the M2 phase of non-substrate bound crystallite.

Lastly, crystals in M2 at room temperature were found to relax into the M1 phase after

loosening from the surface by a buffered-oxide etch. This is indicative of the dominant role

of stress in the phase behavior, although additional factors such as oxygen deficiency from

the growth process cannot be completely ruled out.

6.5 Results of s-SNOM characterization.

Fig. 6.11 shows topography a) and simultaneously recorded s-SNOM data (b-d) following

a VO2 crystal initially identified to be in the M1 phase at room-temperature through the

MIT. Such crystals convert from the low-temperature fully insulating state (b) through the

sudden appearance of a first metallic domain (Fig. 6.11c), Fig. 6.13a: 341 K), to a roughly
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Figure 6.11: s-SNOM images (b-d) with corresponding topography (a) of a VO2 crystal
(h=35 nm) initially in the M1 insulating phase, and its metallic/insulating domain formation
(c, d) as the crystal is heated through the MIT. The phases of the insulating domains are
identified by Raman measurements (e) finding M1 + M2 + R (351 K) and M2 + R (355
K) intermediate phase coexistence regimes.

periodic set of insulating and metallic domains (Fig. 6.11d), Fig. 6.13a: 345 K), to the fully

metallic state at temperatures of 370 - 390 K (Fig. 6.13a: T > 370 K).

The initial appearance of metallic domains is reflected in the Raman spectra by a sharp

rise in the luminescence background (Fig. 6.11e), arrow). Up to ∼ 350 K the insulating

domains of the regular domain pattern formed remain purely M1 phase. As the temperature

is increased further and the insulating domains begin to shrink in size a conversion of M1

to M2 is observed as seen from the appearance of the characteristic M2 Raman modes

(Fig. 6.11e), 351 K spectrum). Within a narrow temperature range of ∼ 5 K all insulating

domains appear to shift to convert to M2 phase (Fig. 6.11e), 355 K) without a significant

change in the total fraction of R. This M1→M2 conversion occurs around 30 K below the

temperature where the fully metallic state is reached.

Fig. 6.13a) shows the associated domain formation and spatial evolution in a repeated s-
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Figure 6.12: s-SNOM images (b-d) with corresponding topography (a) of a VO2 crystal
(h=25 nm) being cooled through the MIT. Periodic metallic and insulating domains ex-
ist slightly above TMIT (b). As temperature is lowered, the size of the metallic domains
decreases (c) resulting in the eventual break up and dissipation of metallic domains (d).

SNOM line-scan along the longitudinal (cR) axis down the center of the crystal in Fig. 6.11a).

The sudden appearance of the first metallic domain in the scan region is followed by a split-

ting, rearrangement, and subsequent formation of the alternating domain pattern indicating

the intermediate superheating and discontinuous release of stress energy. With the enhanced

spatial resolution of . 30 nm provided by s-SNOM, it can be seen that thin insulating do-

mains persist up to T > 375 K. The increase in s-SNOM noise with increasing temperature

is the result of tip/cantilever heating and related jitter in the force feedback.

The corresponding process of cooling through the MIT is spatially illustrated in Fig. 6.12.

Here, cooling from the fully metallic phase at higher temperatures (b) s-SNOM measure-

ments reveal the formation and coexistence of a well-defined alternating set of insulating and

metallic domains. With cooling below TMIT, the growth of insulating domains results in a

mostly insulating crystal with metallic domains with more irregular domain boundaries (c).

Further cooling results in the inevitable breakup of metallic domains (d) with the metallic

stripes eventually breaking into smaller islands of metallic phase.
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Figure 6.13: The dynamics of domain formation on an individual micro-crystal as a function
of heating and cooling is pictured above. Here, the data pictured corresponds to a 6 µm
long line scan down the center of the micro-crystal shown in Fig. 6.11a) as the surface
temperature is slowly increased (a) and decreased (b). The line traces (i-v) show exhibit
the optical contrast above the micro-crystal at various points along the MIT process.

The entirety of the cooling process is illustrated in Fig. 6.13b) which represents the

corresponding cooling ramp to the s-SNOM heating ramp consisting of repeated line scans

displayed of the micro-crystal displayed in Fig. 6.11. Here, topography of a line-scan down

the center of a VO2 crystal (e) which was found to be in the M1 phase at room temperature

is correlated with IR s-SNOM signal over a wide temperature range. For this crystal the

nucleation of insulating domains is observed between 365-370 K. The resulting growth of

insulating domains through further cooling results in the eventual disappearance of metallic

domains at approximately 330 K, The hysteresis curve of the fraction of metallic domains
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for both the heating and cooling curves over the nearly 6 µm section of the crystal observed

is given in Fig. 6.12e).

In contrast to the sudden formation of metallic domains during the heating cycle, upon

cooling the MIT is a gradual process with a continuous shrinking of the metallic domains.

The final disappearance of the last metallic domains beyond s-SNOM sensitivity and res-

olution of width as small as 50 nm is observed at temperatures as low as T = 330 K

indicating a pronounced hysteresis at the low temperature side of the MIT. Unfortunately,

in IR s-SNOM measurements it is difficult to distinguish between the M1 and M2 phases

which appear to have only small differences in their dielectric properties in the infrared 3.

However, comparison of Raman and high spatial resolution s-SNOM results indicates that

the M1→M2 transition occurs at a stage of the MIT where between 70% and 85% of the

crystal is in R phase.

Fig. 6.14 shows Raman and s-SNOM results for crystals that are initially fully in the M2

phase at room temperature. On warming the first emergence of R domains is observed near

360 K, i.e., at temperatures higher than that found for crystals initially in the M1 phase at

room temperature. As the temperature increases the periodic domain formation and their

spatial evolution proceeds in a qualitatively similar fashion to the case above. However,

as the Raman spectra indicate, the insulating phase in these crystals remains purely M2

throughout the entire transition and over the entire temperature range investigated with

no trace of M1 appearing. With temperatures as high as 410 K, the purely metallic phase

is found to be complete at temperatures higher (30 K) than in crystals originally in M1.

Interestingly, at low temperatures before the appearance of the first metallic domains, two

additional Raman modes at 362 cm−1 and 568 cm−1 can be discerned that are not at-

tributable to either the M1 or M2 phases and whose amplitude decreases with temperature.

These resonances may be due to stress or other interfacial effects.

Only for crystals initially in the M2 phase, an additional weak s-SNOM contrast was

observed in the insulating phase in the form of periodic striation parallel to cR (Fig. 6.14b).

The contrast is only ∼ 3% of the metal-insulator contrast. These signal variations, with

3complementary tip-enhanced Raman scattering (TERS) imaging suffered under the low phonon Raman
cross sections of VO2 [287]
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a period of ≈ 100 nm, are correlated with slight variations in surface topography of ≈ 1

nm (Fig. 6.14c). This observation can be attributed to polysynthetic twinning of the M2

phase of the VO2 crystals as shown recently by micro X-ray diffraction measurements of

strained crystals [271]. The resulting birefringence can give rise to a polarization modulation

of the tip-scattered signal and thus slight variations in the s-SNOM contrast. The s-

SNOM/topographic striation is found to be independent of temperature while the crystal

remains in the insulating phase with the signal variations disappearing upon conversion to

the metallic phase. The modulation pattern reappears after cooling and the emergence of

the M2 phase. No change in the characteristic M2 Raman spectral signature associated

with this M2 sub-domain patterning is found.
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6.6 Model for the stress-domain/phase distribution for the MIT in VO2 micro-
crystals.

From the results shown above and similar measurements of VO2 crystals of different sizes

and shapes, we conclude that crystals initially in the M1 phase at room temperature convert

to the metallic phase via a sequence of a) formation of periodic metallic domains followed

by b) the conversion of the M1 insulating domains into the M2 phase, and finally c) the

growth and convergence of the metallic domains into the fully metallic phase of the crystal:

M1 → M1 + R → M2 + R → R. Those crystals found initially in the M2 phase convert

directly via the formation of periodic metallic domains and their gradual growth through

heating into the fully metallic state: M2→ M2 + R→ R.

While the actual three-dimensional stress field within these crystals is complicated and

varying throughout the transition, the largest relative change in lattice constants between

the three phases occurs along the cR axis. Metallic stripes are always seen to form perpen-

dicular to this axis even in wide crystals with small aspect ratios. We therefore consider

a simple model to describe the phase/domain behavior which assumes the elastic energy

to be governed primarily by the axial stress in the cR direction σ, with σave representing a

spatial average over the crystal. The source of this axial stress is the strain mismatch δ of

the differing constituent phases of the crystal with the substrate. It is important to note,

that while σave may be close to zero due to the alternating compressive and tensile stress,

the respective elastic energy of the for all domains is nonzero.

However, σave has physical significance as it is proportional to the net stress applied

to the crystal via the substrate. The observation that these stressed VO2 crystals form

domains as they move through the MIT indicates that minimization of the elastic energy of

the substrate outweighs internal energy gain within the crystal due to the elastic energy, free

energy density, and domain wall formation required to create a periodic set of domains (see

Fig. 6.15b). In the fully insulating or metallic state we assume that σ is nearly uniform along

the crystal and equal to σave. In the coexistence regime during the MIT, σ should vary along

the cR crystal axis as the structure alternates between insulating (more positive/compressive

stress) and metallic (more negative/tensile stress) domains. This corresponds to a reduction
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of the average stress, and therefore the total elastic energy of the crystal/substrate system.

Fig. 6.15a) shows a graphical representation of the phase and domain evolution of the

VO2 crystal with temperature with the associated average axial stress σave. The stress-

temperature correlation shown in this figure takes into account the combined knowledge from

measurements of the spatial evolution of domains provided by s-SNOM, the observation

of phase composition yielded by Raman measurements, previous characterization of the

crystallographic phases [246, 247], and understanding of sample growth conditions. The

solid (dashed) lines represent the behavior of σave during cooling (heating).

As a result of the different thermal expansion coefficients (αR > αSi) during the initial

cooling after fusion of the crystal to the substrate, at temperatures slightly above the MIT

the crystal experiences tensile stress (Fig. 6.15a: region i, I). This tensile stress may be

approximated through estimation of the strain mismatch of the crystal in the R phase,

δR ≈ (αR − αSi) · (T − Tg). Here, Tg represents the temperature at which the crystal grows

on the substrate.

For all crystals (both those in M1 and those in M2 at room temperatures), on cooling

towards the transition σave can be reduced most effectively by introducing thin M2 domains

4. This is consistent with the observation that the insulating phase at higher temperatures

is initially M2. An associated consequence of the tensile strain is that the first appearance of

insulating domains occurs well above TMIT; indeed, we observe the appearance of insulating

domains as high as '400 K. Upon further cooling, M2 domains grow continuously with

decreasing temperature, thus reducing σave further (Fig. 6.15a: region ii, II).

For the crystals in the M1 phase at room temperature, on cooling to a temperature of

∼ 350 K, at which ∼ 25% of the crystal is in the insulating phase, the remaining insulating

domains convert from the M2 to M1 phase within a 4-5 K temperature range. s-SNOM

measurements indicate only a ∼ 4% change in the volume fraction of the crystal occupied

by the R phase within this temperature window over which the M2→M1 conversion occurs

for typical crystals. This conversion of the insulating regions can be understood in terms of

4A fully rigorous treatment of the MIT of substrate bound crystals must account for several energy
contributions and the interplay of strain inhomogeneities, domain wall energy, interfacial effects, and the
free energy densities of the individual phases.
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the continuous growth of the M2 domains, with σ eventually becoming locally compressive.

Compressive stress for the M1 phase is consistent with the previously reported compressive

stress value of 0.4% [270]. With compressive stress the M1 phase, with its shorter axial

lattice constant and lower free energy, becomes more favorable than the M2.

After the complete conversion of M2 to M1, further cooling results in the steady growth

of the insulating domains until the fully insulating state is reached (Fig. 6.15a: region iii).

The persistence of R domains below the bulk transition temperature is consistent with

compressive stress favoring the R phase with its shorter lattice constant. The compressive

stress is also revealed by the fact that crystals are found to buckle when released from the

substrate for transport devices with their ends fixed by evaporated electrodes [270].

Upon heating (dashed green line) these crystals exhibit the first emergence of R domains

near the bulk transition temperature (Fig. 6.11f: 340-350 K). The initial discrete appear-

ance of almost micron-size R domains should result in a step-wise reduction of the average
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compressive stress as indicated. The formation of periodic R domains and their gradual

widening may make the stress in the adjacent insulator tensile, promoting the conversion of

the insulating domains from M1 to M2 at ∼ 350 K (Fig. 6.11g: 351,355 K) with a hysteresis

of ∼ 5 K relative to the cooling case. This conversion is followed by the steady growth

of the R domains (Fig. 6.11f: 350-370 K) resulting finally in a fully metallic crystal under

tensile stress. The hysteresis observed at the beginning and end of the MIT is asymmetric,

with a less than 5 K offset between disappearance and first reappearance of insulating M2

domains at higher temperature, but a > 10 K between the discrete appearance of metallic

domains on warming versus the gradual disappearance of metallic domains on cooling.

For a crystal found stabilized in M1 at room temperature, 6.15b illustrates the rela-

tionship between the stress experienced by domains of different phase within a crystal with

both the elastic energy density of the crystal Ec and the elastic energy density of the crys-

tal/substrate system Etot at various stages of the MIT. Here, upon cooling the formation

of domains (i→ii) results in a release of the substrate stress and thus a reduction in Etot.

Growth of the insulating domains eventually results in a conversion of insulating M2 do-

mains to M1 in order to lower the stress applied by the substrate (ii→iii). Finally, further

cooling leads to the formation of a fully insulating wire (iii→iv) under compressive stress

as dictated by the substrate. Here again, the substrate related stress results in an overall

increase in Etot.

Fig. 6.16a) shows the temperature dependence of the approximate volume fraction of

the different phases during heating and cooling (dashed and solid lines, respectively), de-

rived from analysis of the s-SNOM images and the Raman phase identification. While the

details vary somewhat between different crystals the general behavior is reproducible. The

corresponding volume fraction plot for the set of crystals in M2 at room temperature is

shown in Fig. 6.16b). For these crystals, the temperature at which the first M2 domains

appear is higher compared to crystals stabilized in the M1 phase at room temperature. This

suggests that a higher initial tensile stress differentiates these crystals from the M1 crystals.

Such higher built in tensile stress for M2 at temperatures slightly above TMIT, with respect

to their M1 counterparts, could result from a higher growth/fusing temperature Tg. This

would be consistent with the observation that upon warming, R domains appear at tem-
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peratures 10-20K higher than TMIT (Fig. 6.14a: up to 361 K). This furthermore fits with

our observation that crystals grown further upstream (higher Tg) within the temperature

gradient in the furnace tend to be in the M2 phase at room temperature. That the details

of crystal growth may affect the phase of VO2 at room temperature underscores the impor-

tance of the role of stress in the MIT and is consistent with previous studies which have

linked M2 stabilization to small system perturbations [246,254,257,261].

6.7 Conclusions on s-SNOM characterization of the MIT in VO2 micro-crystals.

Our results offer a cautionary note for interpreting measurements of VO2 samples in general

and polycrystalline thin films in particular. In the latter nanoscale heterogeneities with

crystallites of different sizes, individual local stress conditions, and random distribution of

the crystallographic orientations obscure the intrinsic properties of the individual phases

in macroscopic measurements. Indeed, a stochastic behavior in such films was observed

[288], and previous s-SNOM studies on polycrystalline films revealed a complex correlation

between the MIT and, e.g., film morphology, topography, and grain boundaries [267,268].

Our work identifies an even more complex combination of multiple nanoscale phase and
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domain heterogeneities than previously assumed [229] even in small, perfect single crystals

adhering to substrates or to each other, as a result of elastic effects. Not only do we see

the expected mixture of metallic and insulating domains, with new morphological details

revealed by sensitive high resolution s-SNOM probing, but we also observe an unexpected

pervasive presence of the M2 insulating phase, and its competition with M1, within single

crystals – an observation consistent with the known ready stabilization of M2 by doping and

moderate stress [246, 254, 261]. From these results we conclude that M2 should be present

over a certain temperature range around the MIT, at least transiently, in polycrystalline

thin films, given the unavoidable local stress due to the MIT of individual crystallites, as

well as most likely in bulk VO2 samples. If this conclusion proves correct, the possibility of

a transient M2 insulating phase involved in the MIT should be considered for samples with

undefined crystallographic orientation. This consideration may apply not only for static

measurements like the one performed here, but also for ultrafast measurements where the

transition has been found to depend not only on photo-doping but atomic motion of the unit

cell as well [289]. We note that although Raman signatures of M2 were not recognized in

earlier studies of thin films, their observation would have been difficult due to the obscuring

presence of V2O5 Raman lines in that case [278].

Studying small single crystals offers the opportunity for a new methodical approach

to the MIT in VO2. In addition to their excellent homogeneous form and resistance to

degradation, it is possible to apply a uniform and controlled stress after release from the

substrate [270,271]. The combination of nano-optical, ultrafast, and electrical measurements

should then allow precise determination of the properties of each of the multiple individual

homogeneous phases and their conversion by stress, and clarification of the possibly key role

of the intermediate M2 phase [253, 256] as well as other aspects of the mechanism behind

the MIT in this archetypal strongly correlated material.

In conclusion, our results underscore the general importance of understanding the impli-

cations of any inhomogeneous variation in the local stress distribution on the properties of

complex systems with phase transitions with associated lattice changes in general and VO2

in particular. The insight provided by the combination of different optical spectroscopies

with s-SNOM highlights the potential of new nano-optical techniques to isolate and probe
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the intrinsic optical response of individual nanoscale domains desired for the characteriza-

tion of the wide range of correlated electron systems.

6.8 Characterization of the ultrafast photo-induced MIT in VO2 micro-crystals.

6.8.1 Photo-induced phase transitions.

In section 6.2 of this chapter, the concept of a metal-insulator transition induced by either

structural changes to the crystal lattice or changes in the chemical composition was intro-

duced. Yet another means of inducing a phase transition from an insulating to metallic

state which further allows for access to the ultrafast dynamics of the phase transition pro-

cess is via photo-doping using ultrafast (sub-100 fs) intense pulsed laser light. Here, for

visible laser pulses whose wavelength is greater than the bandgap energy of the material for

most semiconducting materials, light interacts mostly with electrons, photo-exciting them

to states across the bandgap and above the Fermi energy.

For the photo-excitation process on insulating/semiconducting materials, at time t = 0

the energy of the light pulse pump pulse hits sample and excites electrons into a highly non-

equilibrium state of specific momentum. Initially, the momentum distribution of excited

carriers is randomized through electron scattering on the ' 10 fs timescale. Carrier-carrier

scattering results in Coulomb thermalization and the formation of a Fermi-Dirac distri-

bution for electrons with a well-defined temperature Te [290]. The timescale of electron

thermalization lies typically in the 10 to 1000 fs range, after which the system ends up in

a state where the electrons and the lattice have different temperatures, as described by the

two-temperature-model [290].

Energy relaxation subsequently occurs, on the several picosecond timescale as the excess

energy from the hot electrons is transferred from the electrons to the lattice by means of

electron-phonon scattering [290]. This process results in a phonon distribution of a Bose-

Einstein distribution with temperature Tph. Finally, electron-hole recombination occurs on

long timescales ∝ 1 ns, typically through many body processes and radiative recombination

[290]. Unlike insulators and semiconductors, whose bandgap is typically larger than most

phonon energies, in metals the electron-hole recombination at the Fermi level can occur
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simply via phonon emission [291].

Rather than simply inducing a transient excited state, ultrafast optical excitation can

induce in certain cases new quasi-stable material phases [292]. The process by which a

system reaches a new macroscopic phase that has electronic/optical/structural properties

which are characteristically different that its initial phase through the interaction with

pulsed light excitation is known as a photo-induced phase transition [195,292]. For the case

of a photo-induced metal-insulator phase transition, the transition process can occur via

several differing mechanisms corresponding the means by which the material in question is

initially insulating.

One such transition pathway is a photo-induced structural phase transition. When an

electron in an insulating crystal is photo-excited, a local lattice distortion is induced around

the site of the localized electron. For a large change in the charge distribution, the resulting

distortion causes motion in the crystal lattice surrounding the electrons which can cause
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the formation of a new equilibrium position for the excited states. This process is called

the lattice relaxation of an optical excitation, and the resultant lattice changes may be

referred to as a photo-induced structural change. This process is illustrated schematically

in Fig. 6.17.

For materials classified as “Peierls” type insulator, a transition to the metallic state can

be induced by removing distortion of the nuclear structure associated with modulation of

the charge density in the crystal. As discussed in subsection 6.2.1 a “Peierls” type insulator

is one in which a periodic lattice distortion which doubles the unit-cell size results in a

reduction of electronic energy and the formation of a band-gap. Here, ultrafast optical

excitation induces lattice motion which modifies the structural distortion thus allowing the

conduction of electrons [293]. Photo-induced phase transitions of this type may even be

induced through the direct coherent excitation of the IR active vibrational modes of the

material associated with the structural distortion related to the charge density wave [294].

Materials classified as “Mott” type insulators, those whose insulating character is at-

tributable to electron localization via Coulomb repulsion, can exhibit a photo-induced MIT

through simple electron-electron interactions. Similar to the carrier doping of the crystal via

chemical doping, ultrafast optical excitation may excite electrons across the bandgap until

a critical amount of charge carriers in the valence band is reached. When the critical carrier

density is reached, under the Mott-Hubbard Hamiltonian model the band-gap collapses and

the system acts as a metal. As the collapse of the band-gap is only dependent on the carrier

density within the valence band, this transition may occur on fast timescales, even as the

electron and lattice temperatures are reaching equilibrium [292,295].

6.8.2 Ultrafast characterization of the photo-induced phase transition on single VO2 micro-

crystals.

Several previous ultrafast spectroscopic investigations have addressed the MIT in VO2 using

visible [289,296–300], THz [301], and electron diffraction [302] excitation and probe methods.

These studies have given insight into the nature of the photo-induced MIT in VO2 by

providing information on the dynamics of the transient response of VO2 to photo-excitation.



161

Through observation of the role of the coherent phonon response to optical excitation as well

as the transition time necessary to form a metallic state through photo-doping, evidence

may be gained as to the specific role of the both lattice and correlated electron effects in

the photo-induced MIT transition in VO2.

Recent studies have demonstrated evidence of lattice structural elements involved in the

MIT process through the presence of phonon oscillations after the MIT transition [301], the

finding of a 80fs “phonon bottle-neck” in the time necessary to transition from the metallic

phase to the insulating state, and the finding of a threshold fluence (∼ 7 mJ/cm2) for

photo-inducing the MIT [289,297] . The observation of this “phonon bottle-neck” was made

through the noting that fastest possible transition time for VO2 is ' 80 fs, which correlates

with the time necessary for the dimerized/paired V-V chains to tilt in order to allow the

formation of a metallic state. This measurement was used as evidence of a structurally

driven phase transition mechanism, as although the d‖ band was highly depleted it was still

viewed as necessary for the vanadium atoms to shift their positions in order to allow the

metallic state [297].

It should be noted, however, these previous investigations were carried out on polycrys-

talline or bulk samples. As discussed in section 6.3.4, these systems suffer from poorly

defined crystal orientation and local stress resulting in a percolative phase transition when

heated [267]. Without a well defined stress, the nature of the insulating phase for these

samples can be complex.

Indeed, most studies only describe the photo-induced phase transition process in terms a

transition from the insulating to metallic state without taking into consideration the nature

of the insulating phase. The nature of the initial insulating phase of the VO2 has important

implications. As discussed in section 6.3.1, the M2 insulating phase lies structurally between

the M1 insulating phase and the metallic R phase. This structural composition implies that

the insulating character of the M2 could have more predominant contribution from electron-

electron interactions.

As a consequence, for VO2 it is highly desirable to characterize the transient dynamics

of the photo-induced phase transition on system which has a well-defined crystallographic

orientation in which the identity of the insulating phase is well know; in these aspects VO2
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micro-crystals represent an ideal system. In the following sections, our preliminary charac-

terization of the transient response of VO2 micro-crystals to ultrafast optical excitation will

be presented and discussed in the context of previous measurements.

6.8.3 Experimental setup for degenerate pump-probe characterization of single VO2 micro-

crystals.

An important consideration in the implementation of pump-probe techniques is the uti-

lization of significantly short pulses with repetition rates high enough to allow for noise

reduction but slow enough to allow for the system to recover to is resting state before the

arrival of the next excitation pulse. For the photo-induced metal insulator transition, it has

been shown that VO2 does not relax quickly into the insulating state after photo-excitation

even after several nanoseconds [302]. For pump-probe measurement of the photo-induced

MIT, an ultrafast light source with repetition rates on the several µs timescale are thus

highly desirable.

In accordance, for our experiments we utilize ultrafast pulses with a full width half max

duration of ' 45 fs with an adjustable repetition rate between 50 and 450 kHz which are gen-

erated by a Ti:Sapph. regenerative amplifier (KM Labs, Wyvern). The information of the

pulse-shape and duration are fully measured using second-harmonic generation Frequency

Resolved Optical Gating (FROG) characterization.

A beam-splitter divides each ultrafast pulse into a pump and probe pulse with a power

ratio of 19:1 respectively. Both pulses are focused onto a single substrate bound VO2 micro-

crystal with pump and probe focal diameters of 25 and 15 µm respectively. The parabolic

mirror used to focus the pump and probe pulses onto the micro-crystal is also used to

collect the reflected components of both beams. Using spatial and polarization filtering, the

reflected component of the probe pulse is separated from the pump pulse and focused onto

a Si photodiode.

By chopping the pump and probe beams at mutually prime frequencies ωpump and ωprobe

the both the total reflectivity and the pump induced change in reflectivity may be measured.

This is achieved through the implementation of lock-in filtering. Applying lock-in filtering
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Figure 6.18: a) beam path diagram for degenerate pump-probe microscopy. b) the fre-
quency resolved optical gating (FROG) trace measurement for the ultrafast (∼ 45 fs) pulses
generated by the Wyvern Ti:Sapph. regenerative amplifier. Panels c) and d) display the
FROG reconstructions of the electric field and phase in both the temporal and spectral
domains respectively.

on ωprobe the magnitude of the reflected light R[t] is measured. By implementing lock-in

filtering to detect the component of the signal at the difference frequency ωdet = ωpump −

ωprobe the pump-induced change in the reflectivity can be measured. In the experiments

shown here, the pump and probe frequencies are ωpump = 505 and ωprobe = 707. Thus lock-

in filtering of the signal at ωdet = 202 provides the pump-induced change in the reflectivity.

6.8.4 Reconstruction of the response function of a system for pump-probe characterization.

A response function for a system defines the relationship between a system input signal S[t]

and measured output observable G[t] as a function of the present (t) and past (τ) values of

the input. The relationship between signal input and output observable for a linear response

function X[t− t′] can be expressed as

G[t] =

∫ t

−∞
X[t− τ ]S[τ ]dτ. (6.5)

This relates to pump-probe characterization as the measured quantity G, whether the
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transient reflectivity or transmission, over all t represents the convolution of the response

function of the system with excitation signal.

G[t] = (X ∗ S)[t] =

∫ ∞
−∞

X[t− τ ]S[τ ]dτ. (6.6)

By the convolution theorem, the Fourier transform F of the convolution of the input

signal and the response function is the product the individual Fourier transforms X[ω] and

S[ω].

G[ω] = F((X ∗ S)[t])[ω] = F(X[t])[ω] · F(S[t])[ω] = X[ω] · S[ω] (6.7)

If in addition to the measured transient response of the system G[t], the input signal S[t]

is also well characterized, a reconstruction of the response function of the system may be

made. For the case of our measurements, the observable signal G[t] represents the measured

transient reflectivity of the signal while the intensity of the ultrafast pulse represents the

input signal.

Modeling the expected signal, the real transient reflectivity to the pump pulse alone R[t]

can be expressed as the convolution of the excitation signal S[t] and the intrinsic response

function X[t], R[t] = (X ∗S)[t]. However, R[t] is not the quantity experimentally observed.

The measured transient reflectivity R′[t] is actually the convolution of R[t] with probe

signal whose temporal profile is also S[t]. Consequently, for the pump probe measurements

presented here, the relationship between the observed signal with the response function of

the system can be expressed as

R′[t] = (R ∗ S)[t] = ((X ∗ S) ∗ S)[t]. (6.8)

By the convolution theorem, the relationship of the Fourier transform of R′ to the Fourier

transform of S and X] can be expressed as

R′[ω] =(X ∗ S)[ω] · S[ω]

=X[ω] · S[ω] · S[ω]

=X[ω] · S2[ω]. (6.9)
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Figure 6.19: The method for reconstructing a response function X[t] using a well charac-
terized output signal R′[t] and known input signal S[t] is modeled above. Panel a) shows
a sharp(10 fs) response function X[t] (red line) compared with an the actually measured
transient signal R′[t] (blue line). Panel b) shows the a gaussian model pulse S[t] which is
used to both excite and probe the response X[t] resulting in the measured quantity R′[t].
Panels c) and d) respectively show the Fourier transforms S[ω] and R′[ω]. Finally, panel e)
illustrates the reconstructed response function which compares favorably with the response
function initially shown in panel a).

The response function of the system is thus

X[t] = F
(
R′[ω]

S2[ω]

)
. (6.10)

Fig. 6.19 demonstrates the observed signal and response function reconstruction for a

very short response function (τR ' 10 fs) probed by pulses of longer duration (τp ' 30 fs).

Panel a) displays a comparison of the observed signal R′[t] with the real response function

for the system X[t]. With knowledge of the pump and probe pulse profile (panel b) the

approximate response function may be reconstructed (panel e).

6.8.5 Preliminary results of pump-probe microscopy measurements.

As described in section 6.8.3, degenerate pump-probe measurements were performed at

room temperature on single VO2 micro-crystals for several differing values of the pump

fluence both above and below the photo-induced MIT threshold.
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Below the fluence threshold, the measured transient reflectivity exhibits a modulation

due to coherent lattice excitations. At short time-scales (t < 100 fs) a sharp change in the

reflectivity is observed as the pump pulse excites electrons from the d‖ band across the band

gap (see band structure diagram from ref. [249] in Fig. 6.7). A picosecond timescale decay

is observed which is correlates with the energy relaxation of these excited electrons through

optical phonon emission [290].

Superimposed upon the slow change in transient reflectivity associated with the energy

relaxation of the electrons are high frequency modulations in of the reflectivity associated

with coherent phonon excitation. Analysis of the structural motions the which the frequen-

cies of these coherent phonons represent and how those motions correlate with the pump

fluence may yield insight into the changes of the lattice symmetry of the VO2 micro-crystals

associated with the photo-induced MIT.

Fig. 6.20a) and b) displays the measured transient reflectivity from a VO2 micro-

crystal in the triclinic phase for fluences below the photo-induced MIT fluence threshold

(Fluence' 1.5 mJ/cm2). Here the decay of the transient reflectivity associated with the

energy relaxation of the excited electrons is fitted with using the function:

−∆R

R
[t] =

1

2
(1 + erf[t/τp]) · (A exp[−t/τe] +B(1− exp[−t/τe]) · exp[−t/τs]) . (6.11)

In the fit above, the approximate duration of the pump pulse is represented by τp which

accounts for the sharp change in the reflectivity as the pump pulse interacts with the sample.

The quantities A and B represent the magnitude of the short and long timescale timescale

reflectivity changes respectively. Finally, τe and τs represent the decay constants of the fast

electronic decay through energy relaxation and the slow time decay (tens of picoseconds) of

the system back to its equilibrium state.

It is notable that some distinct differences are observed between the values of A and B

which depends on the orientation of the VO2 micro-crystal with respect to the polarization

of the probe pulse. Fig. 6.20a) shows the measured transient reflectivity change with the

polarization of the probe beam parallel to the cR axis of the micro-crystal. For this probe

polarization/crystal orientation geometry for t > 2 ps, the magnitude of the transient
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reflectivity is characterized by magnitude of the long-time scale response, B. The magnitude

of B for this experimental geometry is generally ' A/5.

In contrast, Fig. 6.20a) shows the measured transient reflectivity change with the po-

larization of the probe beam perpendicular to the cR axis of the micro-crystal. For this

probe polarization/crystal orientation geometry, the magnitude of the transient reflectivity

at long time-scales is nearly equivalent to the equilibrium value for t < 0.

The differences observed in the long time-scale reflectivity response is an indication of

a strong anisotropy in the optical conductivity of the crystal. As indicated by Fig. 6.20a)

and b), the excited electrons exhibit a much higher reflectivity response in the cR direction

as opposed the the (aR − bR)/
√

2 direction.

Subtracting the fit of the exponential decay due to the energy relaxation of the excited

electrons and the long time-scale response, we are able to isolate the high frequency mod-

ulations attributable to the excitation of coherent phonon vibrational modes. Here, pump

pulse generates coherent phonon oscillations whose frequencies are recovered via Fourier

transform and displayed in the insets of Fig. 6.20a) and b). For the measurement shown,

two strong modes at 200 and 225 cm−1 are observed in addition to side peaks at 125 and

300 cm−1. These modes are observed to decrease in magnitude and broaden as the pump

fluence is increased (data not shown), but still remains below the fluence threshold for

the photo-induced MIT. All four modes lie in rough agreement with the Ag Raman modes

observed by ref [280].

For fluences above the threshold necessary for the photo-induced MIT, a large change

in reflectivity (−∆R
R ' 0.05) is observed which remains for long time scales (¿100 ps).

Of particular interest is the time-scale which the system transitions from the insulating

equilibrium state to the photo-induced metallic state. As discussed previously, it has been

previously observed that an 80 fs “phonon-bottleneck” is the fundamental limit on the

transition time of the MIT in VO2. As shown in Fig. 6.20c) our results correspond relatively

closely with this observation. Here, an exponential fit of the MIT indicates that transition

time is approximately 85 ± 5 fs. However, as discussed in section 6.8.4 by accounting for

the duration of the probe pulse we can reconstruct the intrinsic response function of the

system as shown in Fig. 6.20d). This response function reconstruction indicates a slightly
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Figure 6.20: Panels a) and b) display the observed transient reflectivity for pump probe mea-
surements below the transition photo-induced MIT fluence threshold respectively (Fluence
' 1.5 mJ/cm2). Panel a) represents a measurement with the probe polarization parallel
to the cR axis while panel b) displays the similar measurement with the probe polariza-
tion perpendicular to the cR axis of the micro-crystal. Panels c) and d) represent a single
measurment of the photo-induced MIT above the fluence threshold (Fluence ' 8 mJ/cm2).
Panel c) represent the actual raw data, while d) represents the reconstructed response func-
tion. Exponential fits of to the data in c) and d) yield transition times of 85 and 67 fs ±5
fs respectively.

faster transition time of 67± 5fs.

6.8.6 Outlook.

As demonstrated by the preliminary results in the preceding section detailing the char-

acterization of the photo-induced MIT on VO2 micro-crystals, the details of the ultrafast

response of individual micro-crystals may vary from that demonstrated by previous char-

acterizations on larger samples. We hope that further measurements on micro-crystals in
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the purely M1 or M2 crystal phases will reveal insight into the complex coupling and roles

of the lattice and electronic structure. Future measurements on comparing the ultrafast

response at both higher and lower temperatures may further reveal details of this coupling.

Specifically, the observation of the photo-induced MIT transition time at low temperatures

where the phonon motion correlated with the V-V tilting and dimerization is frozen out

could provide important information on the role of the lattice in the phase transition. In

addition, measurement of the ultrafast response on a micro-crystal with adjustable strain

could allow for the comparison of the ultrafast response of the various insulating phases on

a single crystal.
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