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Preface

This book aims at organizing and developing a new concept of physics and
instrumentation by comparing and combining near-field optics and surface
plasmon polaritons. These two physics disciplines are well known, while they
are developed quite independently. The electromagnetic evanescent field (or
near-field) is known as a solution of Maxwell’s equations, and appeared, for
example, in Isaac Newton’s book “Optics” when the frustrated total inter-
nal reflection or photon tunneling between two prisms was explained. Surface
plasmon polaritons are well known in solid-state physics, appearing, for exam-
ple, in Charles Kittel’s Introduction to Solid State Physics. These two physics
disciplines have individually found significant applications in science and in-
dustry, such as a microwave directional coupler, an optical waveguide (opti-
cal fiber), a system for infrared surface analysis, a surface affinity /immuno-
sensor, and super-resolving microscopy and surface-enhanced Raman spec-
troscopy.

In the 1980s I was working on two different research topics in optics, the
study of confocal laser scanning microscopy for three-dimensional macroanal-
ysis and the development of a surface plasmon sensor as a highly sensitive
surface sensor, and I happened to find an article by Fischer and Pohl on
the use of a scattering plasmon probe to sense the near field for near-field
imaging. In addition to the super-resolving capability as a microscope, the
combination of scanning microscopy and surface plasmon polaritons was, in
particular, academically impressive to me. Near-field microscopy has since
been getting more popular and more important for scientists as a new sci-
entific topic in physics and also as a new advanced tool to see or modulate
nanometric structures. The surface plasmon polariton has also obtained pop-
ularity as the principle in advanced immunosensors, optoelectronic devices,
and spectroscopical instruments. In addition to such individual progress for
these two optical sciences, they have been evolving to merge into surface-
plasmon-associated near-field microscopy and field-enhanced near-field spec-
troscopy.

The use of surface plasmons is now essential in near-field microscopy.
At the 5th International Conference on Near Field Optics (NFO-5) held in
Shirahama, Japan in December 1998, I discussed with Dieter Pohl and Ulrich
Fischer the plan to edit this book, and then at the 6th conference NFO-6,
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these topics came to the fore with many related new results. And now our
book appears for the public, with 10 contributions.

The first and second chapters were written by Dieter Pohl and myself as
a historical survey of near-field optics and surface plasmon polaritons and
a review of the super-resolution studies developed in imaging optics. In the
following chapter, the interaction of a metallic probe at the apex with sur-
face plasmon polaritons is described for use as a highly efficient apertureless
near-field probe; this chapter was written by Yasushi Inouye. In Chap. 4,
the idea of the confinement of the optical intensity in nanoscopic dimensions
by using surface plasmon polaritons is developed by Ulrich Fischer et al.
In Chap. 5, Shinji Hayashi discusses the electromagnetic normal modes of
a metallic particle placed very near to a metallic surface, and in Chap. 6,
Takayuki Okamoto describes the scattering and the absorption properties
of metal particles smaller than the wavelength of light. The story extends
to the application of the plasmon-excited near-field microscope to the local-
ized radiation force. Lukas Novotny derives the conservation law for linear
momentum in an optical field using classical electrodynamics in Chap. 7,
and Tadao Sugiura presents laser-beam trapping of metallic nanoparticles
for near-field microscope probes in Chap. 8. In Chap. 9, Masatoshi Osawa
reviews the mechanism of the infrared electromagnetic interaction of the pho-
ton field with metal particles and a molecule; and, in the last chapter, the
excitation of surface plasmon polaritons by a focused laser beam is described
by Hiroshi Kano.

My thanks are due to my contributors for finding the time and energy to
write the chapters. Among them, my colleague Dr. Yasushi Inouye spent a lot
of time helping me from the planning to the final proof. I am also grateful, on
behalf of all the authors, to our secretary Ms. Masae Noda for her adminis-
trative assistance in editing the manuscripts, including the X TEXconversion,
and pushing the scientists to obey the deadline.

Osaka,
April 2001 Satoshi Kawata
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Near-Field Optics
and the Surface Plasmon Polariton

Dieter W. Pohl

Institut fiir Physik, Universitdat Basel
Klingelbergstrasse 82, 4056 Basel, Switzerland
Dieter.Pohl@unibas.ch

Abstract. The history of research in surface plasmon polaritions and in near-field
optics is reviewed with emphasis on their common aspects.

1 Introduction

The terms “near field optics” (NFO) and “surface plasmon polariton” (SPP)
denote physical phenomena of different but related nature: Both refer to the
excitation and propagation of high-frequency electromagnetic fields in envi-
ronments comprising several materials. NFO describes the behavior of such
fields in structures small compared with the wavelength. It is not restricted
to particular materials. Plasmons are defined as electromagnetic excitations
coupled to the free charges of a conductive medium, and the SPP is such
a plasmon bound to an interface with a dielectric medium. An SPP may
be excited in structures of any size, but excitations in small structures are
distinguished by a pronounced resonant character, resulting in a variety of
interesting, even spectacular optical phenomena.

Another link between NFO and SPPs are the dispersion relations of a
freely propagating light wave and an SPP propagating along a plane interfac
which prohibit direct coupling in general. One of the exceptions is NFO-
confined light, which provides a broad spectrum of wave vectors sufficiently
extended for SPP coupling.

Present-day research in NFO is strongly influenced by the development
of scanning near-field optical microscopy (SNOM), also called near-field scan-
ning optical microscopy (NSOM). This is a super-resolution optical microscopy
which has enabled a variety of novel SPP experiments. The present chapter
puts emphasis on these relations because of the author’s personal engage-
ment in this field. The references mainly refer to early work on the respective
subjects, the more recent publications being cited adequately in the other
chapters.

2 Back to the Roots...

The intimate relation between NFO and SPPs makes itself felt in the mathe-
matical description of various electromagnetic interface phenomena. Some of
S. Kawata (Ed.): Near-Field Optics and Surface Plasmon Polaritons,

Topics Appl. Phys. 81, 1-13 (2001)
© Springer-Verlag Berlin Heidelberg 2001



2 Dieter W. Pohl

them date back to the early days of electromagnetic research. It is interesting
to note that the pioneers of electromagnetic theory expressed little interest in
the properties of optical near fields because of the small dimensions involved.
The divergences of interface excitations that nowadays are called SPPs were
ignored, too. Still, in retrospect, it is fair to consider some of these activities
early forerunners of present-day NFO and SPP research.

2.1 Rayleigh and Mie Scattering

Any particle that is small compared with the wavelength can be represented
by an induced dipole to the lowest-order approximation. The field enhance-
ment near such a submicroscopic particle is of immediate relevance to NFO
microscopes using a surface protrusion as an antenna [1] or, to some extent,
pointed tips [2].

In the near field, retardation effects may be ignored to first-order approxi-
mation. This reduces Maxwell’s equations to the Laplacian form. Mie’s theory
is considerably simplified in this limit. For sufficiently small particles, only
the lowest-order solution, equivalent to dipole excitation, is of significance.
The scattering efficiency is proportional to (g1 — &2)/(e1 + 2e2) in this case,
where €15 are the dielectric constants of the particle and the surrounding
medium, respectively.

2.2 Surface Plasmon Polaritons

The Rayleigh and Mie scattering theories can be readily extended to include
plasmon effects. For small particles, the divergence in scattering efficiency
at €1 + 2e5 = 0 is the condition for the lowest-order SPP resonance. Upon
approach of a third medium, €5 becomes a weighted average of the dielec-
tric constants of the second and the third medium. This modifies the reso-
nance condition, as a function of distance between the particle and the third
medium [3].

The optical effects caused by SPPs were recognized long ago. Excellent
overviews of the early work can be found in the reviews of Raether [1],
Economou and Ngai [5] and Feibelmann [0]. A detailed and up-to-date review
was published recently by Knoll [7].

Experimental SPP studies were greatly facilitated by the excitation and
observation techniques developed by Kretschmann and Raether [8], and by
Otto [9]. These techniques allow one to launch extended plane SPP waves in
a metal film and provide detailed information about thin-film SPP proper-
ties in k-space. The SNOM/NSOM techniques for SPP excitation developed
recently by Hecht et al., Novotny et al., Bouhelier et al. [10,11,12] complement
the Kretschmann and Otto schemes: They provide detailed information about
thin-film SPP properties in real space.
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2.3 Surface-Enhanced Raman Scattering

In the mid-1970s, opticians were surprised by the high-intensity Raman
scattering from certain adsorbates on rough surfaces of copper, silver, or
gold [13,14]. Tt was soon found that field enhancement by SPP excitation
plays an important role (see, for example, the review articles of Chang and
Laube [15], Otto [16], and Wokaun [17]). The SPPs are localized at small
protrusions and crevices of the rough surface.

An individual protrusion can be modeled as a semi-ellipsoid on a plane.
Laplace’s equation can be solved analytically for this geometry [18,19]. As a
general result, several plasmon resonances of approximately equal strength
were found, but the field enhancement due to SPP excitation is not sufficient
to explain the immense enhancement factors experiementally observed.

2.4 Resonant Interaction of Particles
2.4.1 Forster Resonant Energy Transfer (FRET)

The fluorescence of a first molecule can be quenched by placing a second
molecule in its immediate proximity. This happens if the second molecule
absorbs light at the emission frequency of the first. The transfer of excita-
tion can be studied quantitatively if the second molecule is also fluorescent.
This resonant energy transfer was discovered more than half a century ago by
Férster [20,21]. The quenching increases with decreasing distance according
to an inverse sixth-order power law. This is a typical near-field effect based
on the well-known characteristics of dipole antennas. It was proposed several
times in the past to utilize this effect for SNOM/NSOM (see, for instance Tan
and Kopelman [22] and Sekatskii and Letokhov [23]) with sub-10 nm resolu-
tion. Technical difficulties have, so far, apparently prevented the successful
implementation of such a Forster SNOM/NSOM.

2.4.2 Resonant Energy Transfer
Between Fluorescent Molecules and Metallic Particles

Gersten and Nitzan [21] and van Labeke et al. [25] extended the above en-
ergy transfer considerations to the case of a fluorescent molecule near a small
metallic particle. The fluorescence properties were found to vary drastically
from those of the free molecule. This was confirmed experimentally by Leit-
neretal. [26], who studied the fluorescence of dyes adsorbed an small silver
islands.

2.4.3 SPP-Coupled Small Structures

Superposition of the electro-magnetic fields of neighboring SPP-excited par-
ticles results in considerable modification of the resonance conditions. This
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is readily noticed in the reflection and absorption spectra of granular gold
and silver films [27,28,29]. Arrays of regular, small metal structures on a
dielectric substrate provide even more detailed information. A good en-
try into these studies is provided the papers of Aussenegg and coworkers,
who produced such structures by electron lithography. Excitation with ul-
trashort laser pulses gives direct information about SPP propagation and
decay [30,31].

2.5 Small Structures Next to an Interface
Between Extended Media

The radio wave dipole antenna is a macroscopic analogue of a fluorescing
molecule as well as of a Mie scatterer. An antenna at a near-field distance
from an interface is a configuration of relevance for SPPs as well as for NFO.

2.5.1 Radio Wave Antennas Next to the Ground

The problem of the dipole antenna next to an extended body was encountered
in the early days of radio telecommunication, around 1900. The relevant
wavelengths in those days were kilometers rather than (sub-) micrometers,
but the problems were essentially the same as in SNOM/NSOM. The question
is, in both cases, ‘how does the radiation characteristics of an emitter change
upon variation of its environment?’

Sommerfeld and coworkers were among the first to study this subject.
They considered the radiation from vertical [32] and horizontal [33] dipole
antennas next to the ground, as well as various details of the general so-
lution [34,35,36]. The discussion concentrates on the fields on the earth’s
surface, the only situation of relevance in the early days.

Sommerfeld’s theoretical approach includes an integration in the com-
plex plane of wave vectors k as an essential step. The value of the integral
is determined by the residues of three poles located at ki = nj ko and
s = koy/e1€2/(e1 + £2). Here kg is the wave vector in a vacuum, and 1 2 are
the dielectric constants of the air and the ground (complex), respectively. The
first two poles give rise to spatial waves with wave vectors k1 and ko, prop-
agating mainly into media 1 and 2, respectively. The intensity and angular
distribution of the radiation depend strongly on the dielectric properties of
the corresponding other medium. Thus a distant observer on side 1 can tell
from the intensity of the detected radiation what the electrical (optical) prop-
erties of medium 2 are and how they may change when the dipole is moved
along the surface. This is in fact the basic principle of NFO microscopy!

The third pole creates a ‘ground’ wave which travels along the interface
with wave vector s. The amplitude of the ground wave decreases normal to
the direction of propagation, as is characteristic for a bound, evanescent wave.
It is intriguing to see that the ground wave amplitude diverges at ¢1 +e2 = 0,
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which is the condition for excitation of an SPP at a plane interface (at the
limiting frequency; see, for instance, Raether [1]).

The amplitudes of the spatial waves vanish completely for 1 +e9 = 0. All
the energy of the dipole is converted into SPP excitation. The situation has a
striking similarity to the minimum in reflection observed in the Kretschmann
prism configuration for light impinging on a glass/metal interface at the so-
called plasmon angle [3].

The theory of a dipole above ground was extended to finite elevations with
the utilization of shorter and shorter wavelengths in the course of the 20th
century [37,38,39,40]. Overviews are found in the books of Sommerfeld [41]
and of Banos [12]. An increasing elevation means a transition from near-field
to far-field coupling. The transition is characterized by very strong variations
for distances up to about A/27w, which is the range of dominant near-field
coupling, followed by undulations which can be understood on the basis of
far-field interference.

2.5.2 Molecule in Front of Another Medium

The fluorescence of a molecule in front of a metallic or dielectric plane surface
follows the same laws as does the radiation of a radio wave dipole above the
ground, except that the relevant frequencies are 10 to 10° times larger than
before, and the dielectric properties of matter are correspondingly different.
In particular, metals are no longer perfect conductors but have finite complex
dielectric constants with negative real parts.

Dramatic NFO effects on the fluorescent lifetime and intensity are ob-
served with decreasing distance, in particular, the quenching of fluorescence
by a sufficiently nearby metallic substrate (see, for instance, Drezhage et al.
[13,44], Morawitz [15], Drexhage [16], Kuhn [17], Tews [48,49], Chance et al.
[50,51], Lukosz and Kunz [52,53], Lukosz [54], Kunz and Lukosz [55], and
Lukosz and Meier [50]). These studies were stimulated by the discovery that
monolayers of fluorescing molecules can be placed at well-defined distances
from a substrate, employing fatty acid salts as inert spacers in the nanometer
range.

NFO effects also make themselves felt when the second medium is a non-
absorbing dielectric, although proximity effects are less dramatic. Instead,
evanescent waves penetrating the dielectric are converted into propagating
waves, emitted at angles larger than the critical angle for total internal re-
flection. In SNOM/NSOM, the term ‘forbidden light’ has been used for these
contributions [57]. The radiation intensity into the ‘forbidden’ directions in-
creases with refractive index.

The theory of a fluorescing molecule near an interface was generalized
to include dipoles between stratified layers of different dielectric constant
instead of an infinite halfspace [58] — a geometry which comes close to a
SNOM/NSOM arrangement if the fluorescing molecule is considered to be
the NFO probe.
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Energy transfer from an excited dye molecule to a nearby SPP-active sil-
ver film was studied by Weber and FEagen [59]. Specifically, these researchers
investigated the radiation intensity emitted by the SPP into the glass sub-
strate and its dependence on the distance of the dye molecule from the film
surface. The coupling again was restricted to the NFO range A/27. Similar
results were obtained by Pockrand et al. [60], who studied nonradiative decay
of excited molecules near a metal surface.

2.5.3 SPP-Active Particle in Front of Another Medium

Ruppin [3,61] and Royer etal. [62] studied the influence of a nearby dielectric
medium on the SPP resonances of a metallic sphere. The resonance frequency
and width depend on the properties of the medium in a sensitive way. This
may become of relevance for ‘apertureless’ SNOM/NSOM (see below).

2.6 Small Apertures

The transmission of small apertures [(63,64,65,66] and slits in plane, perfect
metal sheets was studied mainly in the context of shielding of electrical de-
vices against intense pulses of electromagnetic radiation. Such pulses accom-
pany the explosion of atomic bombs. When a bomb is detonated sufficiently
far up in the stratosphere, the physical damage can be kept small but the
electromagnetic shock might cause failures in the operation of computers.

Similar to the case of a scattering particle or protrusion, SPPs may play
a role in the interaction of optical radiation with an aperture. Quantitative
values were obtained in the electrostatic approximation by Becker et al. [67],
who modeled the aperture screen as a single-sheet hyperboloid. The resonance
frequency is considerably lower than that of the corresponding SPP at a plane
interface. It is an open question, however, as to what extent electrostatic
solutions are representative for a screen that is infinitely extended away from
the aperture.

The idea of using a small aperture for high-resolution microscopy was
formulated for the first time by Synge, an Irish physicist, in 1928 [68]. He
proposed moving a sample along a flat screen equipped with a small aper-
ture. In a subsequent publication, he discarded this concept — which was
correct in principle — because of the technical difficulties associated. In-
stead, he proposed another concept for super-resolution which he believed
to be superior, but which — ironically — is incorrect, ignoring the role of
evanescent waves [09].

3 NFO, SPP, and SNOM/NSOM

Modern NFO and SPP research is intimately connected with the development
of SNOM/NSOM. A short account of the history of SNOM/NSOM hence may
be appropriate at this point.
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3.1 Aperture SNOM/NSOM

In 1982, I started to investigate optical super-resolution at the IBM Research
Lab in Zurich. A. Lewis, then at Cornell University, began to study this
problem at about the same time. My first result was a patent application for
a SNOM/NSOM equipped with a transparent probe, coated with metal and
having a small aperture at the apex [70]. Line scans with this probe indicated
a high resolution capability [71], but the first complete SNOM/NSOM images
were published in 1985/86 only. A resolution in transmission of 20 nm [72,73]
was demonstrated in those early experiments, not too far from the present
limits of resolution.

The NFO probes were made from sharply pointed quartz tips coated with
an opaque aluminum layer. A small aperture was generated by pressing the
tip against the sample surface until the brittle quartz core began to break
through the metal coating. Very small apertures were generated in this way.
The technique was soon abandoned, though, because the apertures were too
unstable for routine operation.

Small apertures for high-resolution microscopy were proposed indepen-
dently by Lewis etal. [74]. The transmission of small apertures in sili-
con wafers was explored in particular [75]. The subsequently developed
SNOM/NSOM was equipped with a metallized micropipette, similar to the
ones used for patch-clamping [76,77,78]. The resolution achieved with the
micropipette was not quite as high as with the pressed tip but was sufficient
to demonstrate super-resolution in transmission and in fluorescence contrast.

The IBM and Cornell groups were not aware of each other’s in the early
phase of near-field optical microscopy. This is the reason for the introduction
of two different names, ‘SNOM’ and ‘NSOM’. The IBM group originally had
coined the term ‘optical stethoscope’ [71] because the operating principle is
similar to that of the (acoustic) stethoscope used in medicine. In later publi-
cations, the word ‘stethoscope’ was abandoned in favor of ‘scanning near-field
optical microscope’, a name that emphasizes the principles in common with
other scanning-probe microscopes (the scanning tunneling, force, capacitance,
ion conductance, etc. microscopes). ‘NSOM’, on the other hand, emphasizes
the near-field aspect, as opposed to the far-field techniques used in confocal
scanning optical microscopy (‘SOM’). Both names made their way into the
literature and are still used in parallel, depending on the traditions of the
different research groups. For the sake of neutrality, both acronyms are used
throughout.

SNOM/NSOM imaging in reflection was demonstrated by Fischer
and Pohl [79] with an aperture probe scheme developed by Fischer in
Gottingen [80]. In contrast to transmission SNOM/NSOM, the conditions
for reflection SNOM/NSOM are not well defined so far, and activities to-
wards this goal have been sporadic; a standard method has not yet been
established [81,82,83] (see also the review of van Hulst [31]).
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In the early 1990s, Betzig, then at Bell Labs, perfected the aperture
SNOM/NSOM. He invented the pulled-fiber probe and a process of metal
evaporation that left the apex of the fiber tip uncoated. The resulting aper-
ture was small enough to be used successfully as a SNOM/NSOM probe. Bet-
zig and coworkers published a series of beautiful papers which demonstrated
various possible modes of operation (e.g. fluorescence or polarization) and
different possible applications, for instance in biology and lithography. This
work, reviewed in [85,80], received much attention, triggering various further
efforts in near-field microscopy.

3.2 ‘Apertureless’ SNOM/NSOM

Fischer probably was the first to recognize the potential of small light-
scattering particles and sharp tips for super-resolution microscopy [1]. SPP
excitation increases the sensitivity of the process [1]. A scattering tip in fact
is a valid alternative to the aperture probe in SNOM/NSOM. This was con-
firmed in later work by several authors [87,88,89]. The record high resolution
reported in one case [90] however, has, remained unconfirmed so far.

3.3 Photon-Tunneling Optical Microscopes

Another interesting form of SNOM/NSOM, the ‘scanning tunneling optical
microscope’ (STOM) or ‘photon scanning tunneling microscope’ (PSTM),
was introduced by Reddik etal. [91], Courjon etal. [92], and de Fornel etal.
[93]. The probe is the pointed end of an uncoated optical fiber. The sample
is transparent and is illuminated in such a way that total internal reflection
occurs at the sample surface. The corresponding evanescent wave field outside
the sample provides the interaction with the probe tip, in strict analogy to
the tunneling of electrons in an STM.

The probe in this scheme is easier to produce than the aperture SNOM/
NSOM probe but resolving power and image interpretation are still under
discussion. It should be noted that aperture SNOM/NSOM schemes uti-
lizing the ‘forbidden’ radiation from the sample also may be categorized
as photon-tunneling microscopes [94]. Photon-tunneling microscopes are ex-
cellently suited for exciting and detecting SPP excitation in thin films lo-
cally [95].

3.4 Theoretical Studies

With the increasing amount of experimental SNOM/NSOM data, the need
for better theoretical understanding became obvious. A number of theoretical
groups began to work on the determination of NFO field distributions in
the 1990s [96,97,9%,99,100,101,102,103,104,105]. The task involves massive
numerical computation but is the only way to gain deeper insight into the



Near-Field Optics and the Surface Plasmon Polariton 9

pecularities of optical near fields, in particular about their confinement and
enhancement by highly curved structures. These efforts will be instrumental
in understanding the properties of SPPs in nanostructured media.

4 Summary and Outlook

The startup phase of SNOM/NSOM and NFO research culminated in the first
NFO conference, a NATO workshop in 1992, bringing together the still few
active parties for the first time [106]. The workshop became the birthplace of
the ‘NFO-X, International Conference on Near-Field Optics and Related Phe-
nomena’ conference series. The proceedings of these conferences [106,107,108]
are excellent sources of information about the field.

After the first NFO conference, NFO research expanded continuously,
driven by great expectations of optical characterization on the nanometer
scale but delayed by problems of probe fabrication as well as of understand-
ing. For instance, an artifact, caused by the commonly used automatic tip-
positioning scheme remained unnoticed for a long time. It frequently conveyed
the impression of a very high optical resolution which did not exist in real-
ity [109,110]. Unfortunately, this initiated some activities directed into dead
end roads.

The future of SNOM/NSOM will depend critically on the capability for
routine operation. So far, the use of SNOM/NSOM is confined to a small
community of experts. SNOM/NSOM has to be developed in the next few
years to a level that allows its systematic use by biologists, medical doctors,
and skilled technicians. Under these conditions, SNOM/NSOM may pave the
way toward great discoveries — if not, it will vanish like many other promising
techniques before.

The future of NFO and SPPs may also be seen in extensions of integrated
optics towards the nanoscale. Techniques known from radio wave technology
might be scaled down to submicron dimensions towards this goal. The opti-
cal antenna, the metallic optical waveguide, and optical tweezers capable of
manipulating nanoscopic particles may be among the fruits of such attempts.

The increasing mastery of nanometer-scale structuring techniques may,
further, allow the development of SPP functional elements such as mirrors,
filters, diffraction gratings, and modulators. Implemented in thin-film struc-
tures, such elements may open new perspectives for integrated optical devices
(‘plasmonics’). The cross section of a planar SPP waveguide, for instance,
can be kept much smaller than that of a dielectric waveguide. This will be
of relevance for highly integrated optical circuitry. Another example is SPP
electro-optic modulation, the efficiency of which is predicted to exceed that
of conventional modulation by far [111,112,113].
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Abstract. The near-field microscope is characterized by its super-resolution capa-
bility. It exceeds the classical limit of spatial resolution of the light microscope due
to the wave nature of photons or the diffraction of light. In this chapter, a general
review of the methods for super-resolution in imaging optics is given, and how near-
field optics enables the super-resolution is explained using the Ewald sphere. The
common and distinctive mechanisms and functions of different near-field probes are
compared using eight configurations including the probes associated with surface
plasmon polaritons.

The imaging mechanism of the near-field optical micrscope is different from
the classical light microscope; the light intensity is detected as a result of strong
electromagnetic interaction between the probe and the sample structure in the
near-field via evanescent photons, so that the system is not a linear passive one
but a more complex one. Since this microscope uses photons to see the structure,
the energy or wavelength range in the optical spectrum is an important issue to be
discussed. This chapter describes these topics as an introduction to the following
chapters.

1 Super-Resolution and Wavelength Shortening

Although optical microscopy has been widely used for observing small struc-
tures, there is a strict limitation of an spatial resolution with type of this
microscopy. Owning to the diffraction of light, the smallest structure of the
sample that can be resolved with a conventional optical microscope is a half
wavelength of light, or a few hundred nanometers in the visible wavelength
region. This limit is not small enough to observe the structures of interest in
current advanced science and technology, such as protein molecules, quantum
nano-devices, and self-assembled molecules.

There have been a variety of attempts historically to attain super-resolu-
tion imaging in optical microscopy. On the basis of Abbe’s diffraction theory,
the resolution limit can be increased by choosing a shorter wavelength for
the light. In photolithography for semiconductor patterning, ultraviolet (UV)
and deep-UV lasers, such as KrF (wavelength 248 nm) and ArF (193 nm) ex-
cimer lasers and the solid-state Nd:YAG laser with fourth-harmonic genera-
tion (266 nm), are used to obtain sub-micron resolution. In optical data stor-
age, the GaN blue laser (395-415nm) is the most promising light source for
S. Kawata (Ed.): Near-Field Optics and Surface Plasmon Polaritons,
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future high-density optical data-storage [1]. However, for optical-microscopic
applications, UV illumination has not been much used, because most mate-
rials are opaque in the UV region, and such illumination may even damage
the specimen.

In optical microscopy, a common technique to shorten the wavelength is
to place oil in the gap between the sample (in practice, the cover glass over
the sample) and the objective lens. Since the refractive index of the oil is
around 1.5, the wavelength of light is shortened by a factor of 1.5 without
changing the optical frequency. A solid can be used instead of oil [2,3]. A
version of this configuration for near-field microscopy will be described later
in this chapter.

Frequency mixing to convert a high-spatial-frequency component of the
sample structure to a detectable low frequency is another approach to over-
coming the diffraction limit. Figure 1 shows an example of a configuration
used to realize super-resolution by frequency mixing. A high-spatial-frequency
component can be passed through the diffraction-limited optics by mixing
with a high-frequency reference grating. This is equivalent to moiré-imaging.
The idea was the first proposed by Lukosz and Marchand in 1963 [4].

The spatial resolution can be also increased if the light amplitude is mul-
tiplied by itself. The square of the amplitude of a monochromatic plane wave
cos(kr+wt) with a spatial frequency k is converted to the wave cos(2kr+2wt)
with a spatial frequency 2k. Imaging of a sample with photons of the second-
harmonic frequency of the incident-light frequency should provide a resolu-
tion twice that obtained with the incident light [5]. A nonlinear response
with a threshold also exhibits super-resolution. This is commonly used in op-
tical data-storage for recording and reading with super-resolution [6]. Photo-
induced transparency and a thermally assisted phase transition, used to open
a small aperture on the mask layer to the recording layer, are used this pur-

pose [7].

fine structure referencigranng "Trge plane

. —
j objective lens j ><< >
illumination L ilumination s //
diffraction f T
objective

fine structure
(a) (b)

Fig. 1. Frequency mixing to enable the imaging of fine structure. (a) Conventional
diffraction-limited optics with a lens do not image very-high-frequency components
through the lens; (b) the reference grating down-converts the high-frequency signal
by th moiré effect
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2 Near-Field Imaging for Super-Resolution

Another method to shorten the wavelength, besides the methods described
above, is the generation or the conversion of an evanescent wave. An evanes-
cent wave, or evanescent field, is an electromagnetic field with an imaginary
momentum component p, in the direction z transverse to the direction of
wave propagation x, and with an imaginary wavenumber k.. Since the mo-
mentum is imaginary, a photon does not propagate towards z, even though
the field exists. The amplitude of the field is given by

exp[—j(kex + kyy + k.2 — wt)] = exp[—j(kzz + kyy — wt)] exp(—z/d), (1)

where d = —j/k., the decay length. Equation (1) indicates that the amplitude
of the evanescent field decreases exponentially as z increases. This means
that the evanescent field exists only in the near-field of the surface of the
structure, so that it is not detected by ordinary far-field diffraction-limited
optics. However, since the evanescent field is a physically existing light field,
it can interact with another structure, which may be the probe of a near-field
microscope, if this other structure is located in the near-field of the sample
surface, and then a photon tunnels out to the far field.

In (1) the wavenumber components k, and/or k, associated with propa-
gation in the z and y direction can be larger than the wavenumber k = |k|,
ie.,

ke >k, and/or ky >k, (2)
to accommodate the dispersion relationship,
K = (2m/N)? =k + k) + k2 = (w/c)?. (3)

The corresponding wavelength components A, and A, are hence shorter
than the wavelength A = 27 /k, i.e.,

Az <A, and/or Ay < A. (4)

Here the wavelength A can be much shortened in the propagation direc-
tion x or y. The large-wavenumber or short-wavelength component indicates
that the speed of this wave is slower than that ofordinary propagation, and
the large momentum p, = hk, implies that the corresponding photon is
heavier than the ordinary photon.

An evanescent wave, a solution of Maxwell’s electromagnetic equations,
can be generated when the condition for light propagation is not satisfied,
such as in total internal reflection. In total internal reflection of light at a
boundary between a dielectric prism and air, the wavelength of the evanescent
wave in the air is shorter than the wavelength of propagation of light in the
air; it is as short as the wavelength of light in the prism.

An evanescent field can be also generated at a grating with a period finer
than the wavelength of light. If the period of the grating is finer than the
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wavelength of light, there is no direction of radiative diffraction. Neverthe-
less, there still exists a field which is modulated with this fine grating. This
field corresponds to non-radiative diffraction or to an evanescent field near
the grating with a wavelength equal to the period of the grating. Figure 2
shows a comparison between Bragg, Raman—Nath, and non-radiative diffrac-
tion. When the grating modulation is thick, the light diffracts only when the
grating vector k, which starts at the end of the wave vector k; of the incident
light is on the Ewald sphere, as shown in Fig. 2a. This is the condition of
Bragg diffraction. When the grating modulation is not thick enough, diffrac-
tion occurs even if the grating vector kg is off the Ewald sphere, as shown in
Fig. 2b. In this case, the grating vector k, is spread out and its end becomes
a plane in two dimensions (shown in the figure as a line, i.e., a crossection of
a plane), and the diffraction vector kq should meet this plane on the Ewald
sphere. This is the case of Raman—Nath diffraction.

When the grating period is shorter than the wavelength of light, the grat-
ing vector kg is longer than the wave vector of the light, as shown in Fig. 2c,
and then the spread-out end of the grating vector does not meet the Ewald
sphere. As a result, neither the Bragg diffraction condition nor the Raman—
Nath diffraction condition is satisfied. Nevertheless, there must be an elec-
tromagnetic field at the grating. Since this field does not satisfies either the

(@) incidence ki (o) incidence kj

thin grating kg

“HHH

thick grating kg

diffraction ky diffraction kg
(©

incidence k;

fine grating kg

Dl RRRRRARRRRRRRRN)

kg

<allll

A

<

evanescent
diffraction

Fig. 2. Ewald sphere and diffraction condition for three cases. (a) Bragg diffraction.
The two wave vectors, corresponding to incidence and diffraction, and the grating
vector close a triangle. (b) Raman—Nath diffraction. Since the grating modulation
is thin, the end of the grating vector has some extent, so that diffraction may be
generated with an open triangle. (c) Non-radiative diffraction or evanescent diffrac-
tion is generated by ultrafine grating with a period shorter than the wavelength of
light
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Bragg or the Raman—Nath condition, the diffraction does not radiate but is
evanescent.

Not only a regularly aligned grating but also any subwavelength struc-
ture generates an evanescent field; such structures include a small scattering
particle and a small aperture. The decay length is proportional to the period
or to the size of the structure. In conclusion, the evanescent field governs the
behavior near a subwavelength structure at distances comparable to the size
of the structure.

3 Surface Plasmon Polaritons

A collective oscillation of electrons or a plasma wave near the surface of a
metal, known as a surface plasma wave, is necessarily associated with an
electromagnetic wave (see Fig. 3). The speed of such a surface wave, or of a
surface plasmon polariton, its quantum, is slower than the speed of light in
the medium adjacent to the metal surface, so that the electromagnetic field
is evanescent. The field distribution can be derived by a classical analysis
of a multilayer system with the Fresnel formula and appropriate boundary
conditions. The wavenumber of the surface plasma wave is given by [3]

em(w)es
em(w) + &5’

Ksp(w) = = (5)

where w is the angular frequency of the surface plasma wave, e, (w) is the
complex dielectric constant of the metal, and ey is the dielectric constant of
the surrounding medium. Figure 4 is a plot of the w—k dispersion relationship.
Since the surface plasmon polariton is associated with an evanescent field,
it can be excited by irradiation with an evanescent light wave satisfying the
dispersion relationship at the boundary between the metal and the dielec-
tric. Excitation of the surface plasmon polariton can be performed with the
evanescent field generated by either total internal reflection, a fine grating, or
any other subwavelength structure. The conditions on the angle, wavelength

and refractive index of the metal and prism are extremely severe for the res-
onance of the plasmon polariton. Figure 5 shows a plot of the reflectance of

air evanescent wave

Fig. 3. Surface plasmon polariton
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Fig. 5. Reflectance of light incident on a silver film as a function of incidence angle.
At the angle of the dip in the plot, the surface plasmon polariton is excited and an
evanescent electromagnetic wave is associated with it [9]

light incident on a prism coated with a thin metal film to excite the surface
plasmon polariton, as a function of the incidence angle. At an angle less than
the citical angle for total internal reflection the reflectance is given by the
Fresnel formula. At an angle over the critical angle, the reflectance is 100%
except at the angle of surface plasmon resonance. At the angle of surface
plasmon resonance, incident photon excites the plasmon polariton and the
photon energy is transferred to the plasmon polariton, resulting in a dip in
the reflection curve. The sharpness of the dip depends on the ratio of the
imaginary part to the real part of the dielectric constant of the metal. Silver
exhibits a very sharp dip in the visible region, gold reasonably sharp dip,
while aluminum exhibits a broad dip. A sharp dip represents a strong reso-
nance of the plasmon, or a high intensity of the field. The plasmon polariton
can hence be used for amplifying or enhancing the light intensity in the local
and near-fields of a metallic structure.
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4 A Family of Near-Field Probes

Figure 6 shows a family of near-field probes for generation and detection of
evanescent photons near a subwavelength structure. A highly refractive prism
is the simplest probe for generating or coupling out subwavelength evanescent
field (Fig. 6a). The resolution enhancement is not significant; it is only by
a factor equal to the refractive index of the prism [3], similarly to the oil
immersion objective lens described in the introduction. In the arrangement
shown in Fig. 6a, the angular component at angles lower than the critical
angle is stopped [10]. A grating with a subwavelength period can be also
a near-field probe (Fig. 6b). This is similar to Lukosz’s super-resolution or
moiré imaging with a grating, which has been described in the introduction,
but the gap between the probe grating and the specimen can as large as the
grating period. This probe is strongly polarization sensitive, and has been
used as an efficient polarizer in the infrared region, where a metal material
was used. The polarization perpendicular to the grating lines is transmitted
while that parallel to the grating is reflected. Figure 6¢ shows a concentric
circular grating with a subwavelength pitch used for a scanning probe. This
can be regarded as an extreme version of a Fresnel lens for which the focus is
at the center and at the surface, or an extreme case of a conical lens called an
‘axicon’ [11,12] where the refraction of the light by the lens has become total
internal reflection [13]. The period of the conical grating is constant and less
than the wavelength.

An aperture smaller than the wavelength of light can be the probe of
a near-field scanning optical microscope. Figure 6d shows a screen with a
subwavelength aperture in an opaque (conductive) flat screen, and Fig. 6e a
metal-coated conical probe (or an optical fiber with a sharpened end) with a
subwavelength aperture at the tip. In both probes, a virtual dipole is gener-
ated in the aperture by the incidence of light. In contrast to such an aperture
probe, a scattering probe which is a real dipole (recently called an ‘aperture-
less probe’ [14]) can be also used as a near-field probe. The ideal apertureless
probe for generating or detecting (or interacting with) evanescent photons is
an extremely small scatterer or Rayleigh scatterer (Fig. 6f), which is comple-
mentary to the aperture probe shown in Fig. 6d. The material can be either a
dielectric [15] or a metal [16]; a metallic bead is much better in terms of high
scattering efficiency owning to the field enhancement by the local mode of the
surface plasmon polariton of the metal bead. Such an isolated, single, small
scattering probe is suspended and scanned near the sample surface with the
aid of laser trapping technology [16]. A focused beam from a near-infrared
laser is used to trap the probe and to control the position of it in a liquid
medium. The details are described in the chapter by Sugiura. The trapping
of such a probe is limited to situations in which the sample is immersed in a
liquid. Biological samples are mostly in such a condition. For imaging non-
biological samples in vacuum or in air, a metallic needle with a sharpened tip,
as shown in Fig. 6g, has been proposed [17]. This apertureless probe has a
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Fig. 6. A family of near-field probes. The red particle represents a small structure
and the green color evanescent photons used for probe-sample interaction. (a) A
hemisphere prism probe with a high-numerical-aperture lens. The light component
incident on the prism surface at angles lower than the critical angle is stopped
by a mask to provide an evanescent spot on the prism surface owing to the total
internal reflection of light [10]. (b) A grating of subwavelength period. Diffraction
is evanescent. (¢) A concentric blazed grating of subwavelength period [13]. (d)
An opaque screen with a subwavelength aperture. The original configuration of the
near-field microscope [5,18,19,20]. (e) A metal-coated dielectric (fiber) probe with
a subwavelength aperture at the end. The most popular near-field probe [21,22]. (f)
A scattering probe of subwavelength diameter. An ideal probe in terms of resolution
and local field intensity. The material can be a metal [16] or a dielectric [15]. Laser
trapping technology is required to suspend and scan this isolated nanoprobe. (g) An
apertureless probe. A semiconductor [14] or metal [17,23] needle with a sharpened
end is used. The highest resolution [24] is attainable. High optical throughput and
high field enhancement make two-photon fluorescent imaging [25], surface-enhanced
Raman spectroscopic imaging [26], and high-resolution fabrication [27] possible. (h)
A dielectric probe. This configuration is known as a photon STM [28,29]



Near-Field Microscope Probes Utilizing Surface Plasmon Polaritons 23

similar configuration to that of a metal-coated fiber probe with an aperture,
while it has the following significant advantages compared with an aperture
probe:

1. The optical throughput or photon collection/illumination efficiency of an
apertureless probe is much higher than that of a fiber probe coated with
metal because of the use of external wide-angle optics to illuminate and/or
collect the photons. The metal-coated fiber has a cutoff optical frequency
for light transmission; the inner diameter of the waveguide strictly limits
the wavelength of transmittable light. There is no such a limitation on a
scattering probe because the waveguide mode is not used for light trans-
mission.

2. Owing to the local mode of the surface plasmon at the probe tip, the
electromagnetic field is significantly enhanced. This effect will be explained
in detail in the chapter by Novotny [30] and by Inouye [17]. By utilizing the
field-enhancement effect, even Raman spectroscopy [26] and two-photon
spectroscopy [25] are made possible on the nanometer scale.

3. The spatial resolution can be much higher than that of an aperture probe,
because of the small radius of the tip apex. The radius of a scattering probe
without an aperture can be made much smaller than that of an aperture
probe with an aperture and a metal coating surrounding the aperture. The
metal coating for an aperture probe needs to be thick enough to stop the
penetration of the light through the metal. This thickness of the aperture
probe at the apex may cause an artifact in the imaging.

A metallic probe has been applied for imaging of semiconductors with regula-
tion of the gap by STM (scanning tunneling microscope) [31] and for infrared
imaging with high resolution [23,32]. The advantages of high throughput
and of field enhancement with an apertureless metallic probe have been suc-
cessfully utilized for two-photon-excited fluorescence imaging [30] and the
Raman-scattering imaging with regulation by AFM (atomic force micro-
scopic) [20].

The material for an apertureless probe can be a semiconductor [14] or
a dielectric [28,29]. A dielectric fiber probe with a sharpened end, without
a metal coating, can also be successfully used for near-field imaging with
waveguide light transmission. This configuration shown in Fig. 6h, has been
called photon STM, but did not have much claim to the above advantages
1-3. However, this configuration still contains the above three advantages to
some extent. The resolution may be degraded by photons coupled into the
fiber from/to the side of the probe, while there is no cutoff in transmission,
owing to the absence of a metal coating. The field enhancement factor of a
dielectric is not as high as that of a metal, although there still exists some
enhancement for a small or sharp scatterer [33].
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5 Imaging Theory of Near-Field Microscopy

The near-field image is given by the scanned light intensity detected at a
detector in the far field as the probe scans over the sample surface. This image
is different from the intensity distribution of the evanescent field modulated
by (or generated by) the subwavelength structure. The intensity distribution
modulated by the sample structure is modulated again by the subwavelength
probe, resulting in the output intensity at the detector.

This near-field interaction has been known for a long time from the ex-
periment of Newton’s frustrated internal reflection [34]. Figure 7 shows a plot
of the transmittance of evanescent photons through two prisms with a small
gap between them as a function of the distance between two prisms [34]. The
light is incident on the surface of the first prism condition of total internal re-
flection so as to generate the evanescent field, and the second prism reads this
evanescent field and emits it to the far field. As the gap between two prisms
decreases, the transmittance increases exponentially, except in the near-field
region where the curve deviates from an exponential decay. Dipoles in the
surface of the second prism, excited by the evanescent field on the surface
of the first prism surface, generate another evanescent field, which re-excites
the dipoles of the surface of the first prism. As a result, strong interaction
occurs between the two prism surfaces via the evanescent field, resulting in
the deviation of the transmittance curve.

Similarly to the experiment of the coupling of two prisms, near-field imag-
ing with a probe is very complicated because of the strong interaction between
the probe and the structure. Figure 8 illustrates the coupling or interaction
between two structures via evanescent photons. This coupling could produce
an artifact in the image, altrought in practice the image obtained represents
the sample structure rather than the complicated field distribution [36].

6 Spectroscopic Issues

In contrast to the topographic imaging of the STM and AFM, a near-field
optical microscope aims at imaging of the nanometric distribution of the
local response of the sample to photon excitation. By choosing the optical
frequency of the light, selected information, such as selected molecules and
selected molecular bonds, selected conformations of molecules, and selected
bands of a semiconductor, can be excited to provide the image contrast. Selec-
tion of the probe is therefore particularly important for near-field microscopy,
as it must cover or discriminate in the spectroscopic range of interest. As in
described in the previous section, a metal-coated fiber probe with an aperture
has a cutoff limit on the transmittable optical frequency or on the wavelength,
set by the diameter of the waveguide.

Since an apertureless metallic probe does not have a cutoff, such a probe
has been used for molecular imaging. The metallic probe provides a reason-
able contrast in the near-field infrared spectrum and image owing to the high
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photon collection and scattering efficiency. Even the extremely weak signal
of a Raman scattering spectrum and image can be detected by a metallic
probe, thanks to the field enhancement of a metal particle. The scattering
coefficient is a function of the wavelength, determined by the resonance of
the plasmon polariton in the surrounding medium. The spectrum of scatter-
ing is given by the Mazwell-Garnett theory for any given complex dielectric
constant and size parameter of a metallic sphere [37]. The ellipticity of a
single metallic bead changes the factor of scattering (field enhancement) and
spectral shift [38]. The field enhancement for a sharpened metallic needle will
be described in the chapter by Novotny.

A possible problem in the use of a metal for a near-field probe lies in the
fact that in fluorescence near-field microscopy the fluorescent photon energy
may transfer to the metallic probe, leading to a quenching effect [39].
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Abstract. In this chapter, I will show an apertureless metallic probe which en-
hances the electromagnetic field locally at its apex and achieves nanometric spatial
resolution for near-field optical microscopy. The principle of the apertureless metal-
lic probe and its features are described. Several near-field optical images are shown,
and the contrast mechanism of microscopy is discussed.

The application to Raman spectroscopy is also described for molecular imaging
and sensing.

1 Introduction

A small metallic structure a size of which is smaller than the wavelength of
light scatters light field and enhances the electric field intensely, owing to
the strong interaction between the light field and the metal structure, when
light is incident on such a structure. For example, a thin metallic film with
atomic-scale roughness enhances Raman scattering from molecules that are
adsorbed on the film. The enhancement is by a factor of 10*-10° relative
to ordinary Raman scattering. This is well-known phenomenon, known as
Surface-Enhanced Raman Scattering (SERS) [1]. One of the reasons for such
an enhancement of Raman scattering is that localized surface plasmon polari-
tons (SPPs) are excited on small metallic structures and the incident light
field is enhanced strongly. The electric field which is coupled to the local-
ized SPPs at the metallic structures comprises an evanescent field. Since the
evanescent field is localized around these structures, a super-resolution capa-
bility can be attained by detecting this field. We proposed such a near-field
scanning optical microscopy (NSOM) using a metallic probe with a tip that
enhances the electric field locally and strongly [2].

The NSOM described here is so-called apertureless NSOM, and the reso-
lution is determined by the radius of the tip. In this chapter, we shall show
the principle and features of an apertureless NSOM using a metallic probe,
as well as several near-field images obtained with our system. Furthermore,
we shall discuss near-field nanospectroscopy for chemical analysis of organic
materials and molecules with the aid of our experimental data.

S. Kawata (Ed.): Near-Field Optics and Surface Plasmon Polaritons,
Topics Appl. Phys. 81, 29-48 (2001)
© Springer-Verlag Berlin Heidelberg 2001
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2 Apertureless Metallic-Probe NSOM

2.1 Field Enhancement due to an Apertureless Metallic Probe

The apex of a metallic probe, such as the tip of a Scanning Tunneling Mi-
croscope (STM), functions as a scatterer by enhancing electric field locally.
Shown in Fig. la is the intensity of a light field scattered at a tip, obtained
from a numerical analysis. Figure 1b shows the model used for the analysis. A
silver metallic tip of radius 20 nm is placed in contact with a glass substrate
(refractive index:1.5). The silver tip is illuminated by plane wave traveling
from the substrate. The wavelength of the incident field is 488 nm and its
polarization is in the TM mode (i.e. p-polarization). The incidence angle
is 45 degrees. An evanescent field is generated over the surface of the glass
substrate because the incidence angle satisfies the condition of total internal
reflection. The finite-differential time-domain (FDTD) method was employed
in the calculation [3]. A localized and enhanced field spot is observed around
the tip in the figure. The size of the small spot is about 30 nm, which cor-
responds approximately to the radius of the tip. The peak intensity of the
small spot is enhanced by a factor of ca. 80 compared with the intensity of
the incident field. If, instead, the tip is a glass probe with the same tip ra-
dius of 20nnm, the enhancement factor is 7 when the illuminating is in the
TM mode [4]. No enhancement of the electric field is induced, when the TE
mode (i.e. s-polarization) is used for illumination in the calculation [4,5].
These analyses show that strong enhancement of the localized field requires
use of a metallic tip and TM mode illumination for an apertureless probe,
and that the small-scale light field spot strongly enhanced at the tip is caused
by excitation of a localized SPP.

(a) (b)

Probe (A
Dielectric (A9)

Fig. 1. Enhanced electric-field intensity localized at a silver probe tip, calculated
by the FDTD method
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2.2 Principle of an Apertureless NSOM

A structure P(r) of an apertureless probe tip is expressed by
P("“) = /P/(Kprob) eXp(iKprob "") derob ) (1)

where P'(Kpon) is the spatial spectrum of the tip according to scalar the-
ory [6]. When an incident light field, whose wave vector is represented by Kiyc
is scattered by the tip, the scattered field is given by

/PI(Kprob) exp[i(Kprob - kinc) 'T] dK rob - (2)

The scattered field, of which the wave vector | K prob — Kinc|s is imaginary, is
converted into an evanescent field and is localized around the tip as shown
in Fig. 2a. |K prob — Kincle 15 euqal to | K probs, that is, [Kinc|s is negligible if
the tip apex is much smaller than wavelength of the light field. This means
that the size of the small light spot is approximately equal to the tip radius.

A sample having structures smaller than the wavelength is described sim-
ilarly by

S(T) = /S/(Kstr) exp(iKstr : ’l") sztr ) (3)

where S’( K, ) is the spatial spectrum of the sample. As the sample is placed
in the vicinity of the tip, the small spot around the tip is scattered by the
sample structure. If the lateral component of the spatial spectrum satisfies

w 27
|(Kprob);n - (Kstr)w| < Z = 7 P (4)

the scattered field is converted into a propagating field, as shown in Fig. 2b.
A near-field optical image is obtained by gathering the scattered field with
external collection optics and detecting it in the far-field region while the
tip or sample is scanned. Equation (4) represents the condition that the
evanescent field around the tip is scattered by sample structures of which the
spatial frequency is almost the same as the wavenumber of the evanescent
field. In other words, the tip functions as a spatial band filter; if you want
to observe a sample with 30 nm resolution, you should employ a metallic
probe with a 30 nm radius. As the tip radius decreases, the tip can convert
evanescent fields of higher spatial frequency into a propagating field, and the
resolution of the NSOM becomes higher.

2.3 Features of the Metallic Probe

The basis of the metallic-tip NSOM is the scattering of the evanescent field
localized around the tip due to the sample structure or the scattering of
the evanescent field localized around the sample structure due to the tip.
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Fig. 2. Principle of an apertureless NSOM, (a) a small spot is generated at the
tip, but does not interact with the sample, because the tip is far from the sample
surface. (b) The localized spot is rescattered by the sample structure as the tip is
in the vicinity of the sample

The function of the metallic tip is the same as that of an aperture probe,
which is used for the generation of an evanescent field or conversion of an
evanescent field into a propagating field at the aperture. A difference between
the metallic tip and the aperture probe is whether it functions as a waveguide
for illumination/detection or not.

Compared with the aperture probe, the metallic tip has several features,
as follows,

1. Higher resolution is obtainable by making the tip sharper, because the
resolution of an NSOM with a metallic tip is determined by the radius
of the tip. Atomic resolution is achievable, provided that the tip apex is
processed at the atomic level. So far, the accomplishment of imaging with
1 nm resolution has been reported [7,3]. On the other hand, the resolution of
the NSOM with an aperture probe is limited to several tens of nanometers
because the size of the aperture is restricted by the skin depth of the metal
coated around the fiber [9].

2. The collection of the light field scattered at a metallic tip is efficient if
external collection optics are used, while light field is strongly absorbed
during waveguide transmission by the metal film coated around the fiber tip
during waveguide transmission. The collection efficiency is getting better
as higher-NA lenses are employed.

3. A metallic tip can produce a more intense scattered field than a tip made
from an other material can [10] because a metal scatters the light field
more efficiently than other materials as mentioned above.

4. A metallic tip can be sharpened more finely and easily than an aperture
probe. An aperture probe has larger effective diameter than a pure metal
tip because the former has metal coating that has to be thicker than the
skin depth of light. Hence, the metallic tip can be scanned over steep areas
of a sample when the tip is regulated by AFM or STM. Furthermore,
atomic contact between the tip and sample or single-channel transport
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of tunneling electrons is possible with a sharp metallic tip, while a light
field is scattered at the tip [11]. This means that scattering center of the
evanescent field coincides with the contact point or electron channel. Thus,
the near-field optical image corresponds to the topography obtained with
an AFM or a STM. In contrast, an aperture probe does not always provide
a single contact point or elctron channel, owing to thickness of the probe,
as shown in Fig. 3. This means that the probe-sample distance may not be
controlled and regulated precisely and reliably. As a result, the near-field
optical image and the topography of the same sample surface can exhibit
different characteristic responses [12].

5. The spectral responses of near-field detection with a metallic tip ranges
from the ultraviolet to the infrared because of the use of external optics (e.g.
a Cassegrain objective mirror or a lens made of an appropriate material),
while the spectral response of an aperture probe is limited by the material
of the waveguide. Because the scattering efficiency of a metal is higher in
the infrared region than in the visible, then the use of metallic probe tip
can be beneficial in infrared microspectroscopy [13,14].

aperture probe metallic tip

tunneling current/
«— contact point

sample

(a) (b)

Fig. 3. Operation of NSOM probe tips as STM/AFM probes: (a) a fiber probe
with a coated metal film, and (b) a metallic tip

3 Near-Field Imaging Using a Metallic Tip

In this section, we describe an NSOM that use a metallic tip, and several
near-field optical images obtained with it. The contrast of near-field imaging
is also discussed.

3.1 Scattering of an Evanescent Field at a Metallic Tip

Figure 4 shows the configuration of the system that we developed [2]. A laser
diode (A = 670 nm, 10 mW) illuminates the sample above the critical angle
so as to achieve dark-field illumination. The evanescent field generated over
the sample surface is scattered by the insertion of a platinum-iridium probe
tip. The scattered field is collected towards a photomultiplier tube (PMT)
by a long-working-distance objective lens (NA = 0.35, 20x). The PMT is
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Fig. 4. NSOM system combined with STM
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electronically cooled to reduce thermal noise. The probe tip is scanned in
three dimensions, using a tube-type piezoelectric transducer stage.

Figure 5a shows a photograph of a metallic tip which is shining by the
scattering of evanescent field. This was taken by the CCD camera shown
in Fig. 4. There was not any particular sample on the prism surface; the
illumination light was incident on the surface of the prism at an angle larger
than the critical angle. The very small area of light is well seen on the tip
of the probe. The size of the scattering area of the light was actually much
smaller than the radius of the tip, while in the figure we have integrated
the weak intensity in a long-time exposure so that the area visible in the
figure is larger than the actual size seen in the experiment. Figure 5b shows
a photograph of the same tip, but purposely illuminated with a fiber-bundle
illuminator beside the probe and the sample to show the shape of the tip.
The lower half of the photograph shows a mirror image of the tip reflected
in the prism surface.

In any configuration of an NSOM with a metallic tip, unwanted stray
light from the sample surface exists. Such stray light has to be eliminated
to enhance the signal-to-noise ratio of the near-field signal. Evanescent illu-
mination using total internal reflection is one of the methods to reduce the
unwanted scattered light. However, all stray light is not necessarily elimi-

Fig.5. (a) Photograph of a probe tip shining in the evanescent field, and (b) the
tip illuminated by an external light; reflection of the tip is visible as the reflection
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nated by using such illumination, as shown in Fig. 5. Another method for
rejection of the stray light is a lock-in detection technique. To recover only
the scattered evanescent signal, we vibrate the probe tip along the z axis
at a certain frequency and with nanometric amplitudes, and the detected
signal is demodulated with a lock-in detection technique. Only the scattered
evanescent field is recovered, because the intensity distribution of the light
field localized on the surface decays rapidly along the z axis. In contrast, the
intensity of the non-evanescent waves does not decay at subnanometric res-
olution. As a result, unwanted contributions from scattered non-evanescent
photons, as well as background stray light, are eliminated in the measured
signal.

We performed an experiment to measure the exponential decay of the
evanescent field produced by the total internal reflection with this NSOM.
Figure 6a shows the experimental result for the light intensity (with lock-in-
amplified detection) as a function of the distance between the tip and the
surface. To show the reproducibility of the experiment, two curves obtained
in two separate experiments are shown in this figure. The sample surface was
BK7 glass with a surface precision of A\/4. The amplitude of tip vibration
was 4.7nm at a frequency of 2.5 kHz. This plot shows good agreement with
the exponentially decaying curve of the evanescent field; the incidence an-
gle calculated from the data is 46.9 degrees, and experimentally it is ~47
degrees. Even though the light intensity when modulated by tip vibration
is not sinusoidal, the lock-in detection picks up only the component at the
fundamental frequency, and hence distortion should not occur in the results.
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Fig. 6. Experimental result for the light intensity as a function of the distance
between tip and surface; (a) with tip vibration (2.5 kHz) and lock-in detection,
and (b) without tip vibration but with laser-diode flickering (2.5 kHz) instead. The
sample was BK7 glass with a precision of \/4

There is another way to modulate the intensity of the detected signal;
to modulate the laser-light intensity. Figure 6b shows a plot for the same
sample with the same experimental setup, except that the modulation was
performed by intensity modulation of the laser diode at 2.5 kHz (the probe
was stationary). Although the result shown in Fig. 6b looks similar to Fig. Ga,
it contains a biased component due to the scattering of light coming out of
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the probe tip. This result indicates that intensity modulation does not work
at all for measuring the true distance between tip and surface.

3.2 Observation of Surface Wave on a Periodic Structures

We analyzed the surface of a periodic structure (i.e. a grating) using the
NSOM system [11]. Sample was placed on a triangular prism (BK7, refractive
index = 1.513), and oil was introduced to match the refractive indices of the
sample and the prism. A gold film was coated onto the sample surface with
a thickness of 20 nm in order that the tip position along the z axis could be
held constant using servo control of the STM operation, and that the amount
of evanescent photons would be large enough to penetrate the metal coating
from the prism side to the probe side.

Figure 7 shows an NSOM image of the sample surface, obtained using the
STM feedback mode. The entire image has surface dimensions of 5um x 5pum
and sampling was done at scanning steps of 10 nm. The guide grooves, which
are separated at intervals of 1.6um, can be seen in the observed image.

A Pt-Ir probe tip with a diameter of 70 nm at its apex was used in the
experiment. The tip was axially modulated at 10 kHz with an amplitude of
0.5nm. The tunneling current and the bias voltage were selected as 0.5 nA
and 1.0V, respectively.

In the figure, the sample was illuminated from right to left, in a direction
perpendicular to the groove orientation. The illumination light was in the TE
mode (s-polarized), but an analyzer was not employed during detection.

Because the tip—sample distance was always held constant by regulating
the STM tunneling current, the image does not describe the surface profile
of the sample, but only the distribution of the localized fields at its surface.
Groove edges are imaged more brightly than the central regions because the
latter contain only the evanescent field produced by total internal reflection at
the surface. On the other hand, the grooves are imaged more intensely because
the evanescent field generated by the higher spatial frequencies constituting
the structure of the groove edge is characterized by a wave vector that is
larger in a certain direction than that of the illuminating light.

Fringes with a period of about 260 nm can also be seen in the central re-
gions. The fringes are formed by interference between the light field diffracted
by the periodic groove structures. These fields are evanescent because they
are scattered at high diffraction orders.

Figure 8 shows a STM image which represents the surface profile of the
same area as analyzed in Fig. 7. Note that the central regions bounded by
pairs of grooves have a measured width of about 1.1pum. The grooves them-
selves have widths of about 0.5um.

Figure 9 presents a NSOM image obtained using the same STM regula-
tion of the tunneling current as in Fig. 4, but with TM mode (p-polarized)
illumination. The scattered light intensity is ten times larger than what was
obtained in the image shown Fig. 7. Note that the fields at the groove edges
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Fig.7. NSOM image (5um x 5um) of a
grating in the STM feedback mode. An s-
polarized illumination was used

Fig. 8. STM image of the same portion of
the grating as shown in Fig. 7

Fig. 9. NSOM image of the grating in the
STM feedback mode. A p-polarized illumi-
nation was used
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are imaged much more brightly than the other regions of the surface. Figures 7
and 9 illustrate that NSOM imaging is strongly polarization-dependent.

In Figs. 10a and 10b are single scan profiles (from left to right) of the
images shown in Figs. 9 and 8, respectively. No averaging or smoothing has
been done in these profiles. The NSOM profile in Fig. 10a clearly illustrates
the localization of the evanescent field at the groove edges. Interference fringes
can be also observed in Fig. 10a. Figure 10b correctly indicates an inclination
of the sample surface, which a NSOM image does not detect. Thus STM and
NSOM images can provide unique information about the sample surface.

(a)
=)
<
2
‘@
c
(0]
£
1 1 1 1 ]
0 1 2 3 4 5
Position [um]
(b)
100
€
£
£ 50
R=y
(o}
T
0 1 1 1 1 1
0 1 2 3 4 5
Position [um]

Fig. 10. Single scans from (a) the NSOM image in Fig. 9 and (b) the STM image
in Fig. 8

3.3 Biological Sample

Figure 11a shows an NSOM image of a murine embroynal myocardial cell.
In this figure, the sample was illuminated from the right to the left. The
illumination light was in the TM mode (p-polarized). The scattered light
from the scatterer was detected with an analyzer in the p polarization. The
entire image has surface dimensions of 10um x 10um and was sampled at
scanning steps of 40 nm. Figure 11b shows an STM image which represents
the geometric surface structures of the same area as shown in Fig. 11a. Unlike
the STM image, the NSOM image does not represent the geometric structure
of the sample, but represents the localized evanescent field near the sample.
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Fig.11. (a) NSOM image and (b) topog-
raphy of a murine embroynal myocardial
cell

This image corresponds to the distribution of the effective refractive index of
the sample. In particular, as shown by the white arrows in Fig. 11a, narrow
channel structures were observed in the NSOM image, but not seen in the
STM image, which means that these structures correspond to fine variations
of the refractive index in the cells.

3.4 NSOM Imaging in Reflection Mode

A metallic tip can also be used for analyzing opaque samples such as semi-
conductors and metals in the reflection mode. Figure 12 illustrates a config-
uration employed in constructing a reflection mode apertureless NSOM [15].
The sample surface nearest to the probe tip is illuminated by light that is
incident at a large angle relative to the surface plane. The light field that is
scattered by both the probe tip and the sample is collected into a photo de-
tector using external optics. The tip is scanned across the sample surface to
produce a near-field optical image of the sample surface. Specular reflection
of the incident light cannot enter the photo detector if the angle of incidence
is made larger than the observation angle of the external optics. Undesirable
stray light contributions from sample regions not within the proximity of the



40 Yasushi Inouye

Specular  Metallic tip
reflection

(b)
' AN
/
w /\

Sample

Scattered field

Fig. 12. Illustration of the principle of the reflection mode NSOM that employs
a single metallic probe tip. (a) When the tip is near the sample surface, and (b)
When the tip is far from the sample surface and it does not scatter the evanescent
field

tip apex are minimized by vibrating the probe tip and employing the lock-in
detection technique [2].

The experimental setup that we used was the same as that in Fig. 4 except
for the illumination optics. The sample is illuminated at an incidence angle of
about 50 degrees to achieve the desired dark-field illumination. The sample
was a fine-pitched silicon grating (period 240 nm) which was fabricated using
a laser holographic lithography technique. Details of the sample fabrication
are described in [16]. Figure 13a presents a near-field image obtained under
p-polarized illumination and with the tunneling current kept constant at 0.5
nA, while Fig. 13b presents an STM image of the same surface area (tunneling
current = 0.5 nA, bias voltage = 2.0 V). Both of these images have surface
dimensions of 1um x 1um and were sampled at scanning steps of 2nm in the
x directioan and of 8nm in y direction. The illumination light was incident,
in this figure, from the left of the surface normal. Figures 13¢ and 13d show
representative cross sections of the images in Figs. 13a and 13b, respectively.
The STM image indicates a rectangular profile for the sample, while the
electromagnetic field is localized more intensely near the edges of the grating
structures. This is because the edges have geometrical structures that are
smaller than the illumination wavelength, which is a condition for producing
a strong localization of the evanescent field.

The electromagnetic field that was localized at the edge, with dimensions
of about 60 nm, could be observed clearly, as shown in Fig 9. This size is,
according to the STM image, equivalent to the size of the grating groove. This
result indicates that our system has an image resolution of at least 60 nm or
A/11 for ligth of wavelength 670 nm light. Although we did not examine our
system with a test sample having much finer structures, the result in Fig. 13a
implies that the resolution of our system could be as fine as 6 nm or \/100.

3.5 Multiheight Imaging

A NSOM changes the light field on an extremely small area of the sample
surface by inserting a probe tip into the near-field of the sample surface.
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Fig. 13. Images (1pm X 1pm) of a fine-pitched grating (period = 240 nm): (a) STM
image representing a topographic image of the sample surface, (b) near-field opti-
cal image obtained with p-polarized illumination (STM feedback mode), (c) cross
section of Fig. 13a, and (d) cross section of Fig. 13b

Since the tip and the sample are very near each other, much nearer than the
wavelength of the incident light, the photons scattered at the probe are rescat-
tered by the sample structure and subsequently scattered again by the probe.
Near-field imaging is based on multiple scattering, or interaction of photons
with the total system, including the probe and sample. The image obtained
from a NSOM is very dependent on the size of the gap between the probe
and the sample surface, which makes it difficult to interpret NSOM images.
Experiments were conducted to investigate the sensitivity of NSOM imaging
to experimental parameters, including the polarization of the illumination as
shown in Figs. 7 and 9, and the angular dependence of the detection [17].
In this section, we show our experimental results for NSOM imaging with
our NSOM (see Fig. 4), with which we can obtain images of the sample with
various gaps between the probe and the sample surface [18].

Figure 14 shows the scanning sequence of the system developed. First,
the metallic tip is brought to position A near the sample surface, where the
tunneling current between the tip and the sample surface reaches a value
specified by the computer. Then the tip is lifted to positions B, C, and D
sequentially by application of a series of bias voltages to the piezo transducer.
The sequence of bias voltages is preset by a computer program. The number
of positions at a single point is also programmable. At every height an optical
signal is detected with a PMT. After the signals have been collected at the
same location for the different heights, the probe returns to the initial height
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Fig. 14. Scanning sequence of the multi-height NSOM

at which the tunneling current is controlled, and then moves to the next
point E. After the experiment is completed, images of the same sample at
different heights are reconstructed from the measured data series. The exact
height (or size of the gap) as a function of the bias voltage applied to the
piezo tube was calibrated in advance by measurement of the movement of
the piezo.

Using this system, we measured optical images of a grating coated with
a 40nm thick gold film with 40 nm deep grooves of period 1.6um. Figure 15
shows a series of near-field optical images, with STM images at the top. The
laser used for illumination was a laser diode with a wavelength of 670 nm. The
sample was illuminated with p-polarized light in a direction perpendicular to
the groove orientation. The probe tip was an apertureless platinum—iridium
tip with a apex of 50 nm diameter. The scanned area was 3um x 0.25um, or
256 x 20 pixels, with each pixel measuring 12nm x 12 nm.

In the STM image shown at the top of Fig. 15, the longitudinal grooves
are clearly seen at the ends and at the center. The other 13 images are optical
images measured at various sizes of the gap. The size of the gap is shown to
the left of every image. The value of 0 nm indicates the position at which the
STM image was detected, which was ~ 1 nm from the surface.

Fine structures with sizes near 400 nm, which is finer than the diffraction
limit of the light, can be seen in all images measured at gaps between 0
and 10 nm. There is no such fine structure contained in this grating, as can
be seen in the STM image. The fine structures represent a surface standing
wave caused by interference between the high-order diffracted fields that are
generated by the periodic structure of the sample, as mentioned above. Since
this interference is formed by the surface wave or the evanescent wave, it
disappears in the images as the tip moves up. The effective depth of this
evanescent wave is ~ 10 nm according to these results.
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Fig. 15. Near-field optical images of a gold-coated glass grating (1.6um pitch) at
various sizes of the gap. The value to the left of each near-field image indicates the
measured height relative to the position at which STM image was detected

The image at 50 nm is the one most similar to the STM image or to the
topography of the sample structure. A resonance effect [19] may occur within
the gap, diameter of the probe tip and the sample structure (groove depth),
because they have similar dimensions. When the distance between the tip
and the sample surface is larger than 100 nm, the image contrast does not
reflect information from the sample.

Figure 16 shows the spatial-frequency distribution (or the one-dimensional
Fourier transform) of the images shown in Fig. 15 with respect to the hori-
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Fig. 16. Spatial-frequency distribution of the data shown in Fig. 15

zontal axis. As the probe approaches the surface the high-frequency compo-
nents (on the right of the plots) increase compared with the lower-frequency
components (on the left of the plots). The plot for a distance of 50 nm most
resembles the STM image. In the images obtained with the tip located at less
than 50 nm from the surface, components that are higher than the diffraction
limit are included. The frequency of the diffraction limit (A\/2 = 335 nm) and
that of the wavelength in the sample medium (A/1.5 = 450 nm) are marked
in the STM plot at the top of Fig. 16. For a super-resolution image beyond
the diffraction limit, the gap between the probe and the sample must be
smaller than ~ 50 nm. In the images in which the gap is larger than 200 nm,
the low-frequency component representing the background image intensity
dominates the spectrum.
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We must point out that a single NSOM image is insufficient for recon-
structing optical-constant distributions. Multiple images, observed with dif-
ferent known parameters, are necessary for reconstructing the original to-
pographical (height) and material (or optical-constant) distribution of the
sample surface.

4 Near-Field Spectroscopy Using a Metallic Tip

NSOM allows molecular imaging and the detection of molecular dynamics
with super-resolution capability, e.g. single-molecule detection. Several re-
searchers have succeeded in determining the orientation of an isolated fluo-
rescent molecule [20], measurement of the lifetime in the excited state [21],
and observation of energy transfer mechanisms between donor and acceptor
fluorophores [22] by applying NSOM to fluorescent spectroscopic measure-
ments.

Another alternative for molecular imaging and detection on the molec-
ular scale is available through the combination of NSOM with vibrational
spectroscopy. Raman spectroscopy is an especially promising candidate for
near-field vibrational spectroscopy because a visible laser is available and
because rich information about molecular vibration is obtained directly by
measuring the Raman spectrum. In this section, we describe near-field Ra-
man spectroscopy performed by using an NSOM with a metallic tip. The
strongly localized field and the surface-enhanced field caused by metallic is-
lands (SERS, surface-enhanced Raman scattering) compensates for the very
low cross section for Raman scattering (1073 cm?), which is much smaller
than that for fluorescence (10716 cm?).

Figure 17 shows the configuration of our NSOM, with a metallized can-
tilever which is operated in AFM mode. A light field from an Ar ion laser
(A = 488 nm, power 10 mW, polarization linear) enters the epi-illumination
optics after being expanded and collimated. That part of the illumination
light which corresponds to an NA smaller than 1.0 is rejected by inserting a
mask (shown in the inset of Fig. 17) in front of a beam splitter [23]. Then, the
annular illumination light is focused onto the sample surface by using an oil-
immersion objective lens (NA 1.4, magnification 60x ). The focused light spot
consists of only an evanescent field because only the component of the illumi-
nation which corresponds to NA > 1.0 is transmitted by the mask. The size
of the focused spot can be as small as \/2. When the cantilever approaches
this evanescent focused spot, part of the evanescent light is scattered and
converted into propagating light. The scattered light is collected by the same
objective lens or another long-working-distance objective lens to the side of
the cantilever, and detected with PTMs or with a polychromator with a CCD
camera equipped with an image intensifier, for spectroscopy. Excitation light
and Rayleigh scattering are rejected completely by a notch filter (A = 488 nm,
full width at half maximum 15nm). Light from the laser diode which is used
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Fig. 17. Experimental setup for near-field spectroscopy
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for AFM control is also eliminated through a long-wavelength-cutoff filter.
The cantilever was monitored with CCD cameras during operation. A pin-
hole was placed in front of each PTM to reduce stray light. A silicon cantilever
coated with a silver film of 40 nm thickness was used in the experiment, be-
cause the scattering efficiency of silver is highest at 488 nm. The sample was
scanned with piezoelectric transducers in the x — y plane while the cantilever
was regulated by AFM feedback in the z direction.

Figure 18 shows a near-field SERS spectrum of rhodamine 6G obtained
with the NSOM system that we developed, using the silver-coated cantilever
[24,25]. This spectrum was obtained by subtracting the spectrum obtained
without the silver-coated cantilever from the one obtained with the silver-
coated cantilever. The spectrum in Fig. 18 consists of only the near-field-
excited SERS signal, while the spectrum obtained with the silver-coated can-
tilever includes not only the near-field-excited SERS signal, but also the SERS
signal excited by the evanescent focused spot, as mentioned earlier. Eight
Stokes-shifted Raman lines were observed at 611 cm™!, 771 cm ™!, 1190 cm ™!,
1313cm™!, 1364cm™!, 1512cm™ ", 1574cm ™!, and 1653cm™! in the spec-
trum. These Raman lines correspond to the stokes shift of the C—C stretching
vibration mode. The exposure time for obtaining the spectra was 5 seconds
and no data accumulation was used. This time was shorter than that neces-
sary with an aperture probe [26]. From the experimental results, we estimate
the factor of enhancement to be 40 by assuming that the size of the focused
spot 400 nm and the radius of the tip is 20 nm.

Figure 19 shows a near-field spectrum of the same sample as in Fig. 18,
but was obtained using a silicon cantilever. No Raman line is observed in
the spectrum. The reason is that the silicon cantilever does not enhance the
electric field at the tip apex sufficiently for the Raman lines to be measurable.

We also measured the SERS spectra of the sample while the cantilever
was scanned over the evanescent focused spot. Figure 20 shows line images of
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four near-field Raman shift peaks at 611cm™', 1190cm™", 1364cm™!, and
1653 cm~'. A lateral resolution of ~ 50 nm is achieved in this experiment.
Near-field SERS spectra which are enhanced by a silver-coated cantilever
have been shown above. The spectra give direct information about molecular
vibrations. Near-field vibrational spectroscopy has the advantage of not sub-
jecting the samples to photobleaching, and sample staining is not necessary.
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Abstract. Localized surface plasmons can be used to control near-field optical
phenomena in the subwavelength range. Specifically, this chaper reviews recent
results which show that localized surface plasmons can confine the optical intensity
down to nanoscopic dimensions. The discussion first considers how a collection-
mode near-field optical microscope can observe the squeezing of the plasmon field
of metallic nanostructures deposited on a flat surface. Numerical simulations then
provide illustrations of the confined fields associated with nanostructures which are
feasible using current microfabrication techniques. Finally, we present arguments
which explain how localized surface plasmons can deliver a significant amount of
power to the very end of a tetrahedral tip used as the light source of an illumination-
mode near-field optical microscope.

1 Introduction

Localized surface plasmons have been used and/or observed since the early
development of near-field optical microscopy. In this context, localized surface
plasmons not only are interesting as fundamental phenomena to be studied
per se, but also turn out to be useful for controlling near-field optical phe-
nomena in the subwavelength range.

Both collection [1,2,3,4,5,6,7,8] and illumination [9,10] mode near-field op-
tical microscopes (see [11] for a classification of the various setups of near-field
optical microscopes) have been used to study the basic properties of localized
surface plasmons related to micro- and nanostructures deposited on surfaces.
The principle of controlling near-field optical phenomena on the basis of plas-
mon properties appears not only in some near-field optical microscopes which
exploit directly a signal relying on localized surface plasmons [12,13,14,15] but
also in the suggestion of optical microdevices relying on surface plasmons [10]
as well as in the recent direct observation of controlled plasmon coupling [17].

Among the possible applications of localized surface plasmons, this chap-
ter reviews specifically those recent results which show that localized surface
plasmons can confine the optical field intensity down to nanoscopic dimen-
sions. By ‘confined optical field intensity’, we mean here that the spatial
distribution of the optical field intensity, in the near-field zone, close to an
S. Kawata (Ed.): Near-Field Optics and Surface Plasmon Polaritons,

Topics Appl. Phys. 81, 49-69 (2001)
© Springer-Verlag Berlin Heidelberg 2001
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underlying small particle, shows a sharp peak which extends over a volume
whose typical diameter is of the order of the transverse size a of the said small
particle. We shall refer to ‘squeezing’ of the field when this phenomenon of
field confinement is reduced to a size smaller than a.

Confined or, even better, squeezed fields are desirable for at least
two purposes. First, spatial confinement of the optical field is a prereq-
uisite for achieving the miniaturization of optical and optoelectronic de-
vices [18,19,20]. Second, in illumination-mode Scanning Near-Field Optical
Microscopes (SNOMs), obtaining confined fields at the apex of the local probe
tip is the key property for achieving high spatial resolution.

Section 2 will first consider the squeezing of the plasmon field as observed
by a collection-mode Photon Scanning Tunneling Microscope (PSTM). Nu-
merical simulations presented in Sec. 3 will demonstrate that confined plas-
mon fields may be achieved with several kinds of nanostructures. Finally,
Sec. 4 will discuss how localized surface plasmons may bring a significant
amount of power to the very end of a tetrahedral tip used as the light source
of a SNOM.

2 Squeezing of the Plasmon Field

Using a collection-mode near-field optical microscope such as the PSTM [21],
it is possible to observe, in the near-field zone, the distribution of the opti-
cal field associated with the localized surface plasmons of resonant metallic
nanostructures. Indeed, when a bare elongated optical fiber is used as the
local probe, the images recorded by a PSTM can be directly compared with
the near-field distribution of the electric field intensity |E(r)|? associated
with the optical field, as calculated by the numerical solution of the Maxwell
equations [22,23,24]. Experiments have shown that the spatial distribution of
|E(7)]? close to resonant small metal micro- and nanostructures is not always
confined to the dimensions of the structure. Independently of the broadening
related to the finite size of the local probe, the spatial distribution of the
localized surface plasmon field outside a small particle may often be spread
over an area of the order of A\?, where \ is the incident wavelength. In order
to observe confinement or to obtain squeezing of the near-field distribution
of | E(r)|?, well-defined conditions must be searched for. We report here the
recent work of Krennetal. [17], which illustrates this point.

Au particles were deposited on an ITO (Indium Tin Oxide)-doped glass
substrate by a microfabrication process. Their geometry was checked by
scanning electron microscopy and Atomic Force Microscope (AFM) measure-
ments. The particle shape was found to be akin to half on oblate spheroid
(cut by the plane of the substrate). Their typical sizes were 100 x 100 nm?
in section and 40 nm in height. A microspectrometer located in the far-field
measured the plasmon peak of the single particles at a wavelength of 640 nm.
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The plasmon resonance of the Au particles is associated with a large lat-
eral variation of the intensity in the near-field zone so that image acquisition
cannot be performed efficiently at constant intensity. To record the spatial
distribution of |E(r)|? close to a particle, the tip was thus scanned at a con-
stant height above the sample surface while monitoring the light intensity
level. Successive images were recorded while bringing the tip closer to the
sample surface by 5 nm steps. The series of images terminated when the tip
touched a particle. The last complete image which was recorded before the
tip crash was retained.

On the basis of the results found for dielectric samples [23], the use of
sharpened, bare (uncoated) optical fiber tips in PSTM leads us to compare
the experimental image with the theoretical distribution of |E(7)|?, as pro-
vided by a solution of the Maxwell equations which does not include any tip.
In the computation, the p-polarized incoming field (A = 633 nm) was adjusted
to fit the experimental conditions: total internal reflection with an angle of
incidence equal to 55 degrees, and with the projection of the incident wave
vector onto the surface of the substrate pointing mostly towards the y direc-
tion but with a slight tilt towards the upper left corner of the images. The
numerical solution was obtained by applying Green’s dyadic technique [25],
discretizing a single Au particle into 10 x 10 x 10 nm? cubic cells.

Figure 1 compares a theoretical computation with an experimental PSTM
image recorded above an isolated Au particle. Figure 1b maps the distribu-
tion of the normalized intensity of the electric field associated with the opti-
cal wave (|E(r)|?/|Eo(r)|?) at a constant height z = 140 nm above the glass
substrate. This constant height does not correspond to the experimental tip-
to-sample distance, which was determined to be less than 45nm since the
experimental image displayed in Fig. 1 was the last one recorded before the
tip touched the particle, when the tip approached 5 nm closer to the sample.
The height z = 140nm was found to provide the best agreement between
the computed image and the experimental one after the computed distribu-
tion patterns in planes parallel to the substrate surface at heights ranging
between 0 and 200 nm were examined systematically. Since, in this height
range, the distribution patterns are very similar from one plane to another,
the best agreement was defined as that obtained when the pattern exhibited
contrast between the lowest and the highest intensity which is closest to the
experimental image. We justify this procedure by the fact that the tip is
not included in the calculation. Since the tip integrates the optical field over
a certain volume, the height z = 140 nm should be interpreted as a rough
modeling of the averaging process occurring inside the tip.

The agreement between the patterns of the calculated and the experi-
mental images is excellent. Since the simulation has not included the tip,
the experimental image exhibits a broader and less contrasty pattern. The
simulation recovers successfully the interference between the incident surface
optical wave and the wave scattered by the Au particle. The computation
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Fig. 1. Comparison of a theoretical computation (a) with an experimental PSTM
image recorded at constant height (b) of an Au particle (100 x 100 x 40 nm?)
deposited on an ITO glass substrate. The particle is centered at the origin of the
coordinate system in the computation (a) (the surface projection of the model

particle corresponds to the white square) while it is slightly translated to the left
in the experimental image (b)

fixes the exact position of the particle to be between the two central bright
spots. We conclude that the near-field optical signature of such an isolated
resonant Au particle is much larger than the size of the underlying particle.

However, Au particles identical to the one described above may be ar-
ranged in order to construct a squeezed distribution of |E(r)[?. This can
be achieved by aligning 10000 of such particles in a row with a spacing
of 100 nm. In this configuration, the localized plasmons of each individual
particle may couple to each other and setup a hybrid plasmon mode. The
observed image, using the same illumination and detection conditions as in
the preceding section, is shown in Fig. 2a. The main feature of this coupling
is the transverse squeezing of the optical field distribution which contrasts
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Fig. 2. (a) Constant-height PSTM image recorded above a chain of Au particles
(individual size: 100 x 100 x 40 nm?®) separated from each other by a distance of
100 nm and deposited on an ITO glass substrate. A comparison with a numerical
simulation (b) shows that the bright spots are not on top of the Au particles (the
surface projections of the particles correspond to the white squares). The intensity
scale of the experimental data (a) is normalized to that of the numerical calculation

with the broad spots found above a single particle (see Fig. 1). Indeed, the
tip has integrated the detection of the optical field over its own volume at
least. Consequently, the field distribution in the absence of the tip is proba-
bly narrower. The model calculation (Fig. 2 (b)) confirms that the spots are
narrower than in the case of the single Au particle (Fig. 1). However, the cal-
culated squeezing is not as narrow as in the experiment, since the modeling
involved only 30 particles instead of the 10000 present in the experiment.
The squeezing probably increases as the chain length grows.

In this section, we have thus provided an illustration of the fact that
obtaining a confined or squeezed field close to structures which can sustain
surface plasmons requires one to search for particular conditions.

3 Localized Plasmons
around Lithographically Designed Nanostructures

To show that confined plasmon fields may be achieved with several kinds
of nanostructures, this section presents numerical simulations of the exci-
tation of localized surface plasmons in nanostructures deposited on a flat,
transparent substrate. As in the preceding section, the numerical simula-
tions rely on Green’s dyadic technique [25]. The chosen example, borrowed
from [20], discusses the excitation of a single particle using metal nanowiress.
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Such structures may be fabricated by currently available techniques such as
electron beam lithography.

Let us consider a gold wire with a volume of 1000 x 30 x 20 nm?® deposited
on a glass substrate. As stated in the preceding section, the excitation of the
surface plasmons can be achieved under particular conditions. For the given
geometry of the wire, we computed a spectrum in order to determine the inci-
dent wavelengths which can excite localized surface plasmons. The spectrum
shown in Fig. 3 was obtained when one end, which are call the ‘entrance’,
of the nanowire was excited by a focused beam. A model describing such
an incident field has been developed by Tordk et al.to study the structure of
the electric field associated with a plane wave focused through an interface
between two materials with different refractive indexes [26,27,28]. The inci-
dent plane wave is linearly z-polarized and the objective lens has a numerical
aperture of 0.9. The spectrum in Fig. 3 is related to the computed intensity at
the other end, called the ‘exit’, of the nanowire when the incident wavelength
is swept from the visible to the near infra-red. To compute this spectrum, the
center of the incident beam was shifted away from the ‘entrance’ end of the
wire in order to reduce the area of the particle illuminated by the incident
light. The shift was chosen to be A-dependent and was fixed at A/4 in order
to compensate for the spot size growing with increasing wavelength. Because
the volume of the wire is large enough to exclude intrinsic size effects, we
used the bulk tabulated values to describe the dielectric function of gold [29].
The computed signal @) versus the wavelength is defined as

1 |E($7yaZObSaA) |2
A) = =
Q( ) S s | EO(fEbuybuzobsu/\) |2

where S is an area of 100 x 50 nm? located above the ‘exit’ end of the nanowire
at a distance of 10 nm from the top of the nanowire.

Ey(xb, Y, 2obs, ) is the electric field associated with the incident wave
at a point located in the observation plane z = z,,s above the ‘entrance’ of
the wire, while E(xp, yb, Zobs, A) is the total field at a point located in the
observation plane z = z,ps above the ‘exit’ of the wire; A is the wavelength of
the incident light in vacuum. The quantity Q(\) can be understood as a kind
of near-field scattering coefficient that measures the near-field response at
the ‘exit’ end of the wire relative to a given local excitation at the ‘entrance’.
This coefficient is proportional to the signal that would be detected by a
PSTM. The spectrum plotted in Fig. 3 exhibits severals peaks in the red
and near-infra-red regions. Because the peaks occur at low frequency, we can
assume that they are related to longitudinal eigenmodes, i.e. excitation with
the electric field parallel to the long axis = of the nanowire [30,31]. This
assumption is supported by the fact that no significant signal is detected
at the ‘exit’ end of the wire if the incident beam is mostly polarized in the
transverse y direction.

On the basis of the reference spectrum of Fig. 3, we chose an incident
wavelength of A = 770 nm and computed the near-field intensity in an obser-

ds, (1)
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Fig. 3. Top: diagramnatic view of the local illumination of a nanowire by a focused
plane wave. Middle: near-field spectrum of a 1.0pm long nanowire. Bottom: nor-
malized intensity for A = 770 nm. The observation plane is located 20 nm above the
top of the object

vation plane located 20 nm above the top of the object. The |E|? and |E.|?
maps reported in Fig. 3 are plotted with the same gray-scale. It turns out that
the z component of the electric field supports most of the intensity detected
over the nanowire. At the ‘exit’ end of the wire, more than 90% of the total
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intensity is due to the z component. Note that this behavior is not inconsis-
tent with an excitation of the x axis of the wire. A small prolate ellipsoid
excited at the resonance frequency of its long axis can also scatter an electric
near-field that ist locally strongly polarized along a direction perpendicular
to the excited axis. This result suggests that the electric field of the electro-
magnetic mode supported by the wire could be used to excite the z axis of
a metallic particle placed close to the end of the nanowire. In order to check
this hypothesis, we considered the situation depicted in Fig. 4. At the end
of two 1um long nanowires, we have placed two gold particles elongated in
the z direction. Both particles, denoted o and 3 in Fig. 4, have a height of
100 nm. Particle 8 has a rectangular section of 20 x 30 nm?, while the sec-
tion of particle « is square with a surface of 30 x 30 nm?. Computed spectra
show that the z axis resonances of particles o and 8 occur at A\, = 730 nm
and A\g = 820nm respectively. Note that even if these two wavelengths do
not correspond to maxima of resonance peaks of the 1pm long nanowire (see
Fig. 3), the quantity @ has a significant value for both A, and Ag. These
two wavelengths have been used to compute the maps shown in Fig. 4. One
can see that, depending on the wavelength, a bright spot appears above one
or the other particle. Because the field amplitude of the nanowire mode is
exponentially damped with the observation height, the grayscale does not
allows one to visualize the propagation along the wires. Note that, to reach
the two particles, the field of the nanowire mode has tunneled across an air-
gap of 20 nm. In spite of the damping induced by the tunneling, the coupling
between the wire and the particles remains efficient. Such a configuration
could be of experimental interest for many applications since it achieves a
single-particle excitation with the opportunity to switch from one particle to
another by adjusting the incident wavelength.

The example discussed above not only illustrates the confinement of the
plasmon field of gold nanowires (Fig. 1) in the near-field zone but also demon-
strates that plasmon fields may used to transfer optical energy to subwave-
length particles while avoiding direct illumination of the particles by the
incident beam. The next section examines how a similar phenomenon, ex-
ploiting plasmon fields, allows one to bring a significant amount of power to
the very end of a tetrahedral tip used as the light source of a SNOM.

4 Light Confinement at the Apex of a SNOM Tip

We now turn to the problem of light confinement at the probe of a SNOM.
The SNOM probe acts as a source of light which is used to illuminate the
object locally. In order to obtain a high spatial resolution, the influence of
nanoscopic objects on the emission from the SNOM tip has to be detected.
A resonant excitation of the SNOM probe can be exploited to enhance the
contrast of the SNOM signal for imaging such small objects. Localized surface
plasmons may provide such a resonant excitation at the apex of the SNOM
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Fig. 4. Top and side views of a single-particle excitation setup and near-field maps
calculated at 20 nm above the top of the isolated particles. (A) A = 730nm, (B) A =

820 nm. The dashed lines in the maps show the position of the two nanowires used
as waveguides

probe. A beam of light is usually incident within the body of the SNOM
probe and should be confined to the nanoscopic dimensions of the light-
emitting apex of the probe. Obtaining this confinement at the apex of the
tip is crucial for achieving high resolution and is not feasible on the basis of
classical far-field optical methods.

We shall focus our discussion on tetrahedral SNOM tips. Such tips were
found to provide high-resolution optical images of small silver grains embed-
ded in a flat surface of gold [15] at a resolution of 1-10 nm, which is usually
not obtained when using other SNOM probes such as aperture probes. The
high resolution of the SNOM image is a strong indication that a substan-
tial amount of light emitted from the SNOM probe originates from a very
localized tip exitation. In the case of these tetrahedral tips, it was proposed
that surface plasmons may link the incident beam illuminating the tip to a
confined excitation of the tip apex.
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We propose here a model mechanism for an efficient transfer of electro-
magnetic energy to the apex of the tip, involving surface plasmons which are
excited in the tetrahedral tip by the illuminating beam of light. First, a short
description is given of the structure and the optical properties of a tetra-
hedral tip. The said model mechanism of light confinement relies on these
properties.

4.1 Structure of a Tetrahedral Tip

The body of a tetrahedral tip consists of a glass prism with three faces and
edges converging to a common corner as shown in Fig. 5. The prism is fab-
ricated by a cleaving process similar to that used for the fabrication of glass
knives. Such glass knives are used in ultramicrotomes to make thin sections
of thickness 30 nm. The edges of such glass fragments are very sharp and are
believed to have a radius of curvature in the 1 to 5 nm range. In the cleaving
process, the angle between the edges K2 and K3 can be varied over a range of
30 to 180 degrees. Usually, this angle is adjusted to a value of 90 £ 5 degrees.
The other angles, between the edges K1 and K2 and between the edges K1
and K3, are fixed to a value of about 90 degrees by the cleaving process. All
faces of the corner are coated with a thin film of gold of thickness 50 nm.
By a two-step evaporation process, the whole body of the tip is covered with
gold except the edge K1, which is covered with less gold or no gold at all.
Other metals such as silver or aluminum may be used instead of gold.

K1
S13

TIP

S12

K2

S23

Fig. 5. Schematic view of a tetrahedral tip. The glass body of the tip is covered
with a 50 nm thick film of gold. The edge K1 is covered with no metal or with less
metal than the rest of the tip. The faces S12 and S13 are formed by two successive
cleaving processes
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4.2 Optical Properties of the Tetrahedral Tip

The optical properties of the tip were investigated. First, a wedge-type ge-
ometry was chosen as shown in Fig. 6, where a beam of light was directed
perpendicularly into the wedge and light emitted from the edge K1 was de-
tected [34]. This setup reminds us of a setup for measuring the transmission
of light through a slit of subwavelength dimensions in a thin metal screen.
The polarization of the incoming beam was adjusted to be either perpendic-
ular or parallel to the edge K1. The intensity of the transmitted light was
measured as a function of the wavelength and polarization of the incoming
beam. The ratio R = I, /I of the intensities I, for the perpendicular polar-
ization, and I)|, for the parallel polarization, was determined and plotted as a
function of wavelength (\) for a range between A = 540 and A = 640 nm and
for wedges with different metal coatings consisting of 50 nm of gold, silver, or
aluminum, as shown in Fig. 7.

S12 : S13

v

K1

Fig. 6. Wedge configuration between the faces S12 and S13 of the tetrahedral tip. A
beam of light is directed into this wedge from the inside of the tip and perpendicular
to the edge K1

For aluminum, the value of R increases from 5 to 10 in this wavelength
range. A value of R > 1 corresponds to the polarizing property of a thin slit
in an infinitely conductive metal screen. The increase of R from a value of 5
at A = 540 nm to 10 at A\ = 640 nm corresponds to the 1/A* dependence of R
for a thin slit in an infinitely conductive screen. Novotny et al. [32] calculated
the transmission of a 40nm wide slit at the apex of a glass wedge coated
with aluminum, taking into account the dielectric properties of aluminum at
A = 488 nm. They obtained a value of R = 10 which is the same order of
magnitude as our experimentally observed value (see Fig. 7).

For a gold coating, R = 80 is found for A = 640 nm and the value decreases
to R = 3 at A = 540 nm. This finding cannot be accounted for by the theory of
light transmission through a narrow slit. The strong dependence of the ratio R
on wavelength indicates that the phenomenon is related to the excitation of
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540 550 560 570 580 590 600 610 620 630

Fig. 7. Ratio R as a function of wavelength for three different metal coatings.
Squares: 50 nm of gold. Circles: 50 nm of silver. Triangles: 100 nm of aluminum

surface plasmons on the thin metal film covering the glass wedge. Surface
plasmons are known to be excited in the case of gold in the red spectral
range by total internal reflection of a beam of light at an angle close to
the critical angle, with the polarization perpendicular to the interface. We
therefore assume that surface plasmons are excited on the metal films on both
faces of the wedge by an incoming beam of p-polarized light having an angular
range of 45 + 3 degrees. Moreover, it may be expected that the intensity of
light emission from the edge should be related to the decay length of surface
plasmons on the metal faces, because this decay length should determine the
range from which surface plasmons propagate towards the edge K1, where
emission of light occurs. Indeed, the ratio R is found to scale approximately
with the theoretically calculated decay length of surface plasmons on gold
films of 600 nm at A = 540 nm and of 8000 nm at A = 640 nm.

The optical properties of the tip in a situation which corresponds very
closely to the conditions of recording of the SNOM signal were investigated
as follows. The tip was irradiated from the glass body of the tip at an angle
close to the symmetry axis of the tip, which is inclined at an angle of 45
degrees with respect to the edge K1. Observation of light emission from the
tip thus corresponds to the experiment above but with an inclined incidence
of the incoming beam. In this case, for A = 635nm, R = 0.2, which is
much smaller than 1. Moreover, in several experiments, a much stronger
contrast was obtained in SNOM images if the polarization was chosen to be
in the plane of incidence defined by the direction of the incident beam and
by K1 [33]. In fact, when operating a SNOM with such a tip, one carefully
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chooses the polarization of the illuminating beam to be within this plane of
incidence. The experimental observations thus raise the question of the origin
of the different properties of the ratio R in the case of light emission from the
edge K1 at normal incidence on one hand and in the case of light emission
from the tip at oblique incidence on the other hand.

4.3 Surface Plasmons and Light Confinement
in the Tetrahedral Tip

On the basis of the structure of the tetrahedral tip and its observed optical
properties, we now discuss a hypothesis where surface plasmons may serve
as a pathway for light confinement in the tetrahedral tip. At first sight, it
is not obvious that surface plasmons which are excited by light might be
useful for this purpose. Indeed, surface plasmons produced by total internal
reflection on a thin film of gold supported by glass are excited at the gold—air
interface. The evanescent electromagnetic surface wave associated with such
a plasmon extends into the air to a distance from the gold—air interface on
the order of the wavelength of the surface plasmon. This wavelength is larger
than the wavelength of light in the glass. It is therefore not evident that
confinement of the electromagnetic field to dimensions significantly smaller
than the wavelength of the light can be achieved in the tetrahedral tip through
the excitation of surface plasmons by optical means.

We now present a simple model which illustrates how the optical excita-
tion of surface plasmons might achieve a fairly well localized field at the apex
of a tetrahedral tip [35]. Consider the situation depicted in Fig. 6, where a
beam of light is incident perpendicular to the edge K1. The incident beam
may excite surface plasmons at the air—gold interfaces S12 and S13. Surface
charges of opposite sign are induced on the gold—air interfaces at a wave-
front of equal phase of the incoming beam. The surface plasmons on either
side meet at the edge K1. A similar situation may also exist for an oblique
incidence of the beam with respect to the edge K1 as illustrated in Fig. 8.
This leads to a charge distribution at the edge K1 as depicted in Fig. 9. The
electric near-field of such a charge distribution is expected to be strongly
confined to the gap between the metal faces at the edge K1 similarly to the
case of an the asynchronously excited double-wire transmission line described
by Sommerfeld [36]. The decay of this localized field does not scale with the
periodicity of the charge pattern but with the scale of charge separation and
thus with the dimensions of the gap, which can be made much smaller than
the wavelength of light. It is thus conceivable that the excitation of the edge
propagates towards the tip, thus creating a local excitation of the tip.

This scheme agrees with the observation of efficient light emission from
the edge K1 at normal incidence when the polarization is in the plane of inci-
dence. However, it does not seem to agree with the observed properties of the
light emission from the tip when the edge K1 is illuminated at oblique inci-
dence, where the polarization in the plane of incidence is again the favourable
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Fig. 8. Schematic view of a wedge with an obliquely incident beam
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Fig. 9. Snapshot of the charge distribution at the edge K1 for an obliquely inci-
dent beam polarized perpendicular to the edge K1 (perpendicular to the plane of
incidence defined by the direction of the incoming beam and the edge K1)

polarization. For this case of oblique incidence, however, surface plasmons can
also be excited when the polarization of the incident beam is within the plane
of incidence, as shown in Fig. 10. Indeed, in this case, there is also a compo-
nent of the electric-field vector which is perpendicular to the metal films on
the faces S12 and S13. Surface charges of the same sign would be induced on
both gold—air interfaces at a wavefront of equal phase of the incoming beam.
When they converged at the edge K1 they would therefore create no strongly
localized electric field across the gap K1. We would thus expect no strong
confinement of the electric field by these surface plasmons.

Another mechanism may, however, explain how surface plasmons can lead
to a confined excitation at the tip apex in the case of oblique incidence and in
plane polarization. Let us assume that the conditions for excitation of surface
plasmons in the tetrahedral tip for oblique incidence of the beam at a certain
height of the tip structure bear a relation to surface plasmon excitation of a
symmetric layered structure consisting of a glass slab coated with a gold film
of thickness 50 nm on both interfaces, as shown in Fig. 11. The thickness of
the dielectric slab corresponds to the thickness of the crosssection through
the dielectric body of the tetrahedral tip.

It is well known that not only surface plasmon modes exist which are
localized at the metal-air interface, but that there exist also modes which
are localized at the metal-dielectric interface. These modes normally cannot
be excited by total internal reflection, because there is no phase matching to
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Polarisation of incident beam within the plane of incidence

oblique:incidence

S12 S13

I 1 K 1

Fig.10. Snapshot of the symmetric charge distribution at the edge K1 for an
obliquely incident beam polarized in the plane of incidence

air glass air

air glass air

Fig. 11. Dispersion relations for a thin film of gold on a glass support, obtained
using data from [29]. The upper branch corresponds to surface plasmons at the
air-metal interface and the lower branch corresponds to surface plasmons at the
glass—metal interface (below the line for light in glass, w = kc¢/n). The intersections
between the horizontal lines and the dispersion relations indicate the conditions
for surface plasmon excitation at A = 543nm (dot-dashed line) and A = 633 nm
(dashed line)
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the incident beam. This is well known for a single gold film on a dielectric
substrate, as illustrated by the dispersion relations for the two modes shown
in Fig. 12. In the w—Fk space, only the mode at the air-gold interface overlaps
the area which is bounded by the dispersion relations for bulk waves in air
(w = kc) and in the dielectric (w = ke/n, where n is the index of refraction of
the dielectric). These modes can be excited in the overlap region by a phase
matching beam which is totally reflected at the dielectric—air interface. The
modes at the glass—gold interface cannot be excited, because, for a given fre-
quency, they involve k| values which cannot be sustained by the dielectric.
However, the situation may be different for a layered structure. One might
expect that the frequency of the surface plasmon modes located at the glass—
gold interfaces of the slab would depend on the symmetry of the induced
surface charges on the gold—dielectric interfaces. A symmetric charge distri-
bution is expected to lead to charge repulsion and therefore to increase the
plasmon frequency when the thickness of the dielectric slab is reduced. On
the other hand, an antisymmetric charge distribution is expected to lead to
an attraction of the charges and therefore to decrease the plasmon frequency.
Increasing the frequency of the mode which is symmetric with respect to the
charge distribution may shift the branch belonging to this mode in such way
that it enters the region between the light lines in air (w = kc¢) and glass
(w = ke/n) (see Fig. 12). It would be possible thereby to excite the internal
modes with a beam of light incident from the glass. It would be thus con-
ceivable that surface plasmons are excited at the internal interfaces of the
tetrahedral tip and that the electromagnetic field does not penetrate to the
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Fig. 12. Comparison of the wedge configuration with a metal-coated dielectric slab
for two different cross sections of the wedge
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outside of the tip, from which it is shielded by the gold layers. The symmetric
surface plasmons could propagate along the internal interface of the edge K1
towards the tip apex, where they might produce a localized field. Of course,
the detailed local field distribution at the tip apex cannot be explained by
this simplified model. Let us note, however, that excitation of surface waves
on the flat glass—metal interfaces, which are much less corrugated than the
metal-air interfaces of the tetrahedral tip, implies a reduction of the radia-
tive losses of surface plasmons due to roughness, and therefore less nonlocal
background emission from the tip.

In order to assess whether excitation by light of the internal modes at
the dielectric-metal interfaces might be possible, the dispersion relations of
layered structures for different thickness of the dielectric slab were calculated
numerically, following the method of [37]. The values of the dielectric function
of gold were taken from [29]. A sequence of dispersion relations for a symmet-
ric slab structure is shown in Fig. 13 for ten values of the glass thickness d
from 25 to 500 nm. Starting with the dispersion relation for d = 400 nm (the
case d = 500 nm will be discussed below), four surface plasmon modes can
be recognized in the dispersion relation. The two lowest branches converge
at high k to a common asymptotic value and can be identified with the sym-
metric and antisymmetric plasmon modes on the dielectric-metal interface.
Two further branches, converging to a larger asymptotic value, correspond
to the symmetric and antisymmetric surface plasmon modes on the metal-
air interface. Three further branches, at higher energies, correspond not to
surface plasmon modes but to guided-wave modes.

For values of d from 300 nm to 150 nm, the upper two plasmon branches
do not change much, whereas a large change is observed for the lower two
branches related to the metal-glass interfaces. One of the branches moves
upward, whereas the other one moves downward. The upper one thus cor-
responds to the symmetric mode at the dielectric—metal interface, which is
shifted to higher frequencies by the electrostatic repulsion, whereas the fre-
quency of the lower, antisymmetric branch is decreased owing to electrostatic
attraction. The upper two branches are not too much affected, because their
mutual interaction is much weaker, as they are located on the outside at the
metal-air interfaces. For values of d smaller than 150 nm, the separation of
the two lower branches increases further. But, also, the upper two branches
start to separate. The antisymmetric mode should be related here to a higher
energy, as is known from the energy of the symmetric and antisymmetric
branches of a single metal interface [38]. For small thicknesses d the branches
of the symmetric modes at the outer, air-metal and the inner, glass—metal
interfaces converge to an almost identical value. We therefore conclude that
the dispersion relations of the inner and outer symmetric modes, which have
been calculated here by neglecting the imaginary part of the dielectric func-
tion of gold, converge for small thickness of the dielectric layer to a practically
identical value as soon as one takes finite-lifetime effects (a nonzero imagi-



66 Ulrich Ch. Fischer et al.

& & T T
&
Q Sk d = 300 nm wg
o s wg
i T
g gl E
3 3
o ° =z
3e B
")
o L L L o ! ) L
5 10 15 20 25 5 10 15 20 25
ky (um™") k. (um™")
& T T T & T T T { T T T
X X B
& & HAag
SE d = 250 nm 3 SE d = 200 nm wg SF d = 150 nm 4

\

10

o/c (pm™')
15
w/c (um™)
5 15
f% '
w/c (um™")
5 15
{\ j

5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
ky, (um™) ky (um™) ks (pm™")
& T T T 8 T T T ] T T
& & &
Sk d = 100 nm 3 g d= 75 nm 4 St d = 50 nm A
o o s
gt ] et ] yet A
N 3 3
o o d
o M ] o 7 1 |n M
o 1 L L =) L L L =) I 1 L

5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
ky (um™") L% (um™") k,y (um™")
 J——
\9//‘-
Sk d= 26 nm J

10

a/c (um™')
15

k// (™ ')

Fig. 13. Ten dispersion relations of TM modes for a metal-coated dielectric slab.
The thickness d of the dielectric slab varies betweeen 5nm and 500 nm while both
metal coatings have a fixed thickness of 50 nm. The lines for light in air (w = kc) and
glass (w = ke/n, where n = 1.5) are inserted for reference. Also, for convenience, the
range of the ordinate w/c extends from 0 to 25um ™!, although the computations
dealt only with values of w/c from 7 (i.e. A = 2um) to 25um™". This explains the
truncation of the lowest branch of the interface modes at w/c = w. The branches
labelled ‘wg’ are not interface modes but are waveguide modes, i.e volume modes
of the dielectric slab, which disappear when d < mc¢/w. The intersections between
the horizontal lines and the dispersion relations indicate the conditions for surface
plasmon excitation at A = 543 nm (dot-dashed line) and A = 633 nm (dashed line)
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nary part of the dielectric function of gold) into account. It is furthermore
observed that the dispersion curve of the symmetric outer plasmon mode is
practically not affected by the change in thickness of the dielectric layer.

We conclude that the branch of symmetric surface plasmon modes seems
to be excitable by light under stable conditions for all d values smaller than
d = 400 nm. The convergence of the inner symmetric mode to the rather
constant symmetric mode on the outside implies that a symmetric mode
excited at the outside may couple to an inner mode when the thickness d is
small enough. We suggest that this coupling of an external surface plasmon
mode to an internal one is a pathway in the tetrahedral tip which leads to
a local excitation at the apex of the tip from within the dielectric body of
the tip. The symmetric surface plasmon modes, which are essential for the
proposed mechanism of light confinement, can be excited on the tetrahedral
tip because the metal faces are not parallel to each other and because of the
oblique incidence.

Some complications in this model turn up when the thickness d increases.
As may be already seen in the case of d = 500 nm, the dispersion curves for
the upper two branches of the modes on the air—gold interface separate again.
This phenomenon is obviously related to an interaction of waveguide modes
with the surface plasmon modes which becomes more and more important
as the thickness of the dielectric layer increases further. We did not take this
consideration further into account, since although these waveguide modes
are typical of the layered system used to model the tip, they are not related
to any physical feature at the apex of the tetrahedral tip. Conversely, new
aspects appear in the three-dimensional configuration at the apex of the tip
as compared with a parallel-layered medium. Accounting for such aspects
requires time-consuming numerical modeling of three-dimensional tips. Of
course, the proposed model is very simplified, and no information is obtained
about the detailed local field distribution around the apex of the tip and thus
about the local nature of tip excitation. The model mainly describes how
energy might be transfered efficiently to the apex. We think, nevertheless,
that the simplified model proposed here provides guidelines that will be useful
before undertaking such computations on three-dimensional tips.
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Spectroscopy of Gap Modes
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Abstract. We consider here a system with a metallic particle placed very near
to a metallic surface and discuss the electromagnetic normal modes of the system.
Based on electromagnetic calculations, neglecting the retardation effects, it is easy
to predict the existence of so-called gap modes which are highly localized in the
gap between the particle and the surface. The gap modes play important roles in
various optical processes. We present the results of direct observation of the gap
modes by reflection—absorption spectroscopy for Ag-island particles placed on an
Al surface. We also describe the light emission from the gap modes as well as the
excitation of surface plasmon polaritons mediated by the gap modes.

1 Introduction

It is well known that a metal surface can support surface plasmon polariton
(SPP) modes [1,2], which are coupled modes of photons and plasmons. The
SPP modes propagate along the surface and decay exponentially away from
the surface. Since the SPP modes are nonradiative electromagnetic modes,
they cannot be excited directly by incident photons. To excite them, an ap-
propriate method, e.g. an attenuated-total-reflection (ATR) method, must
be used. It is also well known that a fine metal particle can support local-
ized surface plasmon (LSP) modes [3,4], which are plasma oscillations of free
electrons confined in the particles. Since the electromagnetic fields associ-
ated with the LSP modes are radiative, the modes can be excited directly by
incident photons and can be observed by ordinary absorption measurements.

In a system consisting of a fine metal particle placed very close to a metal
surface, an electromagnetic interaction between the LSP and SPP modes is
expected to occur. The interaction is expected to give rise to various inter-
esting optical phenomena. Several authors [5,6,7] reported that the presence
of metal particles can enhance the light emission from metal-insulator-metal
tunnel junctions, suggesting that the interaction plays an important role.
According to electromagnetic theories of a spherical particle placed close to
a surface [8,9,10,11], there exist a special type of electromagnetic normal
modes, the so-called ‘gap modes’, which are strongly localized in the space
between the sphere and the surface. The gap modes were suggested to be
the source of the light emission from the tunnel junctions. For light emission
S. Kawata (Ed.): Near-Field Optics and Surface Plasmon Polaritons,

Topics Appl. Phys. 81, 71-95 (2001)
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from a metal tip—surface system, i.e. a scanning tunneling microscope, the
contribution of the gap modes excited by the tunnel current was also pointed
out [12,13,14,15].

In scanning near-field optical microscopy (SNOM), several attempts have
recently been made to use the interaction between a metal tip and a metal
surface [16,17,18,19,20,21]. When an SPP mode is excited on a metallic sur-
face by the ATR method, it is possible to modulate the intensity of the
reflected light or generate scattered light by placing a sharpened metallic tip
very close to the surface. Detection of the reflected or scattered light inten-
sity while scanning the tip allows one to obtain images with a high lateral
resolution. In theoretical treatments of the tip—surface system, the tip is of-
ten modeled by a sphere [18,19], since the exact shape of the tip is not well
known. Therefore, a sphere-surface system provides an important model for
discussing the performance of SNOM.

As mentioned above, metallic-particle-surface systems are encountered in
many situations of near-field optics, although the roles played by the gap
modes have not yet been fully explored. In this chapter, we shall focus on
the fundamental aspects of the gap modes, in particular the spectroscopic
aspects, and present recent experimental results which demonstrate the exis-
tence and importance of the gap modes. In Sect. 2, the characteristics of the
gap modes are summarized on the basis of electromagnetic theory of a sphere
placed close to a surface. The subsequent sections are devoted to the descrip-
tion of spectroscopic data. In Sect. 3, results of the absorption measurements
intended to directly detect the gap mode between Ag island particles and
an Al surface are presented. Sections 4 and 5 are devoted to the interaction
of SPP modes on an Al surface with Ag nanoparticles. First, we discuss the
light emission from the SPP modes caused by the presence of Ag nanopar-
ticles (Sect. 4) and then discuss the excitation of SPP modes mediated by
the Ag nanoparticles (Sect. 5). It will turn out that in both phenomena, the
excitation of the gap modes plays a crucial role.

2 Characteristics of the Gap Modes

We first consider an isolated metal sphere with a dielectric function e(w) em-
bedded in a surrounding medium with a dielectric constant €,,. If the radius
of the sphere, R, is so small that the retardation effects of electromagnetic
fields can be neglected, the resonant frequencies corresponding to the excita-
tion of LSP are simply given by €(w) = —en (I+1)/1 [3,4], where [ is an integer
(Il =1,2,...). The amplitude of the electric field outside the sphere decays
as 7~ (42) where r is the distance from the center of the sphere. If the sphere
is much smaller than the wavelength of the incident light, the dipole mode
with [ =1 (the Fréhlich mode) is mainly excited. LSP resonances have been
observed by absorption measurements for a variety of samples containing
small metallic particles [4].
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SiO.
2 & D X

Fig. 1. A spherical particle of radius R placed at a distance D from a metallic
surface. For numerical calculations, an Ag particle, Al surface and SiO2 surrounding
medium were assumed

A question then arises as to what happens when a metal sphere is brought
into close proximity with a metal surface, as schematically shown in Fig. 1.
A qualitative look at the problem can be taken by approximating the LSP
mode as a dipole and considering its interaction with the image dipole induced
inside the metal. It is easy to predict that the dipole-dipole interaction may
greatly modify the LSP mode, i.e. the resonance frequency and the field
distribution. Furthermore, because of the change in symmetry (the spherical
symmetry for an isolated sphere changes into cylindrical symmetry for a
sphere—surface system), new electromagnetic modes are expected to appear.
These modes correspond to polarization modes parallel and perpendicular to
the symmetry axis. The modification of the LSP mode will depend strongly
on the distance of the sphere from the surface, D. If D is very small, the image
dipole applies a spatially inhomogeneous field to the sphere and excites its
quadrupole. This too causes an image field that further polarizes the sphere.
The quadrupole resonance is also shifted and split by symmetry breaking and
thus provides new resonances. A complete treatment of the problem should
include all the multipoles of the sphere. A full set of the Maxwell equations
should be solved with appropriate boundary conditions.

A rigorous electromagnetic theory of the sphere—surface system includ-
ing retardation effects has been developed by Takemori etal. [22]. Electro-
magnetic theories neglecting retardation effects (the electrostatic approxima-
tion) were developed by Rendell etal. [3,9], Ruppin [10], and Aravind and
Metiu [11]. Here, we assume that D + 2R in Fig. 1 is smaller than the wave-
length of light, so that we can neglect retardation. Under this assumption,
the problem is reduced to solving Laplace’s equation to obtain the scalar po-
tentials in the surrounding medium, metal substrate and sphere. The math-
ematical procedure is not repeated here (see [3,9,10,11] for details), but can
be summarized as follows: (1) The potentials are first expanded in spheri-
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cal harmonics by using bispherical coordinates. (2) The unknown coefficients
of the expansions are determined by imposing the boundary conditions. The
conditions for the existence of nontrivial solutions for the coefficients give the
frequencies of the electromagnetic normal modes. (3) Characteristics of the
normal modes, such as the local field distribution and the optical response,
can be calculated from the potentials found. Note that the results obtained
within the electrostatic approximation depend only on the ratio D/R, not on
the absolute values of R and D.

For illustrative purposes, results of numerical calculations performed by
the author’s group [23,24,25] for an Ag sphere placed above an Al surface
are presented in Figs. 2 and 3. The surrounding medium is assumed to be
SiOs. For the dielectric functions €; and €, we used the literature values for
Al [26] and SiO4 [27], respectively. The dielectric function of the Ag particle,

(a) D=50nm A=402nm (b) D=4.5nm A=408nm

(c) D=0.9nm A=454nm (d) D=0.3nm A=520nm

e

Fig. 2. Electric-field distributions generated by the z component of the incident
field, Fi.. R was set to 4.5nm. The center of the sphere is located at (z, z) =
(Onm, D + 4.5nm) in the z—=z plane. The surface of the Al metal is at z = 0. The
absolute value of the electric field normalized to Ej., |E/Ej.|, is plotted as a function
of the position in the x—2z plane. As the sphere—surface distance D decreases, the
resonant wavelength varies. (a), (b), (c) and (d) correspond to D = 50, 4.5, 0.9,
and 0.3 nm, respectively
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€9, was calculated from the bulk value [28] by taking into account the size
dependence of the imaginary part [1]. R was assumed to be 4.5nm. The
choices of the Ag particle—Al surface system and of the parameters were made
in order to facilitate the discussion of the experiments described in Sects. 4
and 5. When a p-polarized plane wave is obliquely incident on the system, the
electric field associated with it has two components, F;, and F;,. The relative
strength of these components varies depending on the angle of incidence. In
order to see separately the effects of the components, we calculated separately
the field distributions generated by them. Figs. 2 and 3 present electric-field
distributions generated by E;. and Ej,, respectively. When s-polarized light
is incident, the field has only one component, Ej,. In this case, because of
the symmetry of the system, the field distribution can be obtained by a 90°
rotation (around the z axis) of the distribution generated by FEi.

Figure 2a shows the field distribution for an Ag sphere placed at D =
50 nm. The figure plots the absolute value of the local electric field normalized
to the excitation field, |E/E;,|, as a function of the position in the x—z plane

(a) D=50nm A=410nm (b) D=4.5nm A=408nm

Fig. 3. Electric-field distributions generated by the x component of the incident
field, Ei,. The parameters used for the calculations are the same as those for Fig. 2
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(y = 0). The center of the sphere is located at (x, z)=(0nm, 54.5nm). In this
case, the sphere is still very far from the surface, so that the LSP of the sphere
is not modified and the resonant wavelength (402 nm) is identical to that of
an isolated sphere in SiO2. The electric field outside the sphere is enhanced
around the top and bottom of the sphere. The maximum enhancement factor
is ~10. Figures 2b—d present results of a series of calculations obtained by
varying the distance D. Figures 2b, 2c, and 2d correspond to D = 4.5, 0.9, and
0.3nm (D/R = 1.0, 0.2, and 0.07), respectively. In each case, the wavelength
was set at the resonance that gives the maximum field enhancement. In these
figures, the Al surface is located at z = Onm and the scale of the z axis has
been slightly changed from figure to figure. These figures demonstrate that
as D decreases, the field becomes more and more localized at the gap between
the particle and the surface. At the same time the field enhancement around
the gap drastically increases, finally reaching a value ~100 for D = 0.3 nm.
The localization and enhancement of the electric field are caused by the
resonant excitation of electromagnetic normal modes of the particle-surface
system. Since the fields are strongly localized at the gap, the normal modes
are called ‘gap modes’ [11]. The resonance wavelength was found to shift to
longer wavelengths as D decreases.

Figures 3a—c show a similar behavior of the field distribution generated
by Ei, (or Eiy, if the  axis is changed to the y axis). When the sphere is far
from the surface, the Ei; (or Ej,) component generates an enhanced field at
the right- and left-hand sides of the sphere (along the x axis or the y axis).
As the sphere approaches the surface, the field again becomes more and more
localized at the gap. However, the field pattern is considerably different from
that generated by Ej, and shows two lobes at the right- and left-hand sides of
the bottom of the sphere (x = 0nm). The field enhancement factor is larger
than that of an isolated sphere, but much smaller than in the case of Fj.
excitation.

Results of numerical calculations have been reported so far for a variety
of sphere-surface systems, including Ag sphere-Ag surface [11], Au sphere—
Au surface [11] and Au sphere—Al surface [9] systems. Calculations have been
performed also for dielectric particles [10,11] and dielectric surfaces [29]. From
these results, together with those presented in Figs. 2 and 3, the characteris-
tics of the electromagnetic normal modes of particle—surface systems, i.e. the
gap modes, emerge and can be summarized as follows: (1) A particle—surface
system can support a series of gap modes when the particle—surface distance
is sufficiently small (D/R < 1). For a large particle-surface distance only
the lowest-order mode is important, but for a small distance, higher-order
modes come into play. (2) The resonant frequencies of the gap modes shift
to lower frequencies as the particle-surface distance decreases. (3) As the
particle-surface distance decreases, the electric field becomes more and more
localized at the gap between the particle and the surface. (4) When the gap
mode is excitated, the intensity of the electric field is enhanced relative to
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that of the excitation field. The maximum enhancement factor is larger than
that achieved with an isolated particle (LSP excitation) or a surface alone
(SPP excitation) [11]. (5) The enhancement factor is larger for an excitation
field perpendicular to the surface than for an excitation field parallel to the
surface.

The characteristics summarized above may stimulate various applica-
tions of gap modes in near-field optics. A straightforward application
is surface-enhanced spectroscopy, such as surface-enhanced Raman spec-
troscopy (SERS) and second-harmonic generation. However, it is of prime
importance to provide spectroscopic evidence for the existence of gap modes.
The following sections are devoted to the discussion of spectroscopic data
which demonstrate the existence of gap modes.

3 Observation of Gap Modes for Ag Islands
on an Al Surface

Absorption spectra revealing LSP resonances have been reported for various
systems, such as metal colloids, island particles, and particles embedded in
solid matrices. A few authors [30,31] measured spectra for particles placed
on various substrates and attempted to clarify the effects of the substrate on
the LSP resonances. As pointed out in Sect. 2, a system of metallic particles
placed on a metallic substrate can support gap modes. However, to the au-
thor’s knowledge, no systematic observation of gap modes has been reported
so far. In this section, we present results of a systematic absorption measure-
ment performed on Ag island particles placed above an Al surface and give
direct evidence for the existence of gap modes.

3.1 Experimental Procedure

The sample prepared is schematically shown in Fig. 4. On half of the sur-
face of a glass slide, a stack of thin films consisting of an Al thin film, an
SiO5 spacer layer, an Ag island film, and a CaFs film was prepared. On
the remaining half of the glass slide, the same stack of films without the Al
film was prepared. The Al, Ag, and CaF5 films were deposited by a vacuum
evaporation technique, while the SiO, film was deposited by an rf sputtering
technique. The thicknesses of the films were monitored by a quartz microbal-
ance. The thickness of the Al film was 50nm. The thickness of the spacer
layer, denoted by d, was varied from 3.2 to 13.0 nm. To obtain well-separated
and round Ag island particles, an Ag island film with a mass thickness of
8 nm was first deposited and then annealed at 500°C in a high vacuum. After
the deposition and annealing of the Ag film, the whole sample was coated
with a 50 nm thick CaFs to prevent possible oxidation and degradation.

To obtain spectroscopic data, a conventional setup consisting of an Xe
lamp, monochromator, chopper, Si photodiode, and lock-in amplifier was
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Fig. 4. Structure of the Ag island—Al surface samples prepared

used. For the part of the sample without the Al film, transmission spectra
were measured, while for the part with the Al film, reflection spectra were
measured. For both measurements the angle of incidence was fixed at 60°
and the polarization of the incident light was set either to the s or the p
polarization.

Figures 5a and 5b show plan view and cross-sectional transmission elec-
tron micrographs, respectively, of the sample. In the plan-view image, round
Ag particles several tens of nanometers in diameter are seen. In the cross—
sectional image, the particles appear to be flat rather than spherical. From
both the plan view and the cross-sectional images, it turns out that the shape
of the Ag island particles in these samples can be approximated by an ellip-
soid of rotation. As mentioned in Sect. 2, the contribution of the gap modes
becomes important when a particle is placed on a surface within a distance
comparable to the diameter of the particle (D/R < 1). Since the thickness of
the spacer layer is smaller than the particle diameter in the present samples,
the observation of a gap mode is expected to be feasible.

3.2 Absorption Spectra

Figures 6a and 6b show the transmission and reflection spectra, respectively,
obtained for the s polarization, and Figs. 7a and 7b those obtained for the
p polarization. In Fig. 6a we see a transmission minimum (absorption peak)
around 450 nm, whose position and depth are almost independent of the
thickness of the spacer layer, d. In the reflection spectrum shown in Fig. 6b
we see two minima (absorption peaks), one located around 400 nm and the
other located in the 500-600 nm region. A remarkable feature observed is
the red shift of the long-wavelength minimum as d decreases. The minimum
around 400 nm is rather shallow for large values of d, but becomes more
and more pronounced as d decreases. For the p-polarized incident light, the
transmission spectra shown in Fig. 7a exhibit two minima whose position
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and depth are almost independent of d. In the reflection spectra shown in
Fig. 7b, three minima appear around 350, 400 and 500-600 nm. The minimum
in the 500-600 nm region is again very sensitive to d and shows a red shift
as d decreases. The minimum around 400 nm becomes pronounced for smaller

values of d.
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Fig. 7. Transmission (a) and reflection (b) spectra obtained for p-polarized incident
light

The transmission minima seen in Figs. 6a and 7a are very similar to those
previously reported for Ag island films [32,33]. They can be attributed to
light absorption by LSP modes in Ag island particles. The polarization de-
pendence of the spectra can be well explained by the ellipsoidal shape of the
particles. As revealed by electron micrographs (Fig. 5), the present sample
can be regarded as an assembly of ellipsoids of rotation with their long axes
aligned parallel to the substrate and their short axes perpendicular to the sub-
strate. For such a system, one absorption peak is predicted for s-polarized
incident light, since the electric field associated with the s-polarization has
only a component parallel to the substrate surface. The component can ex-
cite only the LSP mode oscillating parallel to the substrate surface (|| mode).
Therefore, the transmission minimum (absorption peak) appearing in Fig. 6a
can be attributed to the || mode. On the other hand, if the p-polarized light
is obliquely incident (the angle of incidence was 60° in the present experi-
ment), the electric field has two components, parallel and perpendicular to
the substrate surface. These components can excite the LSP modes oscillating
parallel and perpendicular to the substrate surface (|| and L modes), result-
ing in two absorption peaks. The transmission minima at 450 and 360 nm
can be assigned to the || and L modes, respectively.

The reflection spectra presented in Figs. 6b and Figure 7b clearly indicate
that the LSP modes of the Ag island particles are greatly influenced by
the presence of the Al film. Remarkable features observed are the red shift
of the reflection minimum in the 500-600 nm region and the appearance of
the new minimum around 400 nm. As pointed out in Sect. 2, a red shift of
the resonance with decreasing particle—surface distance is one of the most
important characteristics of the gap modes. Taking into account the position
and width of the minimum, we attribute the minimum appearing in the 500
600 nm region to the lowest-order gap mode originating from the || mode.
Numerical calculations performed by Ruppin [10] and Aravind and Metiu [11]
predict that the resonance frequencies of the higher-order gap modes are
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higher than that of the lowest-order gap mode. From this prediction, together
with the fact that the minimum becomes more and more pronounced as d
decreases, we attribute the minimum appearing around 400 nm to the higher-
order gap modes. Although the | mode is also expected to shift to longer
wavelengths as d decreases, no appreciable shift was observed in the present
experiments. The reason for this is discussed later. The results presented in
Figs. 6b and 7b provide direct evidence for the existence of gap modes.

Unfortunately, for an ellipsoidal particle placed close to a surface, a the-
oretical treatment as precise as that for a spherical particle has not been de-
veloped so far. Therefore it is difficult to further analyze the present results
quantitatively. However, we have attempted to analyze the present results
semiquantitatively within the framework of the dipole approximation [34].
We slightly extended the theory of Ruppin [10] for a sphere-surface system
to an ellipsoid—surface system by introducing depolarization factors appro-
priate for an ellipsoid. In the theory the effects of the image dipole induced
inside the substrate are taken into account. We calculated the shift of the ||
and 1 modes as a function of the particle-surface distance. The amount of
shift observed for the || mode could be well reproduced by the calculation.
Furthermore, the shift of the | mode was found to be very small, in good
agreement with the experimental results. The difference in the behavior of
the || and L modes comes from the difference in the values of the depolar-
ization factors governing the modes, as well as the difference in the strengths
of the image fields generated by the image dipoles. In fact, the image field
acting on the particle is a factor of two larger for the || mode, leading to a
larger shift of the resonance frequency.

4 Light Emission from SPP Modes Mediated
by Metallic Nanoparticles

The SPP modes on a flat metallic surface are not directly excited by light
incident on the surface, because the component of the wave vector of the
light parallel to the surface is smaller than that of the SPP modes and the
requirement of conservation of parallel momentum is not satisfied. To ex-
cite the modes an appropriate coupler such as a prism, grating, or surface
roughness could be used. However, the presence of metallic particles close to
the surface changes the symmetry of the system and breaks the requirement
of the conservation of parallel momentum. This results in a direct coupling
between light and the SPP modes. This direct coupling can give rise to ra-
diative decay of the SPP modes, i.e. light emission from the SPP modes, as
well as to excitation of the SPP modes. In both phenomena, the gap modes
are thought to play important roles, provided that the particles are placed
very close to the surface. In this section, we describe experimental results on
light emission and demonstrate the contribution of the gap modes.
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4.1 Experimental Procedure

Spherical Ag nanoparticles embedded in SiOy films were prepared by an rf
cosputtering technique (see [23,25,35] for details). Small pieces of Ag were
placed on an SiOs target and were cosputtered in Ar gas. Figure 8 shows
a typical high-resolution transmission electron microscope image of the Ag—
SiO4 film. In the figure, we can see dark patches corresponding to Ag par-
ticles. The Ag particles are spherical and well dispersed in the SiOy matrix.
The average diameter determined from several images, was 5.6 nm, with a
standard deviation of 2.1 nm. Figure 9 shows an absorption spectrum of the
Ag-SiOg film. The absorption peak around 410 nm arises from the resonant
excitation of the LSP mode in the Ag particles embedded in SiO9. This ab-
sorption spectrum can be well reproduced by a theoretical calculation based
on the Maxwell-Garnett effective dielectric function [25].

%360k 18nm

Fig. 8. Transmission electron micrograph of Ag nanoparticles embedded in an SiO»
matrix prepared by an rf cosputtering method

A system of Ag particles placed on an Al surface was realized by preparing
samples of the kind shown in Fig. 10a. First, Al films, 17nm thick, were
evaporated on glass substrates in a high vacuum. Spacer layers of SiO5 were
then deposited on the Al film by rf sputtering. Ag—SiO4 films, 10 nm thick,
were finally deposited on top of the spacer layer. In order to change the
distance between the Al surface and the Ag particles, the thickness of the
spacer layer d was varied between 0 and 9nm. Hereafter, the samples are
labeled by the thickness of the spacer layer. For example, d-3 indicates a
sample with a spacer layer 3nm thick. For comparison purposes, a sample
whose overlayer did not contain Ag particles was also prepared, as shown in
Fig. 10b.

In order to excite SPP modes on the Al-overlayer interface, we used
an angle-scan ATR method, shown schematically in Figure 10c. The sam-
ple was pasted onto a right-angle glass prism (BK-7) with the aid of an
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index-matching oil, and the prism was mounted on a rotating stage. As a
light source, an Xe lamp was used. The light monochromatized by a grating
monochromator, was directed onto the sample through the prism. The illumi-
nated spot was about 1 x 1 mm? in size. Since the SPP modes are transverse
magnetic modes, the incident light was set to the p polarization. The inten-
sity of the reflected light was measured as a function of the incidence angle 6.
As shown in Fig. 10c, the light emitted from the sample was collected by an
optical-fiber bundle that viewed the sample, and was guided to a photomulti-
plier. The aperture of the light collector was 2.5 mm in diameter. The distance
between the aperture and the sample was 30 mm. We performed two types of
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measurements. In one type of measurement, the intensity of the emitted light
was measured as a function of the incidence angle 0, fixing the observation
angle ¢ at 90°. From this measurement we could confirm the excitation of
SPPs, since the intensity had a maximum at an SPP excitation angle fspp. In
the other type of measurement, the light intensity was measured as a function
of ¢, while the incidence angle was fixed at fgpp. From this measurement,
we obtained the angular pattern of the light emitted from the excited SPP.
The above measurements were performed for various incident wavelengths,
covering a range between 350 and 620 nm.

4.2 Light Emission Observed

Figure 11 shows typical ATR and #-scan emission spectra obtained for sam-
ple d-0 and for a sample without Ag nanoparticles. The wavelength of the
incident light was A = 520 nm. The ordinate in Fig. 11b represents the light
intensity per unit solid angle normalized to the intensity of the incident light.
The ATR spectra exhibit a dip in the reflectance due to the resonant excita-
tion of SPP modes at the Al-overlayer interface. The presence of Ag nanopar-
ticles in the overlayer causes a shift of the ATR dip to higher angles and makes
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Fig.11. (a) ATR spectra and (b) 6 dependence of the emitted light intensity for
sample d-0 and for a sample without Ag nanoparticles [23]. The emitted light was
collected from the normal to the sample surface (¢ = 0°). The wavelength of the
incident light was 520 nm
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the dip broad. This is a consequence of the modification of the SPP disper-
sion curve, which has been studied in detail by the author’s group [36]. In
the emission spectra, we find a peak located at almost the same angle as the
ATR dip. The coincidence of the peak and dip positions implies that the light
emission is due to the radiative decay of the SPP modes towards the air side.
The weak emission peak observed for the sample without Ag nanoparticles is
attributed to the radiative decay of the SPP modes mediated by the surface
roughness at the Al-SiOs interface. In the presence of the Ag nanoparticles,
the intensity of the emitted light is greatly enhanced and is about one order
of magnitude larger than the intensity without them.

Figure 12 shows the angular patterns of the emitted light. The result
obtained for sample d-0 is shown in Fig. 12a, and the results obtained for
samples d-3 and d-9 and the sample without Ag nanoparticles are shown in
Fig. 12b. In the absence of the Ag nanoparticles, the angular pattern exhibits
a lobe around ¢ = 10°, in accordance with previous reports on nominally
smooth (slightly rough) metallic surfaces. For a thick spacer layer (sample
d-9), the angular pattern is almost the same as that for the sample without
particles. As the spacer thickness d decreases, the lobe observed around 10°
decreases and the two lobes around 30° and 150° grow. The intensities of
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Fig. 12. Angular patterns of the emitted light under SPP excitation conditions for
samples d-0 (dotted line in (a)), d-3 (broken line in (b)), and d-9 (dash-dotted line
in (b)) and for the sample without Ag nanoparticles (solid line in (b)) [23]. The
incident wavelength was 520 nm
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the lobes increase drastically as d is decreased from 3 to Onm (note the
change in the scale of the ordinate between Fig. 12a and Fig. 12b). The
results presented in Fig. 12 demonstrate that Ag nanoparticles placed within
a distance equal to their diameter (about 5nm) from the Al surface strongly
modify the intensity and angular pattern of the light emitted from the SPP
modes.

In order to clarify the resonant behavior of the light emission mediated
by the Ag nanoparticles, measurement of the angular pattern was performed
while varying the incident wavelength in the range 350-650 nm. Figure 13
shows the A dependence of the emitted light intensity integrated over ¢. Sam-
ple d-9 emits light with almost the same intensity as for the sample without
Ag nanoparticles. As d decreases from 3 to Onm, the intensity drastically
increases. The most interesting feature in the figure is a pronounced peak ob-
served around A = 520 nm for sample d-0. We infer that a strong resonance
exists in sample d-0 around A = 520 nm.
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Fig. 13. Wavelength dependence of emitted light intensity under conditions of SPP
excitation [23]. The intensity integrated from ¢ = 0 to 180° is plotted

4.3 Contribution of the Gap Modes

For our samples, in particular those with thin spacer layers, the gap modes
are believed to play an important role in the light emission processes. Since
the resonance wavelength of the LSPs in isolated Ag particles in the SiOq
matrix is 410 nm as can be seen in Fig. 9, the resonances of the gap modes
are expected to lie at wavelengths longer than 410 nm. The appearance of the
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peak around 520 nm in Fig. 13 for sample d-0 strongly suggests contribution
of gap modes.

The light emission from the SPP modes mediated by metallic particles is
thought to arise from the following processes: (1) SPPs at the Al-overlayer
interface are excited optically when the ATR method is used, (2) the electro-
magnetic fields associated with the SPPs then excite a gap mode of the Ag
particle-Al surface system, (3) a surface current on the Al surface is induced
upon excitation of the gap mode, and finally (4) the surface current emits
light. On the basis of the above scenario, we performed electromagnetic calcu-
lations and attempted to theoretically reproduce the observed characteristics
of the light emission (see [23] for details of the calculation). The mathematical
procedures followed were similar to those described in Sect. 2 and [8,9,10,11].
As explained in Sect. 2, gap modes are excited effectively by the F, com-
ponent of the incident light. In the present situation, the F. component of
the field associated with the SPP mode is responsible for the excitation, and
an electric-field distribution analogous to that shown in Fig. 2d is generated
in the Ag particle-Al surface system. In fact, to obtain Figure 2 we used
parameters appropriate for discussing the present experiment. In general, a
large discontinuity in the electric field at an interface implies the induction of
a large surface charge. When a gap mode is excited as in Fig. 2d, a very large
field discontinuity and thus a large amount of surface charge are generated
at the Al-SiOs interface just beneath the Ag particles. Since the electric field
oscillates with a frequency w, the surface charge also fluctuates with a fre-
quency w. The fluctuation of the surface charge can act as a radiation source,
giving rise to light emission.

In order to calculate the characteristics of the emitted light, we followed
the theoretical treatment of Kroger and Kretschmann [37], who introduced a
surface current generated by surface roughness in the analysis of the radiative
decay of SPPs. In their treatment, the radiation source was assumed to be
the difference between the surface currents in the presence and absence of
the roughness. In our calculation, we assumed the radiation source to be the
difference between the surface currents in the presence and absence of the Ag
particle. From a detailed analysis, it turns out that a surface current strongly
localized beneath the Ag particle is generated and, among the components
of the surface current J,, Jy, and J,, J, contributes dominantly to the light
emission [23]. The magnitude of J, was found to depend strongly on D and A.
Figure 14 shows the wavelength dependence of the maximum value of .J,. In
the calculation, R was set to 4.5nm and the results obtained for D = 3 and
0.3nm are presented in the figure. For D = 0.3nm, we see a pronounced
peak around 520 nm, which corresponds to the excitation of the gap mode.
For D = 3nm, the peak is very weak and is located around 420 nm, which
is almost the same as the resonance wavelength of the LSPs in an isolated
Ag particle in SiOs. It should be noted that the features found in Fig. 14
agree very well with those of the experimental results shown in Fig. 13. The
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angular pattern of emitted light calculated from J, also agrees very well
with the experimental pattern shown in Fig. 12a. The qualitative agreement
between the calculated and experimental results allows us finally, to conclude
that the excitation of gap modes plays a crucial role in light emission from
the Ag particle-Al surface system, in particular when the particle is placed
very close to the surface (d = 0).
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Fig. 14. Calculated wavelength dependence of z component of surface current .J,
induced on the Al surface under conditions of SPP excitation [23]. The maximum
value of J, is plotted. The sphere radius was assumed to be R = 4.5nm and the
solid and dashed lines correspond to D = 0.3 and 3 nm, respectively

5 Excitation of SPPs Mediated
by Metallic Nanoparticles

In Sect. 4, we demonstrated that the nonradiative SPP modes on a metallic
surface can be converted to a radiation field (emitted light) with the aid of
metallic nanoparticles. This is a consequence of the direct coupling between
light and SPP modes allowed in the particle-surface system. Another inter-
esting consequence of this direct coupling is the excitation of SPP modes
without using coupling devices such as a prism or grating. In this section, we
demonstrate the feasibility of the excitation of SPPs mediated by nanopar-
ticles and again stress the contribution of the gap modes in the excitation
processes.
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The samples used in the experiments described here were the same as
those described in the previous section. Samples d-0 (without spacer layer)
and d-3 (3nm spacer layer), and the sample not containing Ag particles were
used. In order to confirm the excitation of SPP modes, we used the so-called
reversed ATR (RATR) method [38], as shown schematically in Fig. 15. The
sample was pasted onto a flat surface of a hemispherical prism (BK-7) with
the aid of an index-matching oil (the glass substrate was in contact with the
prism). Contrary to the standard ATR method, light was directed onto the
sample surface from the opposite side of the prism. In this arrangement, if
SPP modes are excited at the Al-overlayer interface, it should be possible
to observe radiation coupled out through the prism. The decoupled SPP
radiation should be observable in the form of a hollow light cone, as shown
schematically in Fig. 15. This is because, for a fixed wavelength of incident
light, the wave vectors of the excited SPP modes have a constant magnitude
but various directions along the interface.
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Fig.15. RATR configurations. (a) A decoupled hollow light cone is projected on
a screen and photographed. (b) The decoupled light is collected by an optical-
fiber bundle and guided to a photomultiplier. The light intensity is measured as a
function of the decoupling angle, 64, by scanning the head of the optical fiber
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As shown in Fig. 15a, a simple observation of the SPP excitation was
made by using a 488 nm beam from an Ar ion laser and taking a photograph
of the decoupled light projected onto a screen (tracing paper) placed 5cm
behind the hemispherical prism. A typical photograph obtained for sample
d — 0 is reproduced in Fig. 16 [39]. At the center of the screen a hole 1 cm in
diameter was made to allow the light beam transmitted through the sample—
prism system to pass through. We can clearly see a light ring, which is a
projection of the hollow light cone, demonstrating the excitation of the SPP
modes. In the arrangement used to obtain Fig. 16, the laser beam was incident
normal to the sample surface and the electric vector of the incident light was
set parallel to the x direction in Fig. 15a. In this case, the intensity of the
light has maxima in the x and —z directions on the screen and decreases as
one moves along the ring towards the y and —y directions. When the incident
electric vector was rotated, the angular pattern rotated simultaneously. We
found that the light rings become very weak as the particle—surface distance
increases (samples with spacer layers) and become rather difficult to see with
the naked eye or to photograph clearly.

In order to be able to discuss the SPP excitation more quantitatively,
we attempted to measure the intensity of the decoupled light as a function
of the decoupling angle, 64, in the horizontal plane (x—z plane), as shown
schematically in Fig. 15b. The light from an Xe lamp, monochromatized by a
monochromator, was used. The p-polarized light was incident on the sample
at an angle of 30°. The decoupled light was collected by an optical-fiber
bundle with an aperture 2 mm in diameter and guided to a photomultiplier.
In Fig. 17, the RATR spectra so obtained are compared with ATR spectra
obtained in a standard Kretschmann configuration. The wavelength of the
incident light was 500 nm. In the ATR measurements, a 90° prism with the
same refractive index as the hemispherical prism of the RATR measurements
was used. All the samples show ATR dips corresponding to the excitation of
SPP modes at the Al-overlayer interface. The position and width of the dip

O

Fig. 16. Photograph of the light ring for sample d-0 [39]
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Fig.17. (a) ATR spectra and (b) RATR spectra obtained for samples with (d-0
and d-3) and without Ag nanoparticles [24]. The incidence wavelength was 500 nm.
For RATR measurements, the incident angle was set to 6 = 30°

depend on the nature of the overlayer. In the RATR spectra we can see
peaks located at almost the same angles as the corresponding ATR dips. The
coincidence between the peak positions in the RATR spectra and the dip
positions in the ATR spectra confirms that the decoupled light comes from
SPP modes excited on Al-overlayer interfaces. The weak peak seen for the
sample without Ag nanoparticles is mainly due to SPP excitation mediated
by the surface roughness. The presence of Ag nanoparticles very close to the
Al surface (d-0) causes a dramatic increase in the intensity of the decoupled-
light, thus demonstrating the effectiveness of the SPP excitation mediated
by the Ag nanoparticles. However, the decoupled light intensity decreases
rapidly as the particle-surface distance (spacer layer thickness) increases,
and reaches that of the roughness-mediated SPP excitation for sample d-3.
Similar measurements of the decoupled-light intensity were performed by
varying the wavelength of incident light. In Fig. 18 the maximum intensity
in the RATR spectra is plotted as a function of the wavelength. Sample d-0
shows a pronounced peak around 520 nm, while the other samples show very
low intensities. It is interesting to note that the results presented in this figure
are very similar to those presented in Fig. 13. This suggests that although
the processes studied are different, one being the conversion of SPP modes
into light and the other being the conversion of light into SPP modes, the
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Fig. 18. Dependence of the peak intensity in RATR spectra on the incident wave-
length [24]. The incidence angle was 6 = 30°

underlying mechanism is the same, i.e. the contribution of the gap modes. In
order to confirm this idea, we performed electromagnetic calculations similar
to those described in Sect. 4 We found again that the surface current induced
beneath an Ag particle upon excitation of a gap mode is responsible for SPP
excitation.

6 Concluding Remarks

In this chapter, we have focused on discussion of the gap modes that exist in
a system of a metallic particle placed very near to a metallic surface. After
the characteristics of the gap modes predicted from electromagnetic theories
were summarized, results of spectroscopic measurements, which demonstrate
the existence and importance of these modes, were presented. The gap modes
play important roles in various optical phenomena when the distance of the
particle from the surface is smaller than the particle radius. The electric fields
associated with the gap modes are strongly localized at the particle—surface
gap and very much enhanced relative to the excitation field. The resonance
frequencies depend strongly on the distance of the particle from the surface.

As mentioned at the beginning of this chapter, the sphere—surface sys-
tem is an important model for discussing the performance of SNOM. In a
metal tip—metal surface system, strong resonances due to the excitation of
gap modes are expected to occur, provided that the tip—surface distance
is sufficiently small. The resonance wavelength depends strongly on this dis-
tance. Although the high spatial resolution of SNOM images has already been
demonstrated for metal tip—metal surface systems [16,17,18,19,20,21], experi-
ments have usually been performed by using light of a single wavelength, and
the resonant behavior depending on the tip—surface distance seems to have
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been ignored so far. Further optimization of the performance of SNOM may
be achieved by appropriately choosing the light wavelength, i.e. by tuning
the wavelength to the resonance wavelength of the tip—surface system.

Under conditions of resonant excitation of the gap modes, strong local-
ization and strong enhancement of electromagnetic field are realized. The
field enhancement factor is much larger than that achieved by excitation of
LSPs in a single sphere or by SPP excitation on a flat surface [11]. Gap mode
excitation thus provides a new way to achieve enhanced spectroscopy with
a high spatial resolution. The enhancement of various optical phenomena,
such as Raman scattering, luminescence, second-harmonic generation, etc. is
possible. To the author’s knowledge, no systematic observation of such en-
hancement upon gap mode excitation has been reported so far. A systematic
observation of the enhancement while the particle-surface distance is varied
may be of great interest.

The discussions of this chapter were limited to a metal sphere placed
above a metal substrate. It should be noted here that field localization and
enhancement can be expected even when the metal sphere and/or the metal
substrate are replaced by a dielectric sphere and/or a dielectric substrate,
although the degree of localization and enhancement is smaller than that
for a metal sphere-—metal surface system [29]. The resonant wavelength in
systems containing a dielectric sphere and substrate does not change very
much as a function of the sphere—surface distance.

The discussions of this chapter were based on the electrostatic approxi-
mation, which is valid when D + 2R is smaller than the wavelength of light.
When the radius of the sphere is comparable to or larger than the wavelength
of light, it is well known that so-called Mie resonances or morphological res-
onances become important [40]. Theoretical analyses [41,42,43] suggest that
the Mie resonances are modified significantly when the sphere is placed on
a substrate. Futhermore, the scattering and extinction of evanescent waves
by a sphere, in particular the polarization characteristics, are predicted to
be very different from ordinary Mie scattering of plane waves. However, no
systematic experimental observation of substrate effects or the scattering of
evanescent waves has been reported so far. These topics are outside the scope
of the present chapter, but may be of great importance for physical discus-
sions of a variety of particle-surface systems encountered in near-field optics,
in particularly SNOM systems. Further extensive experimental and theoreti-
cal work is still required to fully explore the interesting optical characteristics
of particle-surface systems and achieve fruitful applications.
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Near-Field Spectral Analysis of Metallic Beads
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Abstract. The scattering and absorption properties of metal particles smaller than
the wavelength are described. In particular, the surface plasmon resonance in gold
and silver nanoparticles is mentioned. In Sec. 1 the dielectric function of noble
metals, including the size effect is described. In Sec. 2 the scattering problem for
a small metal sphere is solved using the static approximation and the exact Mie
theory. In particular, the details of the near-field of the sphere are mentioned. Spec-
tra of scattering, absorption, and near-field scattering cross sections are plotted. In
Sec. 3 the scattering by ellipsoids is described. In Sec. 4 the scattering by coated
spheres and metal shell particles are described. In Sec. 5 and 6 the scattering by a
sphere above the substrate and two adjacent identical spheres is described. In the
last section an optical sensor is mentioned as an application of the surface plasmon
resonance in gold nanoparticles.

1 Dielectric Function of Metals

The dielectric constant of a metal is given by the sum of a contribution
from the free electrons of the metal and a contribution from the interband
transitions. The contribution from the free electrons &¢ is given by the Drude
free-electron model.

1.1 Drude Free Electron Model

This model is similar to the Lorentz harmonic-oscillator model, but the spring
constant is zero. The equation of motion of a free electron is
0%r or :
Me—=s + Mol — = eEge ¥, 1

oz T ot 0 (n)
where m, is the effective mass of the electron, e is the charge of the electron,
E = Eye ! is the external electric field, and I" is the damping constant.
Solving (1) gives the displacement r of the electron from its mean position.
The dipole moment is given by p = er. Denoting the number of free electrons
per unit volume by n, the polarization is P = np. If we assume that the
medium is isotropic (P || E), the dielectric function e¢(w) is

er(w) = 1+ [P[/(0| El), (2)

S. Kawata (Ed.): Near-Field Optics and Surface Plasmon Polaritons,
Topics Appl. Phys. 81, 97-123 (2001)
© Springer-Verlag Berlin Heidelberg 2001
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where ¢ is the dielectric constant of a vacuum. From (1) and (2), we obtain

_ wf) _ wg . wgf 3
Ef(b&)) - - w2 +1Fw - w2 +F2 +1w(w2 +[‘2) ’ ( )

where wy, is the Drude, or volume plasma, frequency:

TL€2 1/2
Wp <€ome> (4)

The damping constant I” is related to the electron mean free path [ and the
Fermi velocity vr and is given by

I'=uvp/l. (5)

1.2 Interband Transitions

In real metals, besides the contribution of the free electrons, we have to
consider the effects of interband transitions. For alkali metals, such as sodium
and potassium, interband transitions do not affect the dielectric function in
the visible range, because the energy of the band gap is large. However, we
shall not discuss alkali metals further, because they are unstable in air. For the
noble metals such as copper, silver, and gold, we cannot ignore the influence
of interband transitions in the visible range. For copper, silver, and gold, the
interband transitions are 3d — 4sp, 4d — 5sp, and 5d — 6sp, respectively,
and the free electrons are in the 4s, 5s, and 6s states, respectively. For copper
and gold the absorption edge due to interband transitions is in the visible
range, so that, these metals are colored. For silver, although the absorption
edge is in the ultraviolet, it affects the dielectric constant in the visible range
very much. The dielectric constant of a real metal is given by the sum of the
contribution fo the free electrone e¢(w) and the contribution of the interband
transitions e, (w):

w2

e(w) =¢er(w) +ep(w) =1— m + eip(w) . (6)

1.3 Size Effect

The above discussion applies to bulk metals. If the dimension of the metal
is decrease, i. e. we have small particles, the dielectric constant deviates from
that for the bulk metal. When the size of the particle becomes smaller than
the mean free path of the free electrons, the electrons collide with the bound-
ary of the particle. If this effect is included, the damping constant is given
by

I' = Ibuk + Avp /11 . (7)
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where I}k is the damping constant for the bulk, rq is the radius of the
particle, and A is a constant. The value of A depends on the particle shape
and the theory used and is usually around unity. Using the experimentally
obtained dielectric constant eexp(w), the dielectric constant including the size
effect is given by

w? w?

P P
= Cex N - N . 8
£(w) = Eexp(w) + w? +ilbaw w? +ilw (8)

The plasma frequency wy, and the damping constant I" are obtained by fitting
the following functions, which are valid for w > I}k, to the experimentally
obtained dielectric function in the near infrared region, where the influence
of the interband transitions can be ignored:

w? w2
Rele1(w)] ~ 1 — w_g’ Im[eg(w)] ~ w_gpbulk- 9)

Table 1 shows the plasma frequency, the damping constants, and the
Fermi velocity for copper, silver, and gold. Figures 1 and 2 show the dielectric

Table 1. Plasma frequency, relaxation constant, and Fermi velocity of copper,
silver, and gold

Copper Silver Gold

wp(10*® 571 [1] 13.4 140 138

7=1/Thux (107"%s) [1] 6.9 31 9.3

vr (10% cm/s) [2] 1.57 1.39  1.39
20

_IL —
o o o

sphere radius

Dielectric constant

1
20 2 m /
— — —-5nmm
1o ) S 10 N
T buIEm real part
_40 | | | |

300 400 500 600 700 800
Wavelength (nm)

Fig. 1. Dielectric function of silver including size effect
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Fig. 2. Dielectric function of gold including size effect

functions of silver and gold calculated using (8). We have used the bulk
dielectric functions of these metals obtained by Johnson and Christy [1] and
A = 1. These calculated values will be used hereafter.

2 Scattering by a Small Metal Sphere

The scattering problem for an arbitrary sphere has been solved exactly by
Mie [3]. However, the quasi-static approximation is more appropriate if one
wishes to obtain a clear physical insight. This approximation can be employed
when the diameter is much smaller than the wavelength.

2.1 Quasi-Static Approximation

‘Quasi-static’ implies that spatially the field is static, i.e. no retardation ef-
fects, but temporally it oscillates according to e~**. The range of the validity
of the electrostatic solution is discussed in Kerker’s book [4]. In this approx-
imation the potential @ satisfies Laplace’s equation (V2@ = 0). The equation
in spherical polar coordinates is

19 [ ,00 1 9 (. 0P 1 e
= ( E) T Een0 59 (Sm@%> T g (10)

The general solution of this equation is given by

- n b"m m im
& = Z Z (anmr + r"+1> P (cos0)e'™? . (11)

n=0m=0

The potential inside the sphere @1 and that outside the sphere @ = @4 + @
must satisfy the boundary conditions at the surface of the sphere, where
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&g = —FEgz = —EorPlo (cos 0) is the external potential and @y is the scattering
potential. The continuity of the electric field gives

0P, 0D,
=1 == 12
a9 |,._ a0 | _ 7 (12)
T="1 T="1
and the continuity of the electric displacement gives
094 0D,
-1 =gy —=2 13
1 r —r 2 "y N (13)

where ry is the sphere radius, and €1 and €9 are the dielectric constants
of the sphere and the ambient, respectively. Using these equations and the
orthogonality of the associated Legendre functions, the potential inside the
sphere is obtained as

362
P =——"—F, 0. 14
1 o +_2€2 o7 COS ( )
The potential outside the sphere is
- €1 —€2 5., cosf
&y = —Eyr cosf + P i Ey ot (15)

The electric field is given by E = —V&:

3e9 . 3e2
— 222 (Eycosfe, — Eysinfey) = ——2 Fge. , 16
1 51—1-252( hcosble osinfep) T he (16)
. e1—éex T} .
E; = Egrcosfe, — Egrsinfeg + —————=FEy(2cosfe, +sinfey)
€1+ 2913
_ 3
= Epe, + ﬁ%Eo@ cosfe, +sinfey), (17)

where e,, e,, and ey are unit vectors. The induced scattering field outside
the sphere, expressed by the second term in (17), is identical to the field of a
dipole of moment p, given by the following equation, placed at the center of
the sphere:

p =20k, (18)
where
1 — &2
=Adnrd ———= | 19
« Ty P (19)

Thus, the polarizability of this sphere is given by « as defined above.
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2.2 Field Induced by Oscillating Dipole

In the above discussion we have ignored time dependence of the external field
E. In actual, however, the field oscillates according to e 7. It is well known
that oscillating dipoles radiate (dipole radiation). The field of an oscillating
dipole is given by [5]

1 (_p(to) n 3rlr-p(to)] + ikp(to) _ 3ikr[r - p(to)]

- 47ey 73 rd r2 ré
k2
G xpto)]) (20)

where tg = ¢t — kr/w and k is the wave vector in the ambient. The magnetic
field is given by [7]

_ (%—%)rxp(to). (21)

The first two terms in (20) are called the static field and are the scatter-
ing field discussed above. The next two terms, called the induction field,
are the field induced by the current due to the dipole oscillation. The last
term is called the radiation field. These three fields decay as r—2, r—2, and
r~!, respectively. Among them, only the radiation field propagates to infi-
nite distance, and therefore is the far-field component; the other two are the

near-field components. Developing (20), we obtain

ikr : : 2
pe 2 2ik 1 ik k .
FE = 47T€2 |:(T_3_’r_2) COSH€T+ (T_3_T_2_7 Sln969 y (22)
iwpe“” 1 ik\ .
H=— I ﬁ — ? Sln96¢ . (23)

From (22), Ep becomes zero but E, has its maximum on the z axis and
vice versa on the z axis. In the region r < 1/k = 0.16, the static field is
dominant and

Bl o () (24)

Note that the field profile along the x or y axis does not depend on the radius
of the sphere but depends on the distance from the center of the sphere. The
radius affects only the amplitude of the field. However, when we take the
origin of the distance on the surface of the sphere, the situation changes.
Denoting the distance from the sphere surface by R, we obtain

|E| x (T12R>3. (25)
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We can try to fit this function with an exponential function of decay length R/,
i.e. exp(—R/R’). We obtain R’ = 0.49r; for the fitting region 0 < R < ry, and
R’ = 0.63r1 for 0 < R < 2r;. Hence, when the static field is approximated by
an exponential function penetrating from the surface of the sphere, its decay
length is proportional to the radius of the sphere.

2.3 Scattering Cross Section

The time average of the energy flow is expressed by the real part of the
Poynting vector:

_ 1 1
S = ERG(E x H*) = §Re(E9H:geT — E.Hjeg). (26)
The total radiation power is
27 3 2
k k3
W= / / 1512 sin 00 dp = |p| = 0y (27)
As the energy density of the external field 5'0 is
— weg
So = o —E2, (28)
the scattering cross section Cyc, is given by
Wkt
Coca = =— = —|af. 29
g (29)
The absorption cross section is given by
Cabs = kIm(a) . (30)

In the above we have calculated the scattering cross section from the real
energy flow. In the near field there is no energy flow outward but a very
large electric field. Here we pay attention to the near-field components. We
define the generalized scattering cross section by integration of the intensity
of the electric field on the surface of a sphere of radius r concentric with the
spherical particle:

27 T
“= /0 /0 [E2r2sin 0d0d6 = Co(r) + Co(r)

o (3 k2
=— (S +2Z +%* 1
67r(r4+7°2+ ) (31)
where
(1 K2 4 o (2 2k?
Ce(r)_ﬁ_ﬂ(T___+k) CT(T)_G_W(T_4+T_2>' (32)

In addition, if we define the near-field scattering cross section as the gener-
alized scattering cross section on the sphere surface,

o (3 K?
Cur =C(r) = o <T_4 + 2 + k4> (33)
1 1
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2.4 Mie’s Theory

When the size of the sphere becomes large compared with the wavelength,
we cannot ignore the retardation effect. In this case we have to use Mie’s
theory [3], where the Maxwell’s equations are solved analytically without ap-
proximations. Arbitrary vector fields can be expressed by the vector spherical
harmonics given by

M{g}mn = { ~sinmg, } P (cos 0)z,(r)eg

sin 6 cosmao
cosme | AP (cos®)
- { sinmg } a0 zn(r)eg (34)

N(Yn = zn(r) { cosmg } n(n +1)P™(cos)e,

r sin mao

dpm f)1d
" {COS m(b} %;d—vzn(’l’)]ee

sin meo
—sinme¢ | P)'(cosf) 1
+m{ cosme } 7s1n9 ~ 3 [ n(r)leq . (35)

The function z,(r) is a linear combination of the spherical Bessel functions
Jn(r) and y,(r):

Jn(r) = \/;Jn—i-l/Q(r)a Yn(r) = \/%Ynﬂm(r), (36)

where J,, and Y, are the Bessel functions of the first and second kind, respec-
tively. The scattering fields Eg and H can be expressed by vector spherical
harmonics:

o0

Lo 2n+1 . (3) (3)
E.=S " Bian NS — 5, M)y, 37
;1 n(n T 1) 0(10‘ eln oln) ( )
> 27’L +1 3 3
=— Z oy o NG, — an ML) (38)

where the superscript ‘(3)’ of the spherical harmonics implies z,, = j, + iyy.
The coefficients a,, and b,, are obtained by solving the boundary conditions
on the surface of the sphere and are given by

g (ma) () — (@) (ma)
I (M) (@) — & (@) (ma) (39)
T oy o e F A T (40)
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where  is the size parameter x = kri, m = (¢, /2)/?, and

Yu(r) =7in (1), &alr) =1lin(r) —iyn(r)]. (41)
The scattering cross section and the extinction cross section are

23 @0+ 1)+ ). (12)

n=1

2
Csca = Ty Qsca

9 o
cht = 7"'T%C?cxt = k_;T Z(2n + 1)Re(an + bn) . (43)

The absorption cross section is
Cabs = Uext — Csca' (44)
The near-field scattering cross section Cyy is given by [(]

2
Cnf =TTy an

Z{|an| (n+ 1A, @) +nlhE ()]

+2n+ 1)[ba 2R (@)} (45)
where th’ = j, —1iyn. The radial component of the near-field scattering cross
section is given by [0]

2 —
Cr =mriQ: = =z > @n+1)(n+ Dnjan* | (z)[ . (46)

2.5 Spectra of Cross Sections

Figure 3 shows the spectra of the scattering cross sections of gold spheres of
various radii. To clarify the size effect and the retardation effect, the scat-
tering cross section has been normahzed by r$ because the scattering cross
section Cse, is proportional to r$, as described by (29). The peaks appearing
between 500 nm and 600 nm are caused by the surface plasmon resonance,
sometimes called the local plasmon resonance, in the gold sphere. At the
peak wavelength, which is sometimes called the Frohlich wavelength [7], the
real part of the denominator of the polarizability, i.e. Re(e; + 2e2), is zero.
The low peak height for small spheres is caused by the size effect, where the
imaginary part of the dielectric constant is relatively large (see Fig. 2). The
low and broadened peak for a 100 nm radius sphere is caused by the retarda-
tion effect. Figure 4 shows the absorption cross section of gold spheres in air.
The cross sections are normalized by the volume of the sphere for the same
reason as for the scattering cross section. The spectra are similar to those of
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Fig. 3. Scattering cross section of a gold sphere in air normalized by r$
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Fig. 4. Absorption cross section of a gold sphere in air normalized by its volume

the scattering cross section but the absorption due to interband transition
appearing below a wavelength of 500 nm is more pronounced. Figure 5 shows
the near-field scattering efficiencies of gold spheres in air. The near-field scat-
tering efficiency is much larger than the far-field scattering efficiency. For
example, the peak of the near-field scattering efficiency for a sphere of 50 nm
radius is Qne(A = 537nm) = 41.1, which is 30 times larger than the far-field
scattering efficiency, Qsca(A = 531 nm) = 1.39. In contrast to the spectra for
the absorption cross section, the interband transitions suppress the scatter-
ing efficiency in the wavelength region below a wavelength of 500 nm. This
causes a shift of the peak wavelength of the near-field scattering efficiency
from the peak wavelength of the absorption efficiency. The spectra of the ra-
dial component of the near-field scattering efficiency (not shown here) have
almost the same shape but the amplitude is reduced by a factor of 2/3.
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Fig. 5. Near-field scattering efficiency of a gold sphere in air

Figures 6, 7, and 8 show the scattering cross section, the absorption cross
section, and the near-field cross section for silver spheres in air. The peaks
around 350 nm wavelength are caused by the surface plasmon resonance.
These cross sections are one order of magnitude larger than those for gold
spheres. For silver, the profile of the peaks is not affected by interband tran-
sitions. While for gold spheres the highest peak is given by a 50 nm radius
sphere, for silver it is given by spheres of 10 or 20 nm radius. This is because
of the shorter Frohlich wavelength than for gold spheres. The retardation
effect is more pronounced at shorter wavelengths.

The scattering and absorption cross sections also depend on the dielectric
constant of the ambient. Figure 9 shows the dependence of the absorption
efficiency of a gold sphere of 20nm diameter on the refractive index of the
ambient. The absorption efficiency increases, and the resonance, or Frohlich,
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Fig. 6. Scattering cross section of a silver sphere in air normalized by r$
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wavelength becomes longer as the refractive index of the ambient increases.
The other cross sections show a similar dependence.

3 Scattering by Ellipsoids

Here we consider scattering by an ellipsoid whose surface is expressed by

2 2 2

%+‘Z—2+i—2:1, a>b>c. (47)
When the size of the ellipsoid is much smaller than the wavelength (a,b, ¢ <
A), the quasi-static approximation can be employed, as in the scattering prob-
lem for a sphere. By solving Laplace’s equation with appropriate boundary
conditions in ellipsoidal coordinates, the scattering potential can be obtained.
Then, applying the far-field approximation, we obtain the polarizability of the
ellipsoid for an external field parallel to the z axis: [8]:

1 — &2

=4rmab 48
as e C362 + 3L3(€1 — 82) ’ ( )
where
o ds
I —_— 49
= [ orem )

f(s) =[(s+a®) (s +b*)(s + )2,

L3 is called the geometric factor. When the external field is parallel to the x
or y axis, Lg is replaced by

o0 ds o ds
n=| arer - 2l erEm (50)

respectively. If the ellipsoid is a spheroid, the geometric factor can be obtained
analytically. For a prolate spheroid

1 —e? 1. 1+e b?
Ly = -1+ =1 o1 — 1
1 62 < +2n1_€>7 € a27 (5)

Ly=Ls=(1-1Ly)/2. (52)

and for an oblate spheroid

_ _ M T —1 _ g°(e)
Li =1Ly = 57 [2 tan” " g(e) 5 (53)
1—e? 9 2
g(e)z( 2 ), e=1—¥7

Ly=1-2L;. (54)
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Figures 10 and 11 show the absorption cross sections of various gold
spheroids in air normalized by their volumes. The dielectric constant used
was that for a 20nm sphere. In Fig. 10 the external field is parallel to the
symmetry axis, and in Fig. 11 it is perpendicular to this axis. When the field
is parallel to the symmetry axis, the more prolate the spheroid, the larger
the absorption cross section becomes. On the other hand, when the external
field is perpendicular to the axis, the more oblate the spheroid, the larger the
absorption cross section becomes. In a prolate spheroid, the scattering field
at both ends of the spheroid becomes very large. Using this property, Wes-
sel [9] has proposed a near-field optical microscope for observing enhanced
nonlinear phenomena, such as Raman scattering, two-photon phenomena,
and second-harmonic generation.
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Fig. 10. Absorption cross section of a gold spheroid in air normalized by its volume.
The external field is parallel to the symmetry axis of the spheroid
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Fig. 11. Absorption cross section of a gold spheroid in air normalized by its volume.
The external field is perpendicular to the symmetry axis of the spheroid
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Asano and Yamamoto [10] have solved the scattering problem for
large spheroids including the retardation effect. Using this solution, Bar-
ber et al. [11] have calculated the surface intensities on large silver spheroids.

4 Scattering by a Coated Sphere and by a Metal Shell

Here we consider scattering by a metal sphere coated with a dielectric and
by a dielectric sphere coated with a metal, i.e. a spherical metal shell. We
assume that the radii of the core and the shell are r; and ro, and the di-
electric constants of the core, the shell, and the ambient are 1, €2, and €3,
respectively. Using the quasi-static approximation, the polarizability of the
coated sphere is given by [12]

E9E4 — €3€p
=4l [ =222 ) 55
@ 2 (sgsa + 2agab> (55)

where

€a=€1(83—=2P) +223P, e, =e1P+e2(3—-P),
P=1- (Tl/T2)3.

Using this polarizability «, (29), and (30), the scattering cross section Cyc,
and the absorption cross section Cyps of the particle can be obtained.

The scattering problem for a coated sphere including the retardation effect
is easily solved by determining the coefficients in (37) so as to satisfy the
boundary conditions at the two surfaces of the shell and the core[8]:

Vn(y) [P, (may) — Anxi, (may)] — maty, (y) [Pn (may) — Anxn(may)] (56)
EW)[r, (may) — Anx, (may)] — ma&), (y)[n (may) — Anxn(may)]
by, =
maPn (Y) [y, (m2y) — Buxy, (may)] — ¥7, (y) [$n(may) — Bnxn(may)] (57)
m2&n (Y) (W7, (m2y) — Bux), (mey)] — &, (y)[¥n(may) — Buxn(may)] ’
_ matpn (max)ify, (mix) — maty, (max)n (maz)
A = (s, () = T (7122 () (58)
_ Moty (ma @)y, (mez) — mity (mex)yy, (maz)
B = s (12 112) = 1r 0, (a2 Y (722) (59)

where © = kry, y = kra, m1 = (e1/e3)"/?, ma = (e2/€3)"/?, and xn(2) =
—2yn(z). Using these coefficients a,, and b,, and (42)-(45), we can calculate
Csca, Cabs, and Cly.

Figure 12 shows the dependences of the absorption cross section of a silica-
coated gold sphere in air on the thickness of the coating. As the thickness
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Fig.12. Absorption cross section of a 20nm gold particle coated with silica of
various thicknesses in air

of the coating increases, the peak height becomes larger and the resonance
wavelength becomes longer. These dependences are similar to those in Fig. 9.
For the coated sphere, however, the dependences of the peak tend to saturate
for thick silica coatings. This is caused by the fact that the range of the near-
field radiation from the sphere is of the order of the radius of the sphere. The
lens effect of the silica coating appears in the region of thicker coatings. Of
course, if the dielectric constant of the coating is smaller than that of the
ambient, the dependences of the peak height and the resonance wavelength
are inverted.

Figure 13 shows the absorption efficiency of spherical metal shell particles
in air. The shell and core materials are gold and silica, respectively. In the
calculation of the dielectric constant of the gold shell, we considered the size
effect, replacing the radius r; in (7) by the shell thickness ro — 7. Although
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Fig. 13. Absorption efficiency of a spherical gold shell whose outer diameter is
20 nm and shell thickness is varied. The core and ambient are silica and air, respec-
tively



Near-Field Spectral Analysis of Metallic Beads 113

the outer diameter is fixed at 20nm, the peak height and the resonance
wavelength depend sensitively on the shell thickness.

Several methods for making metal shell particles have been proposed
[13,14,15,16].

5 Sphere above Substrate

In this section we the consider the scattering problem of a small sphere above
a substrate with a flat surface. There are no analytic solutions corresponding
to Mie’s scattering formula. The simplest method to solve this problem uses
the dipole approximation, where a dipole is generated at the center of the
sphere and an image dipole is induced in the substrate. In the quasi-static
approximation, this problem has been solved by Aravind and Metiu [17] and
Wind et al. [19]. As Aravind and Metiu use bispherical coordinates [18], we
cannot set the distance between the sphere and the substrate to zero. On the
other hand, the method of Windetal. is free from this restriction because
it employs spherical polar coordinates. Even a system where the sphere is
truncated by the substrate can be treated in the calculation. Moreover, the
polarizability of the sphere can be calculated easily. However, as the dis-
tance between the sphere and the substrate becomes smaller, the number of
the terms needed in the calculation becomes large. This disadvantage is also
present in the method of Aravind and Metiu and is significant for metallic
substrates. Here we introduce the method of Wind et al. briefly. In a sphere
placed in a homogeneous field only a dipole is excited. If a substrate exists,
we have to take account of multipoles. Using a reduced distance r that is nor-
malized by the radius of the sphere r, the reduced potential ¥ = —@/(Eyry),
where @ is the potential, in the ambient is

U1 = rcosfcosby + rsinfsin gy cos ¢
o0

+> 177 Ay PY(cos 0) + By, P} (cos 0) cos ¢
7j=1

+ Z VO (r,cos ) + B} V (r,cos0) cos ¢ , (60)
7j=1

where
Vi™(r,cos0) = (r? — drrgcosf + 4rd) ~UTH/2
XP]m[(T‘ cosf — 27“0)(7“2 — 4rrgcosf + 47,3)—1/2] 7 (61)

Here 6y is the angle of the direction at the external field, ro = D/ry, r1 and
D is the distance between the center of the sphere and the surface of the
substrate. In the substrate, the reduced potential W5 is

Wy = Wl + ar cos 6 cos Oy + [r sin 0 sin O cos ¢
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n Z =7 [Ag; PY(cos 0) + Ba; P} (cos 0) cos ¢, (62)

Jj=1

and inside the sphere the reduced potential Vs is
=V, + Z [As; P} (cos 0) + Bs; P} (cos ) cos ¢, (63)

where ¥} and W} are constants. Using the boundary conditions at the surface
of the substrate (rcos@ = r¢) and at the surface of the sphere (r = 1) and
the orthogonality of the associated Legendre functions, we obtain

oo

(52_51)I€(€1 —5‘3) (k+])'
jz:; (5kj + (g2 + &1)[(k + 1)eq + kes)] k!j!(Qro)k-i-j—i-l) Ay

&1 —¢3
261 + €3

cos 0okt , (64)

oo

) (EQ—El)k(El —53) (k—Fj)' )
; (5]” + (e2+e1)[(k+ 1)ey + kes] (K+1D)!(G —1)! (2T0)k+j+1) By

€1 — €3 .
= 000 65
2e1 + &3 SHLT00kL (65)

where §,; is the Kronecker delta, and €1, €2, and €3 are the dielectric constants
of the ambient, the substrate, and the sphere, respectively. By solving these
linear equations, A;; and Bij; are obtained. The coefficients A;; and By
determine the polarizabilities of the sphere:

oy = —4me R*Byy/sinf, (66)
1| = —4me;R3A11/ cosf. (67)

The scattering cross section Cg., and the absorption cross section Cypg can
be calculated using (29) and (30).

Figure 14 shows the absorption efficiency of a 20 nm gold sphere above
a silica substrate for an incident field perpendicular to the surface of the
substrate. The ambient is air. Even when the sphere contacts the surface,
the absorption efficiency is not much modified. Needless to say, the influence
of the substrate depends on the difference between the dielectric constants
of the substrate and the ambient. When the incident field is parallel to the
surface of the substrate, the substrate affects the cross section (not shown
here) less.

In contrast to dielectric substrates, the substrate effect is much more
pronounced for metallic substrates. Figure 15 shows the absorption efficiency
of a gold sphere above a gold substrate for an external field perpendicular
to the surface of the substrate. The peak height becomes higher and the
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Fig. 14. Absorption efficiency of a gold sphere above a silica substrate. The diame-
ter of the sphere is 20 nm and the ambient is air. The external field is perpendicular
to the surface of the substrate
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Fig. 15. Absorption efficiency of a gold sphere above a gold substrate. The diameter
of the sphere is 20 nm and the ambient is air. The external field is perpendicular
to the surface of the substrate

resonance wavelength becomes longer as the gap between the sphere and
the substrate decreases. Moreover, for smaller gaps, the peak is split into
two or three owing to multipoles. When the sphere contacts the substrate,
the solution does not converge even if 100 terms are considered. When the
external field is parallel to the substrate surface, on the other hand, the
substrate effect is very small, as shown in Fig. 16.

The characteristic property of this system is the much enhanced field be-
tween the sphere and the substrate. Figure 17 shows a contour plot of the
cross-sectional distribution of the calculated scattered intensity around a gold
sphere on a BK7 glass substrate (nq = 1.516) in the plane of incidence, i.e.
the zy plane [20]. It is assumed here that a p-polarized plane wave (wave-
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Fig. 16. Absorption efficiency of a gold sphere above a gold substrate. The diameter
of the sphere is 20 nm and the ambient is air. The external field is parallel to the
surface of the substrate
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BK7 glass substrate

Fig. 17. Cross-sectional intensity distribution of the scattered local field around a
gold sphere on a BK7 glass substrate. The ratio of the gap to the radius is 0.01. A
p-polarized field with 548 nm wavelength is incident at 45 degrees. The maximum
intensity is 79 times higher than the intensity of the incident field [20]

length A\ = 548 nm, intensity Iy = 1.0) illuminates the sphere at a 45 degree
incidence angle, the ratio of the gap to the sphere radius is 0.01, and the size
effect in the gold sphere can be ignored. The dark regions correspond to the
high-intensity areas. The intensity in the gap between the sphere and the sub-
strate is much enhanced. The maximum intensity in the gap is 79 times larger
than that of the incident field and is polarized almost perpendicularly. The
corresponding value for s-polarized incidence is only 1.9. The field-enhanced
area is very localized and its diameter on the substrate is less than one-fifth
of the sphere diameter.

Figure 18 shows the dependence of the intensity on the gap width, calcu-
lated at the top and bottom of the sphere and at a point on the substrate
surface just below the center of the sphere [20]. At the top of the sphere the
intensity is almost independent of the gap distance and is low. The intensity



Near-Field Spectral Analysis of Metallic Beads 117

/b

Intensity

0.1
gap / radius

Fig. 18. Intensity of the scattered local field as a function of the gap width, calcu-
lated (a) at the top of the sphere, (b) at the bottom of the sphere, and (c) on the
surface of the substrate just below the center of the sphere [20]

in the gap increases as the gap width decreases. This result predicts that the
intensity in the gap becomes infinite when the gap width becomes infinitely
small.

Figure 19 shows the dependence of the scattered intensity on the inci-
dent wavelength, calculated on the substrate just below the center of the
sphere [20]. Three substrates are assumed: an LaSFnl7 glass (Sumita Op-
tical Glass, nq = 1.883), a BK7 glass, and air, i.e. no substrate. The reso-
nance wavelengths are 552 nm, 548 nm, and 542 nm for LaSFn17, BK7, and
air, respectively. Though the dependence of the resonance wavelength on the
refractive index of the substrate is not notable, the intensity at the reso-
nance depends highly on the refractive index. The higher the refractive index
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Fig. 19. Intensity of the scattered local field as a function of the incident wave-
length, calculated on the surface of the substrate just below the center of the sphere
for an LaSFn17 glass substrate (nq = 1.883), a BK7 substrate, and air, i.e. no sub-
strate. The other parameters are the same as in Fig. 17 [20]
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of the substrate, the larger the intensity of the peak becomes. An LaSFnl7
substrate 0.01r; from the sphere enhances the intensity by a factor of 60
compared with the intensity for the isolated sphere.

6 Scattering by Multiparticles

For two identical spheres Levine and McQuarrie [21] first solved the prob-
lem in the static approximation using bispherical coordinates. In this pa-
per, however, the sphere was assumed to be a perfect conductor. Using a
similar method, Goyette and Navon [22] obtained a solution for dielectric
spheres. However, these workers used a perturbation expansion. Then Ar-
avind et al. [23] solved this problem exactly. The solution is also obtainable
from (64) and (65) by putting (g2 — €1)/(e2 + 1) = 1 for the case of an
external field parallel to the axis connecting the centers of the spheres, and
by putting (2 —e1)/(e2+¢€1) = —1 for the case of a field perpendicular to the
axis [19]. The general solutions including the retardation effect are discussed
by Fuller [24] and references therein.

For multiparticles, we have to consider a fourth field, that is, the field scat-
tered by the other spheres, in addition to the fields acting in the case of an
isolated sphere. The problem is generally solved self-consistently, considering
the above fields. Clippe et al. [25] solved the problem of multispheres using a
Hamiltonian. However, these workers considered only dipole moments. Ger-
ady and Ausloos [26,27,28] have solved this problem, including multipoles.

7 Optical Sensors Using Gold Colloid Monolayers

As an application of the spectral analysis of small metal spheres, a local
plasmon sensor has been proposed using gold colloid monolayers deposited
on glass substrates [29]. This sensor uses a property of the absorption peak of
gold spheres that is due to the local plasmon resonance. The peak wavelength
and the peak absorbance depend sensitively on the dielectric constant of
the ambient near the particles. In the gold colloid monolayer colloidal gold
particles a few tens of nanometers in diameter are immobilized on a glass
slide using a functional organic coupling agent [30,31,32,33,34].

This sensor intrinsically measures the refractive index of a sample sur-
rounding the gold particles. It can also detect the thickness of a film coated
on the gold particles. This sensor has several advantages in comparison with
conventional surface plasmon resonance (SPR) sensors [35]. It requires no
glass prism to provide an attenuated-total-reflection geometry. The colloidal
monolayer can be deposited on an inner surface such as a capillary wall
because there is no use of vacuum deposition that requires open surfaces.
Furthermore, theoretically, the sensor could consist of only one nanoparticle.
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This could greatly reduce the dimensions of the sensor and the required sam-
ple size. For these reasons this sensor may be applied in wider fields where a
conventional SPR sensor cannot be used.

Figure 20 shows a scanning electron micrograph of a gold colloid mono-
layer deposited on a glass surface using a coupling agent, 3-aminopropyltri-
methoxysilane [29]. The gold particles are immobilized uniformly and are
isolated from each other. The mean diameter of the deposited particles is
20.2 nm. The immobilized gold particles were not washed off by ultrasonic
cleaning, even in organic solvents (methanol and ethanol). The density of the
particles was roughly 370 particles per square micron.

Fig. 20. Scanning electron micrograph of a 20.2nm gold colloid monolayer [29]

Figure 21 shows typical absorption spectra of a 20.2 nm gold colloid mono-
layer immersed in several kinds of liquid samples, namely methanol, ethanol,
water, glycerol, and diiodemethane [29]. The indices of refraction of these
liquids at a wavelength of 589.3nm are also shown in Fig. 21. The peak
absorbance increases and the resonance wavelength becomes longer as the
refractive index of the sample liquid increases.

For biosensors, especially for affinity sensors, changes in the thickness
or in the refractive index of the film sample at the sensor surface must be
sensitively detected. To investigate this sensitivity, poly (methyl methacry-
late) (PMMA) films with several thicknesses were deposited on a gold colloid
monolayer. The refractive index of PMMA is 1.496 at a wavelength of 520 nm.
Figure 22 shows the measured absorption spectra for the various thicknesses
of PMMA used [29]. Both the resonance wavelength and the peak absorbance
increase as the thickness increases. Figure 23 summarizes the dependences of
the peak absorbance and the resonance wavelength on the thickness of the
PMMA [29]. The peak absorbance is normalized by the absorbance without
a coating. Single exponential functions fitted to the experimental values are
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Fig. 21. Measured absorption spectra of a 20.2 nm gold colloid monolayer immersed
in liquid samples of various refractive indices
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Fig. 22. Measured absorption spectra of a 13.9 nm gold colloid monolayer coated
with a PMMA film of various thicknesses

also shown in the figure. The peak absorbance and the resonance wavelength
depend sensitively on the thickness of the film samples for thicknesses less
than ~ 10 nm and saturated for thicker film. The maximum sensitivities of
the resonance wavelength to the film thickness, i.e. the slopes of the fitted
curves in Fig. 23 at zero thickness, are 5.7 and 3.6 for 13.9 and 20.2nm
particles, respectively. The decay thicknesses for the resonant wavelength, at
which the slopes become 1/e, are 4.8nm and 6.3nm for 13.9 and 20.2nm
particles, respectively. The decay thicknesses for the peak absorbance are
6.0nm and 6.6 nm for 13.9 and 20.2 nm particles, respectively. These values
are comparable to the dimensions of biological samples such as antibody or
antigen proteins.
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Fig. 23. Peak absorbance and resonance wavelength as a function of the thickness
of the coated PMMA film for a 13.9 and a 20.2nm gold colloid monolayer. The
solid and dashed curves show the fitted single exponential functions [29]

References

1

o

~

10.

11.

12.

13.

14.

15.

P. B. Johnson, R. W. Christy, Optical constants of the noble metals, Phys.
Rev. B 6, 4370-4379 (1972) 99, 100

C. Kittel, Introduction to Solid State Physics (Wiley, NewYork, 1976). 99

G. Mie, Beitriage zur Optik triiber Medien, speziell kolloidaler Metall6sungen.
Ann. Phys. (Leipzig) 25, 377-445 (1908) 100, 104

M. Kerker, The Scattering of Light and Other Electromagnetic Radiation. (Aca-
demic, New York 1969) p. 84 100

J. A. Stratton, Electromagnetic Theory (McGraw-Hill, NewYork 1941) 102
B. J. Messinger, K. U. Ravon, R. K. Chang, P. W. Barber, Local Field at the
Surface of Noble-Metal Microspheres, Phys. Rev. B 24, 649657 (1981) 105
H. Frohlich, Theory of Dielectrics (Oxford Univ. Press, London 1949) 105

C. F. Bohren, D. R. Huffman, Absorption and Scattering of Light by Small
Particles. (Wiley, New York 1983) 109, 111

J. Wessel, Surface-enhanced optical microscopy, J. Opt. Soc. Am. B 2, 1538—
1540 (1985) 110

S. Asano , G. Yamamoto, Light scattering by a spheroidal particle, Appl. Opt.
14, 29-49 (1975) 111

P. W. Barber, R. K. Chang, H. Massoudi, Surface-enhanced electric intensitied
on large silver spheroids, Phys. Rev. Lett. 50, 997-1000 (1983) 111

A. E. Neeves, M. H. Birnboim, Composite structure for the enhancemeent of
nonlinear-optical susceeptibility, J. Opt. Soc. Am. B 6, 787796 (1989) 111
H.S. Zhou, T. Wada, H. Sasabe, H. Komiyama, Synthesis and optical properties
of nanocomposite silver—polydiacetylene, Synth. Met. 81, 129-132 (1996) 113
H. S. Zhou, I. Homma, H. Komiyama, J. W. Haus, Controlled synthesis and
quantum-size effect in gold-coated nanoparticles, Phys. Rev. B 50, 12052-12056
(1994) 113

R. D. Averitt, D. Sarkar, N. J. Halas, Plasmon resonance shifts of Au-coated
AuzS nanosheells: Insight into multicomponent nanoparticle growth, Phys. Rev.
Lett. 78, 4217-4220 (1997) 113



122

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Takayuki Okamoto

S. J. Oldenburg, R. D. Averitt, S. L. Westcott, N. J. Halas, Nanoengineering
of optical resonances. Phys. Lett. 288, 243-247 (1998) 113

P. K. Aravind, H. Metiu, The effects of the interaction between resonances in
the electromagnetic response of a sphere-plane structure; applications to surface
enhanced spectroscopy, Surf. Sci. 124, 506-528 (1983) 113

P. Moon, D. E. Spencer, Field Theory Handbook (Springer, Berlin, Heidelberg
1961) p. 110. 113

M. M. Wind, J. Vlieger, D. Bedeaux, The polarizability of a truncated sphere
on a substrate I, Physica A 141, 33-57 (1987) 113, 118

T. Okamoto, I. Yamaguchi, Field enhancement by a metallic sphere on dielectric
substrates, Opt. Rev. 6, 211-214 (1999) 115, 116, 117

H. B. Levine, D. A. McQuarrie, Dielectric constant of simple gases, J. Chem.
Phys. 49, 4181-4187 (1968) 118

A. Goyette, A. Navon. Two dielectric spheres in an electric field, Phys. Rev. B
13 4320-4327 (1976) 118

P. K. Aravind, A. Nitzan, H. Metiu, The interaction between electromagnetic
resonances and its role in spectroscopic studies of molecules adsorbed on col-
loidal particles or metal spheres, Surf. Sci. 110, 189-204 (1981) 118

K. A. Fuller, Optical resonances and two-sphere systems, Appl. Opt. 30, 4716
4731 (1991) 118

P. Clippe, R. Evard, A. A. Lucas, Aggregation effect on the infrared absorption
spectrum of small ionic crystals, Phys. Rev. 14, 1715-1721 (1976) 118

J. M. Gerady, M. Ausloos, Absorption spectrum of clusters of spheres from the
general solution of Maxwell’s equations: The long-wavelength limit, Phys. Rev.
B 22, 4950-4959 (1980) 118

J. M. Gerady, M. Ausloos, Absorption spectrum of clusters of spheres from the
general solution of Maxwell’s equations, II: Optical properties of aggregated
metal spheres, Phys. Rev. B 25, 4204-4229 (1982) 118

J. M. Gerady, M. Ausloos, Absorption spectrum of clusters of spheres from
the general solution of Maxwell’s equations, IV: Proximity, bulk, surface, and
shadow effects (in binary clusters), Phys. Rev. B 27, 6446-6463 (1983) 118
T. Okamoto, I. Yamaguchi, T. Kobayashi, Local plasmon sensor with gold
colloid monolayers deposited upon glass substrates, Opt. Lett. 25, 372-374
(2000) 118, 119, 121

A. Doron, E. Katz, I. Willner, Organization of Au colloids as monolayer films
onto ITO glass surfaces: Application of metal colloid films as base interfaces to
construct redox-active monolayers, Langmuir 11, 1313-1317 (1995) 118

R. G. Freeman, K. C. Grabar, K. J. Allison, R. M. Bright, J. A. Davis, A.
P. Guthrie, M. B. Hommer, M. A. Jackson, P. C. Smith, D. G. Walter, M.
J. Natan, Self-assemble metal colloid monolayers: An approach to SERS sub-
strates, Science 267, 1629-1632 (1995) 118

K. C. Grabar, P. C. Smith, M. D. Musick, J. A. Davis, D. G. Walter, M. A.
Jackson, A. P. Guthrie, M. J. J. Natan, Am. Chem. Soc. 118, 1148-1153 (1996)
118

G. Schmid, St. Peschel, Th. Sawitowski, Two-dimensional arrangements of gold
clusters and gold colloids on various surfaces, Z. anorg. allg. Chem. 623, 719—
723 (1997) 118

T. Sato, D. G. Hasko, H. Ahmed, Nanoscale colloidal particles: Monolayer
organization and patterningm J. Vac. Sci. Technol. B 15, 45-48 (1997) 118



Near-Field Spectral Analysis of Metallic Beads 123

35. S. S. Yee, Surface Plasmon Resonance (SPR) Optical Sensors, Current Tech-
nology and Applications, Sens. Actuators B 54, Nos. 1-2 (1999) 118



Forces in Optical Near-Fields

Lukas Novotny

The Institute of Optics, University of Rochester
Rochester, NY 14527, USA

novotny@optics.rochester.edu

Abstract. In this article we use classical electrodynamics to derive the conser-
vation law for linear momentum in an optical field. The net force exerted on an
arbitrary object is determined by Maxwell’s stress tensor. It is shown that in the
limiting case of an infinitely extended object, the formalism renders the known
expressions for radiation pressure. Similarly, in the small object limit, we obtain
the familiar expressions for gradient and scattering forces. The theory is applied to
calculate the trapping forces near a laser-illuminated metal tip.

1 Introduction

As early as 1619 Johannes Kepler suggested that the mechanical effect of light
might be responsible for the deflection of the tails of comets entering our solar
system. The classical Maxwell theory showed in 1873 that the radiation field
carries with it momentum and that ’light pressure’ is exerted on illuminated
objects. In 1905 Einstein introduced the concept of the photon and showed
that energy transfer between light and matter occurs in discrete quanta. Mo-
mentum and energy conservation was found to be of great importance in mi-
croscopic events. The discrete momentum transfer between photons (X-rays)
and other particles (electrons) was experimentally demonstrated by Comp-
ton in 1925 and the recoil momentum transferred from photons to atoms was
observed by Frisch in 1933 [1]. Important studies of the action of photons on
neutral atoms were made in the 1970s by Letokhov and other researchers in
the former USSR and in Ashkin’s group at Bell Laboratories, USA. The latter
group proposed, the bending and focusing of atomic beams and the trapping
of atoms in focused laser beams. Later work by Ashkin and coworkers led to
the development of ’optical tweezers’. These devices allow one to optically
trap and manipulate macroscopic particles and living cells with typical sizes
in the range of 0.1-10um [2,3]. Milliwatts of laser power produce piconewtons
of force. Owing to the high field gradients of evanescent waves, strong forces
are to be expected in optical near fields. A recent discussion is given in [4].
The idea that an object might cool through its interaction with the radia-
tion field had already been suggested in 1929 by Pringsheim [5]. However, the
first proposal to cool atoms in counter-propagating laser beams was made by
Hinsch and Schawlow in 1975 [6]. This proposal was the starting point for a
series of exciting experiments which led to the 1997 Nobel Prize in physics.

S. Kawata (Ed.): Near-Field Optics and Surface Plasmon Polaritons,
Topics Appl. Phys. 81, 123-141 (2001)
© Springer-Verlag Berlin Heidelberg 2001
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The mechanical force in laser trapping and cooling experiments can be un-
derstood on a semiclassical basis, where the electromagnetic field is treated
classically and the particle being trapped is treated as a quantized two-level
system [7]. However, the quantum theory of photons must be used for the
correct interpretation of the results [8]. Furthermore, the photon concept as-
serts that there are quanta of energy and momentum transfer between the
radiation field and the atom.

2 Theory

The general law for forces in electromagnetic fields is based on the conserva-
tion law for linear momentum. We therefore derive this conservation law in
the following. Later we shall discuss two different limits, the dipolar limit and
the limit of a planar interface. For simplicity, we consider Maxwell’s equa-
tions in vacuum. In this case we have D = ¢, E and B = poH . Later we shall
relax this constraint. The conservation law for linear momentum is entirely
a consequence of Maxwell’s equations,

0B(r,t)

VX B(r,t) = —— ", (1)
V x B(r,t) = C%@Eé?t) + pog(r,1) @)
VeB(r0) =~ p(rit). 3)
V-B(r,t)=0, (4)

and of the force law

F(r,t) = q[E(r,t) + v(r,t) x B(r,t)]

= /V [p(r,t)E(r,t) + j(r,t) x B(r,t)] dV . (5)

The first expression applies to a single charge ¢ moving with velocity v, and
the second expression to a distribution of charges and currents satisfying the
charge conservation law

. dp(r,t

ot

which is a direct consequence of Maxwell’s equations. The force law con-
nects the electromagnetic world with the mechanical one. The two terms in
the first expression are basically definitions of the electric and magnetic fields.
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If we operate on Maxwell’s first equation by xegFE and on the second
equation by xuoH , and then add the two resulting equations we obtain
OH 1 O0F

E> n

e X E[EXH]W)

1
Eo(VXE)XE—I—/Lo(VXH)XH:ij—c—2 (
We have omitted the arguments (r,¢) for the various fields and have
used egpug = 1/c?. The last two expressions in (7) can be combined to give
(1/c?)d/dt [E x H]. For the first expression in (7) we can write

eo(VXE)x E =
D)0z (E2 — EY2) + 8/0y(ExE,)  + 0/02(E,E.)
g0 |0/0x(ELEy) + 0/0y(E; — E%2) 4 0/0z(E,E.) —eEV-E

0/dx(E,E.) + 0/0y(E,E.) + 0/0z(E? — E%/2)
= V. [e0EE — (g0/2)E*1] — pE . (8)

where (3) has been used in the last step. The notation EE denotes the outer
product, E? = E2? + EE + E? is the electric field strength, and | denotes the
unit tensor. A similar expression can be derived for po(V x H) x H. Using
these two expressions in (7) we obtain

1 d 1
V- aOEE—uoHH—5(50E2+;LOH2)I :&E[EXHH—;)E—F]'XB.(Q)

The expression in square brackets on the left-hand side is called Maxwell’s
stress tensor in vacuum, usually denoted by T. In cartesian components it
reads

1
T = c«EE - poHH - 3 (e0E? + poH?)1 =

co(E2 —E%2) + po(H% —H%/2) coErEy + poH,H,
coExEy + poH,H, eo(E2 —EY2) + po(H2 —H?/2)
coErE. + poH, H. coByE. + poH,H,

EoEzEz + ,UJonHz
eobyE. + poHyH,
co( B2 —E2) + pio(H2 — H?/2)
(10)
After integration of (9) over an arbitrary volume V which contains all sources

p and 7 we obtain

/v-Tdv 41 (ExH)dV+/(pE+j><B)dV. (11)
v dtc? Jy %
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The last term can be recognized as the mechanical force (see (5)). The volume
integral on the left can be transformed to a surface integral using Gauss’s
integration law

/V-TdV = / T-nda. (12)
\4 ov

Here OV denotes the surface of V', n the unit vector perpendicular to the
surface, and da an infinitesimal surface element. We then finally arrive at the
conservation law for linear momentum,

d
/ T(r,t) -n(r)de = — [Gfield(r,t) + Gmech(r,t)] . (13)
oV dt
where Gpecn and G pierq denote the mechanical momentum and the field
momentum, respectively. In (13) we have used Newton’s expression for the
mechanical force F' = d/dtGecn, and the definition of the field momentum

1
Gfield = g[/[EXH]dV (14)

This is the momentum carried by the electromagnetic field within the vol-
ume V. It is created by the dynamic terms in Maxwell’s curl equations, i.e. by
the terms containing the time derivatives. The field momentum is zero when
it is averaged over one oscillation period, and the average force becomes

(F) = /6 (T(r.0) n(r) da. (15)

with (3 — pointellipsis) denoting a time average. Equation (15) is of general
validity. It allows one to calculate the mechanical force acting on an arbitrary
body within the closed surface V. The force is entirely determined by the
electric and magnetic fields on the surface 0V Fig. 1. It is interesting to
note that no material properties enter into the expression for the force; the
entire information is contained in the electromagnetic field. The only material
constraint is that the body is rigid. If the body deforms when it is subjected
to an electromagnetic field we have to include electro- and magnetostrictive
forces. Since the enclosing surface is arbitrary, the same results are obtained
whether the fields are evaluated at the surface of the body or in the far field.
It is important to note that the fields used to calculate the force are the self-
consistent fields of the problem, which means that they are a superposition of
the incident and the scattered fields. Therefore, prior to calculating the force,
one has to solve for the electromagnetic fields. If the object B is surrounded by
a medium which can be represented accurately enough by a dielectric constant
¢ and magnetic susceptibility p the mechanical force can be calculated in the
same way if we replace Maxwell’s stress tensor (10) by

1
T = ccEE — popHH — 5 (e0eE? + popH?)I . (16)
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incident field

scattered field

Fig. 1. The mechanical force F' acting on the object B is entirely determined by
the electric and magnetic fields at an arbitrary surface 9V enclosing B

n

y A

Fig. 2. Configuration used to derive the radiation pressure

2.1 Radiation Pressure

In this subsection we consider the radiation pressure on a medium with an
infinitely extended planar interface as shown in Fig. 2. The medium is irra-
diated by a monochromatic plane wave at normal incidence to the interface.
Depending on the material properties of the medium, part of the incident field
is reflected at the interface. Introducing the complex reflection coefficient R,
the electric field outside the medium can be written as the superposition of
two counter propagating plane waves

E(r,t) = EgRe|[(e* + Re *)e ] n, . (17)
Using Maxwell’s curl equation (1), we find for the magnetic field

H(r,t) = \/eo/po EoRe [(e™* — Re ™) e ] n, . (18)
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To calculate the radiation pressure P we integrate Maxwell’s stress tensor on
an infinite planar surface A parallel to the interface as shown in Fig. 2. The
radiation pressure can be calculated by using (15) as

1
Pn. — Z/A<T(r,t)>-nz da. (19)

We do not need to consider a closed surface AV, since we are interested in the
pressure exerted on the interface of the medium and not in the mechanical
force acting on the medium. Using the fields given in (17) and (18), we find
that the first two terms in Maxwell’s stress tensor (10) give no contribution
to the radiation pressure. The third term yields

1 €
(T(r,t)) n. = —§<60E2+u0H2>nz = ?OES (1+|RP®)n. . (20)

Using the definition of the intensity of a plane wave Iy = (g9/2)c E2, ¢ being
the vacuum speed of light, we can express the radiation pressure as

P %0 (1+ |RP). (21)

For a perfectly absorbing medium we have R = 0, whereas for a perfectly
reflecting medium R = 1. Therefore, the radiation pressure on a perfectly
reflecting medium is twice as high as that on a perfectly absorbing medium.

2.2 Dipole Approximation

Let us consider two oppositely charged particles with masses mq1,ms, sepa-
rated by a tiny distance |s|, and illuminated by an arbitrary electromagnetic
field E, B, as shown in Fig. 3. In the nonrelativistic limit, the equation of
motion for each particle follows from (5) if we set F' equal to m1#; and ma#s,
respectively. The dots denote differentiation with respect to time. Since the
particles are bound to each other, we have to consider their binding energy U'.
Including this contribution, the equation of motion for the two particles reads

miry= q[E(’l"l,t) + 7 XB(Tl,t)] — VU(’Pl,t), (22)
meo ’.’;QZ—Q[E(TQ,t) =+ 'i"2 X B(T’Q,t)] =+ VU(’I’Q,t) . (23)
The two particles constitute a two body problem which is most conveniently
solved by introducing the center of mass coordinate
mia mo

r = r1 + o . 24
mi + mo ! mi + meo 2 ( )

Expressing the problem in terms of r allows us to separate the internal motion
of the two particles from the center-of-mass motion. The electric field at the
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Fig. 3. Graphical representation of the symbols used to derive the mechanical force
in the dipolar limit; » denotes the center-of-mass coordinate. The two particles are
bound to each other by the potential U

positions of the two particles can be represented by a Taylor expansion [9]:

o0

Br) =Y |-V Br) = B@)+ (1) VEG) + .
n=0
E(rq) = Z %{(r—rg)-V]nE(r) = E(r)—(ro—r)-VE(r) + ....(25)

n=0

A similar expansion can be found for B(r1) and B(rz). For [s| < A, A be-
ing the wavelength of the radiation field, the expansions can be truncated
after the second term (dipole approximation). A straightforward calculation
using 22-25 and the definition of the dipole moment

P =4qs, (26)
where s = r1—72 leads to [8]
F = (my +mg) 7
=(pV)E + pxB + #x(p-V)B . (27)

Here, we have omitted the arguments (r,t¢) for clarity. The brackets in
(p-V) E indicate that the inner product p-V = (pz, py, p-)-(0/0z,0/0y, /%)
has to be evaluated prior to operating on E. Equation (27) is the central
equation of this subsection. It gives the mechanical force exerted by the elec-
tromagnetic field on the two particles represented by the dipole moment p.
The force consists of three terms: the first originates from the inhomogeneous
electric field, the second is the familiar Lorentz force, and the third is due
to movement in the inhomogeneous magnetic field. Usually, the third term
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is much smaller than the other two terms and it will be omitted in the fol-
lowing discussion. It is interesting to note that the fields appearing in (27)
correspond to the exciting field. It is assumed that the system represented
by the dipole does not change the fields. This is different from the general
formalism based on Maxwell’s stress tensor, where the self-consistent fields
are considered.

A quantized two-level system, such as an atom with transitions restricted
to two states is well described by a dipole. The same is true for a macro-
scopic particle with dimensions much smaller than the wavelength of the
illuminating light (a Rayleigh particle). For simplicity, we shall refer to the
system represented by the dipole as a particle. Let us consider a particle ir-
radiated by an arbitrary monochromatic electromagnetic wave with angular
frequency w. In this case the fields can be written as

E(r,t) = Re [E(r) e—iwf]
B(r,t) = Re [B(r)e*iwt} , (28)
and the dipole moment as

p(t) = Re(pe_i“’t) . (29)

The fields and dipole moment can be represented by their complex amplitudes
E(r), B(r),p. In what follows we shall use E, B, p to refer to the complex
amplitudes. We assume that the particle has no static dipole moment. In this
case, to first order, the induced dipole moment is proportional to the electric
field at the particle’s position r = rq

p = a(w)E(ro), (30)

« denotes the polarizability of the particle. Its form depends on the nature of
the particle (two-level system, Rayleigh particle, ... ). In the time average, (27)
reads

(F) = SRe[(p"V) E — iw (p"xB)] | (31)

where we have dropped the third term as discussed before. If we replace the
dipole moment by its expression in Eq. 30 and split the polarizability into its
real part o/ and imaginary part o, we find after some rearrangement,

(F)=(//2) VE? + wd" (E x B) (32)
=—VVoot + (" w/€0) Ggera > (33)

where gg.q denotes the density of the field momentum (see (14)) and Vit
the potential energy of the induced dipole moment. We find that two different
terms determine the mechanical force: the first is denoted as the dipole force
(or gradient force) and the second one as the scattering force. The dipole force
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originates from field inhomogeneities. It is proportional to the dispersive part
(real part) of the complex polarizability. On the other hand, the scattering
force is proportional to the field strength (Poynting vector) and to the dis-
sipative part (imaginary part) of the complex polarizability. The scattering
force may also be regarded as a consequence of the momentum delivered by
the scattered photons to the particle. For a lossless particle there is no mo-
mentum transfer from the radiation field to the particle, and the scattering
force is zero. Polarizable particles are accelerated by the dipole force towards
extrema of the radiation field. Therefore, a tightly focused laser beam can
trap a particle in all dimensions at its focus. However, the scattering force
pushes the particle in the direction of propagation and if the focus of the
trapping laser is not tight enough, the particle may be pushed out of the
focus.

In atom manipulation experiments the scattering force is used to cool
atoms down to extremely low temperatures, thereby bringing them almost to
rest. Under ambient conditions, atoms and molecules move at speeds of about
1000 m/s in random directions. Even at temperatures as low as —270°C, the
speeds are on the order of 100 m/s. Only for temperatures close to absolute
zero (—273°C) does the motion of atoms slow down significantly. The initial
idea for slowing down the motion of atoms was based on the Doppler effect.
It was first proposed by Hdansch and Schawlow in 1975 [6]. Neutral atoms
are irradiated by pairs of counter propagating laser beams. If an atom moves
against the propagation direction of one of the laser beams, the frequency
as seen from the atom will shift towards higher frequencies (blue shift) ac-
cording to the Doppler effect. On the other hand, an atom moving in the
direction of propagation of the beam will experience a shift towards lower
frequencies (red shift). If the laser frequency is tuned slightly below a reso-
nance transition, an atom will predominantly absorb a photon when it moves
against the propagation of the beam. The absorption process slows the atom
down, according to momentum conservation. Once the atom is excited, it will
eventually reemit its excitation energy by spontaneous emission, which is a
random process and does not favor any particular direction.

Thus, averaged over many absorption/emission cycles, an atom moving
towards the laser will lose velocity and effectively cool. To slow the atom
down in all dimensions, one requires six laser beams opposed in pairs and
arranged in three directions at right angles to each other. Whichever direc-
tion the atom tries to move it will be met by photons of the right energy and
pushed back into the area where the six laser beams intersect. The move-
ment of the atoms in the intersection region is similar to the movement in
a hypothetical viscous medium (optical molasses). It can be calculated that
two-level atoms cannot be cooled below a certain temperature, called the
Doppler limit [8]. For sodium atoms the limiting temperature is 240 puK cor-
responding to speeds of 30 cm/s. However, it was found experimentally that
much lower temperatures could be attained. After surpassing another limit,
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the so-called recoil limit, which states that the speed of an atom cannot be
less than that imparted by a single photon recoil, temperatures as low as
0.18 pK have been generated for helium atoms. Under these conditions the
helium atoms move at speeds of only 2 cm/s. So far, the atoms have been
slowed down, but not captured. An optical atom trap is needed to prevent
the atoms from falling out of the optical molasses owing to gravity. An ini-
tial trapping scheme based on the dipole force allowed one to grip the atoms
at the focal point of a tightly focused beam [10]. Unfortunately, the optical
dipole trap was not strong enough for most applications, and a new three-
dimensional trap based on the scattering force has been developed. This kind
of trap is now called the magneto-optic trap. Its restoring force comes from
a combination of oppositely directed circularly polarized laser beams and a
weak, varying, inhomogeneous magnetic field with a minimum in the inter-
section region of the laser beams. The magnetic field strength increases with
distance from the trap center and gives rise to a force towards the trap center.
For more detailed descriptions on laser cooling and trapping experiments, the
reader is referred to [11,12,13].

In principle, any macroscopic object can be regarded as being composed
of individual dipolar subunits. The self-consistent solution for the electric and

magnetic fields generated by these dipoles is [14,15]
N
E(r)=Ey(r) + W2MOZ G(r,r,) - D,s
n=1
N
H(r)=Ho(r) —iw) [V xG(r,r)] -p,  r#r., (34)
n=1

where we have used the complex representation of time-harmonic fields. G
denotes the dyadic Green’s function, p,, the electric dipole moment at r =
Ty, and Eg, Hy the exciting field. The system is assumed to consist of N
individual dipoles. To first order, the dipole moment p,, is

Py, = an(w) E(ry) . (35)

Combining (34) and (35), we obtain implicit equations for the fields E and
H which can be solved by matrix inversion techniques. Figure 4 illustrates
how a laser illuminated tip is subdivided into dipolar subunits. Near the
end of the tip, the field is dominated by the faremost dipole. In principle,
the mechanical force acting on an arbitrary object made of single dipolar
subunits can be determined by using (33) in combination with (34) and (35).
However, if we require that the object does not deform under the influence of
the electromagnetic field, the internal forces must cancel and the mechanical
force is entirely determined by the fields outside the object. In this case,
the mechanical force can be determined by solving for the fields outside the
object and evaluating Maxwell’s stress tensor according to (10) and (15).
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Fig. 4. Illustration of the coupled-dipole approach. A macroscopic object is sub-
divided into individual, microscopic dipolar subunits. Each dipole moment can be
calculated self-consistently by using the Green’s function formalism. In a rough ap-
proximation, the field in front of a metal tip can be replaced by the field of a single
dipole. However, the parameters of the polarizability have to be deduced from a
rigorous calculation

3 Trapping by a Laser-Illuminated Metal Tip

As an application of the theory outlined above, we consider a sharp, laser-
illuminated gold tip. This configuration has been proposed for the trapping
of nanometric particles and biomolecules in aqueous environments [19]. The
resulting electric-field distribution for this geometry is strongly polarization-
dependent, as shown in Fig. 5. The figure shows the electric field intensity E?
near the end of the gold tip (5 nm tip radius) for two different monochromatic
plane-wave excitations. The wavelength of the illuminating light is A=810 nm
(Ti:sapphire laser), which does not match the surface plasmon resonance. The
dielectric constants of the tip and water were taken to be e = —24.9+1.57i and
e =1.77, respectively. In Fig. 5a, a plane wave is incident from the bottom,
with the polarization perpendicular to the tip axis, whereas in Fig. 5b the tip
is illuminated from the side, with the polarization parallel to the tip axis. A
striking difference is seen for the two different polarizations: in Fig. 5b, the
intensity at the end of the tip is ~3000 times stronger than the illumination
intensity, whereas no enhancement beneath the tip exists in Fig. 5a. This
result suggests that it is crucial to have a large component of the excitation
field along the axial direction to obtain a high field enhancement. Calculations
for platinum and tungsten tips show lower enhancements, whereas the field
beneath a dielectric tip is reduced compared with the excitation field.
Figure 6 shows the calculated induced surface charge density for the two
situations shown in Figs. ba,b. The incident light drives the free electrons in
the metal along the direction of polarization. While the charge density is zero
inside the metal at any instant of time (V-E=0), charges accumulate on the
surface of the metal. When the incident polarization is perpendicular to the
tip axis (Fig. ba), diametrically opposite points on the tip surface have oppo-
site charges. As a consequence, the end of the tip remains uncharged. On the
other hand, when the incident polarization is parallel to the tip axis (Fig. 5b),
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Fig. 5. Near field of a gold tip in water illuminated by two different monochromatic
waves at A=810 nm. The direction and polarization of the incident wave are indi-
cated by the k and E vectors. The figures show contours of E? (factor of 2 between
successive lines). The scaling is given by the numbers in the figures (multiples of
the exciting field). No enhancement at the tip in (a); enhancement of ~3000 in (b).
The field in (b) is almost rotationally symmetric in the vicinity of the tip

1/2 Gmax

Fig. 6. Induced surface charge density corresponding to Fig. 5a (left) and Fig. 5b
(right). The surface charges form a standing wave in each case. In Fig. 5a, the
surface charge wave has a node at the end of the tip, whereas in Fig. 5b there is a
large surface charge accumulation at the end, responsible for the field enhancement
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the induced surface charge density is rotationally symmetric and has its high-
est amplitude at the end of the tip. In both cases the surface charges form an
oscillating standing wave (surface plasmons) with wavelengths shorter than
the wavelength of the illuminating light. While the field enhancement has
been calculated in the electrostatic limit [18], the presence of surface plas-
mons indicates that it is essential to include retardation in the analysis.

With the field distribution around the tip determined, the gradient force
for a Rayleigh particle can be easily calculated from

F = (a/2)VE?, (36)

where « is the polarizability of the particle. The particle tends to move to the
higher-intensity region, where its induced dipole has a lower potential energy.
The assumptions inherent in (36) are that the external field is homogeneous
across the particle and that the particle does not alter the field E in (36).
These assumptions however, do not hold for a nanometric particle close to
the tip as shown in Fig. 7. The intensity contours are distorted around a
dielectric sphere (¢ =2.5, 10nm diameter), and the field inside the sphere is
highly inhomogeneous.

Nevertheless, in order to be able to follow the underlying physics with-
out elaborate computations, we shall represent both the tip and the particle

N

36’7,21

S

wug/

Fig. 7. Perturbation of the near field by a particle being trapped (¢ =2.5, 10nm
diameter). The field inside the particle is highly inhomogeneous, requiring rigorous
calculation of the trapping force. The arrow indicates the direction of the trapping
force. Same scaling as in Fig. 5b
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=

Fig. 8. Trapping of a particle by a laser illuminated metal tip. The tip is illuminated
by a plane wave polarized along the tip axis. Both tip and particle are represented
by dipoles

by point dipoles. The error of this approximation can then be estimated by
comparison with the exact solutions of [19]. The situation that we are going
to analyze is shown in Fig. 8. The sharply pointed metal tip is illuminated
by a plane wave at right angles, such that the polarization is parallel to the
tip axis. The factor f of enhancement of the electric field intensity in front
of the tip is determined by the material properties, the sharpness and shape
of the tip, and the wavelength of the illuminating field [16,17,18]. We denote
the dipoles corresponding to the tip and particle by p, and p,,, respectively.
Without loss of generality, the tip dipole is chosen to be located at the origin
of the coordinate system. To further simplify the situation, we assume that
the coupling between the tip and the particle can be neglected. In this pic-
ture, the incident field Eq, H( excites a dipole moment p, in the tip, and
the fields generated by p; induce a dipole moment p, in the particle. The
dielectric constants of the particle and the environment are e,(w) and eg(w),
respectively. The polarizability of the particle in the nonretarded regime can
be calculated as

ep(w) — eg(w
ap(w) = 3eges(w) AV, W , (37)
where AV, is the particle volume.

According to the coupled-dipole formalism, any object can be subdivided
into dipolar subunits. In a metal, these units have to be chosen so densely
that the field at the tip cannot be attributed to the closest dipole alone.
Consequently, a metal tip cannot be approximated by a single polarizable
sphere, as is often done for dielectric tips [20]. However, rigorous calculations
show that the spatial distribution of the field close to a metal tip is similar to
the field of a vertical dipole. The dipole moment p, can be expressed in terms
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of the computationally determined enhancement factor f of the electric field
intensity as
2 p, —

E(xz=0,y=0,z=a¢) = Treoradd = vV Eo, (38)
where a; denotes the tip radius and (z,y,2)=1(0,0,a;) are the coordinates
of the end of the tip. In this equation, we have considered only the near
field of the dipole, since kay < 1. Thus, we find for the tip dipole that
p, = 27eoes ad\/f Eg. To determine the mechanical force on the particle in
the vicinity of the tip, we have to evaluate (33). Since we consider tip—particle
distances d for which kd < 1 we can neglect retardation effects and consider
quasi-static fields. We can also neglect the scattering force (the second term
n (33)) because of the small particle size and because there is no radiation
pressure associated with the near—fields. In this case we have

(F) = (a},/2) VE*(r) . (39)

The electric field in this equation corresponds to the field generated by the
tip dipole p, evaluated at the particle’s position r. Its square amplitude is

pel* 1+ 3(2/r)°

200y _
Er) = (dmepes)? r6

: (40)

where r = |r| is the tip—particle distance and z = rn, is the projection of
T on the tip axis, n, being the unit vector along the tip axis. A comparison
of the

retarded fields of a single dipole and the fields of the rigorous solution for a
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Fig. 9. Comparison of the nonretarded fields of a single dipole (dotted curves) and
the rigorous solution for a laser-illuminated metal tip (solid curves). (a) Lateral
spread of the field (perpendicular to tip axis) as a function of the distance z from
the end of the tip. (b) Decay of the field along the tip axis. Normalization by the
tip radius a; =5nm has been applied
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laser-illuminated metal tip is shown in Fig. 9. Combining (38)—(40) we find
for the mechanical trapping force

(F) = ~(/4)af f Bl & [p(1 44277, + 45%7n] . (41)

n, being the unit vector in the radial direction perpendicular to the tip axis,
and p = r - n,. The minus sign indicates that the force is directed towards
the tip. We find that (F) is proportional to the enhancement factor f, the
intensity of the illuminating light Iy = (1/2) \/eoes/po EG, the real part of
the particle polarizability a;, and the sixth power of the tip radius a¢. It
has to be kept in mind, that f and a; are not independent parameters; their
relationship can be determined by rigorous calculations only.
In the next step we calculate the trapping potential

Voalr) = = [ (FE) ar (42)

o0

which corresponds to the potential energy of the particle in the field of the
tip dipole. The integration path from 7 to oo is arbitrary because F' is a
conservative vector field. After carrying out the integration, we find

, 1+322/r?
P 876 '
The maximum value of V},o; is reached exactly in front of the tip (z=a+ayp).

Figure 10 shows Vjot(rp) along the tip axis and along a transverse axis im-
mediately in front of the tip. An enhancement factor of f=3000 is assumed,

Voot (1) = —af fEF (43)
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Fig. 10. Trapping potential Vpot along the tip axis (a) and along a transverse
direction at z = a¢ + ap (b) beneath the tip. An enhancement factor of f=3000
is assumed. The radii of the tip and the particle are a; =ap =5nm. The dielectric
constants of the particle and the environment are e, =2.5 (biomolecule) and s =
1.77 (water), respectively. Normalization by kg7 and by the incident intensity Io
have been applied
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and the radii of both the tip and the particle are chosen as a; = ap =5nm.
The dielectric constants of the particle and the environment are e, = 2.5
(biomolecule) and e5 = 1.77 (water), respectively. Since in aqueous environ-
ments the trapping forces compete with Brownian motion, the potential in
Fig. 10 is normalized by kgT (where kg is the Boltzmann constant and T =
300 K). Additionally, the curves are scaled with the incident intensity Iy. To
obtain a trapping potential which is just equal to kgT at room temperature,
an intensity of Iy ~ 100 mW /um? is required. It should be noted that the
present calculation is a rough approximation. Comparison with the rigorous
treatment in [19] shows that the present results are off by a factor ~ 2-3. How-
ever, the general shape of the trapping potential is in accordance with [19].

Let us assume for the following that a sufficient condition for trapping
is Voot > kBT'. We can then calculate the intensity required to trap a particle
of a given size. Using the expression (37) for the particle polarizability and
evaluating (43) at 7 = (ay + ap)n,, we find

kT 2¢eg 6
Ip > —o Re(€p+ E) (ot o) (44)
47\ /€ €p — Es fag ag

The curve for which the equality holds is shown in Fig. 11. The same pa-
rameters as above have been used. The minimum in the curve indicates that
the incident intensity and the tip radius can be adjusted to selectively trap
particles with sizes in a limited range. Particles that are too small are not
trapped, because their polarizability is too small. On the other hand, for
particles that are too big the minimum separation between the tip and the
particle (ay + ap) becomes too large. For the parameters used here the op-
timum particle size is ap ~ 5nm. However, since the trapping fields decay
more slowly the larger the tip radius is, it can be expected that for larger
tip sizes the optimum particle size becomes larger. As a rule of thumb, the
particle size should be in the region of the tip size. Finally, it should be noted

0 5 10 15 20 25 30
a, [nm]

Fig.11. Minimum trapping intensity Iy as a function of the particle radius ap. An
enhancement factor of f = 3000 is assumed and the tip radius is a; = 5nm. The
dielectric constants of the particle and the environment are e, =2.5 (biomolecule)
and e, =1.77 (water), respectively
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that instead of calculating first the trapping force, we could have determined
the potential Vo () more easily by considering the interaction energy of the
particle in the dipole approximation. If E is the field of the tip dipole p; it
is easy to show that

Voot (1) = —p, - BE(r) = —(ay,/2) E*(r) , (45)

leads to the same result as (43).

In conclusion, we have outlined a general formalism to calculate the forces
on arbitrary objects in electromagnetic fields. The formalism is independent
of the material properties of the object being trapped and therefore has gen-
eral validity. The optical properties of the object enter the formalism indi-
rectly through the solution for the electromagnetic fields. On the basis of a
simple model we have shown that moderate laser powers are needed to trap
a nanoparticle at the end of a gold tip in an aqueous environment. Prelimi-
nary experimental results have shown that the formation of eddy currents in
the aqueous environment has an effect on the trapping scheme. These eddy
currents are generated by laser heating of the metal tip. Although the tem-
perature increase for the required laser powers is small, it will be necessary
to perform near-field trapping experiments under favorable conditions (air,
vacuum). This will lead to a better understanding of the underlying param-
eters.
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Abstract. A metallic particle is an ideal scattering probe in near-field microscopy.
The Laser trapping technique, which enables us to capture a microscopic object
using radiation pressure force, has been applied to trap a nanometer-sized metal-
lic particle and to scan the particle over a sample surface as a near-field probe.
In this section the mechanism and experimental verification of three-dimensional
laser trapping of a metallic particle are explained. The trapping force on a gold
particle is greater than that on a glass particle when these particles are sufficiently
small compared to the wavelength of light. Also the development of laser trapping
NSOM is described. Observed images on various samples using 40 nm diameter gold
particles are shown.

1 Introduction

Micrometer-sized particle can be trapped by the radiation pressure exerted
by laser light focused with a microscope objective. This phenomenon has
been utilized for manipulation of small objects such as biological cells under
an optical microscope. This technique is known as optical tweezers or laser
trapping, and was first demonstrated by Ashkin et al.in 1986 [1,2].

For near-field microscopy, the technique can be applied to hold a small
particle on a sample surface so that it can ba used as a near-field probe and
to scan the particle over the surface for near-field imaging [3]. This near-field
microscope is one of the derivatives of the scattering-probe configuration [4].
It is called a laser-trapping near-field scanni ng optical microscope (laser-
trapping NSOM). The laser-trapping NSOM has the following advantages.
(1) The spring constant for holding a probe particle is so weak, typically
several mN/m, that the probe particle rarely damages the sample. (2) It is
possible to scan the particle while it touches to the sample surface. There-
fore distance regulation between the particle and the sample surface is not
necessary. (3) A metallic particle can be used as a near-field probe [5,6,7].
Because of the greater scattering efficiency of a metallic particle compared
with a dielectric one, a metallic particle enables us to abtain a large amount
of scattered light scattered from a near-field probe.

In this chapter we discuss the laser trapping of a metallic particle which
has a radius of several tens of nanometers for near-field microscopy. First, gen-
eral explanations of laser trapping will be presented, and then the mechanism
S. Kawata (Ed.): Near-Field Optics and Surface Plasmon Polaritons,

Topics Appl. Phys. 81, pp. 143-161, 2001.
© Springer-Verlag Berlin Heidelberg 2001
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of trapping of metallic particles will be explained. Afterwards, the scattering
properties of a metallic particle will be described. Finally, near-field images
obtained with a laser-trapping NSOM will be presented.

2 Mechanism of Laser Trapping

The radiation pressure force is generated as a result of momentum changes
of photons in light scattering. Figure. 1a shows a schematic diagram of the
generation of the radiation force on a particle. The momentum of the photon,
p, before incidence on the particle changes to p’ in the scattering process.
The momentum change p’ — p causes the radiation pressure force f to act
on the particle as shown in Fig. la owing to conservation of momentum.

When a strongly converging laser beam is directed onto the particle, ra-
diation force generated on the particle becomes like the force shown in the
Fig. 1b. In the figure, the particle is assumed to be larger than the spot
size of the laser beam and to have a higher refractive index than that of
the surroundings. The ray depicted by A-A’ in Fig. 1b generates a radiation
force fa on the particle as shown in the figure. Other rays generate radiation
forces on the particle in the same manner. The net radiation force on the
particle is given by the summation of the forces induced by all rays hitting
the particle. The net radiation force is the force F' shown in the figure. This
force pulls the particle into the laser beam spot, even if the particle is located
at beneath the spot. A particle which has a higher refractive index than the
surroundings can be trapped in three dimensions.

If the particle has a lower refractive index than the surroundings, the
particle is very weakly trapped, because the particle is pushed away from the
laser beam. Also, a metallic particle which has a size of the order of a microm-
eter is barely trapped in three dimensions, because of the reflection at the
surface of thee metal. For lower-refractive index particles and metallic par-
ticles three-dimensional laser trapping was demonstrated by Sasaki et al. [8].

(a)

Fig. 1. Schematic illustration of laser trapping. (a) Radiation force exerted on a
particle by scattering. (b) The radiation force of a converging laser beam acts to
keep the particle in the spot
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In their scheme the position of a laser beam spot was constantly moved to
encircle the particle. The particle was captured three-dimensionally in the
light field surrounding the particle as if in a cage.

In the case of the trapping in two dimensions, a micrometer-sized metal-
lic particle on a substrate can be trapped by a strongly focused laser
beam [9,10,11]. This is explained by the optical absorption of the metallic
particle. When the particle is located below the laser beam spot at a distance
equal to the particle diameter, the net force on the particle due to optical
absorption tends to pull the particle into the optical axis of the beam. In this
case we can trap a metallic particle on a substrate in the lateral direction,
but cannot lift the particle away from the substrate in the axial direction.
Two-dimensional trapping of a metallic particle has also been utilized to hold
a metallic probe particle for near-field microscopy [12].

3 Laser Trapping of Metallic Particles

For near-field microscopy, smaller particles are better if they are to be used
as a near-field probe. If the size of a metallic particle is sufficiently small
compared with the wavelength of the laser beam, the particle can be trapped
in three dimensions by the radiation force induced by a strongly converging
laser beam [5,13].

3.1 Radiation Forces on Metallic Rayleigh Particles

If the diameter of the probe particle is much smaller than the wavelength of
the trapping laser, the force exerted on such a particle can be described by
summation of the scattering force Fay and the gradient force Fgraq [1,5,14]
in the following form:

F = Fscat + Fgrad . (1)

The scattering force F'ycot always pushes the particle along the propagation
direction of the light. In the case of a weakly absorbing particle such as a
metallic particle, the force generated by light absorption is dominant in the
scattering force [15]. The force due to absorption F s is given by

8 w2 13 n? m2—1
Fas| = L1 I, 2
a2 () g

where n; is the refractive index of the surrounding medium, m is the relative
refractive index of the particle against the surroundings, and 7 is the radius
of the particle; ¢, A and I are the velocity of light, the wavelength of the light,
and the power density of the light, respectively. Im () indicates the imaginary
part of a quantity.
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The gradient force Fl;5q acts on a particle according to the gradient of
the electromagnetic field around the particle. The gradient force Fgraq is
expressed by

1
Fgrad = 1 ni o grad (|E|2) ) (3)

where « is the polarizability of the particle and E is the electric field. We
assume that the particle is spherical, then the polarizability « is given as
follows:

m?—1 ,
12 . (4)
Teh polarizability has a complex value in general. When the real part of the
polarizability is positive, the gradient force pulls the particle into a stronger
light field.

Table 1 shows the polarizabilities of various metallic and dielectric parti-
cles. A gold particle has a positive value of the real part of the polarizability.
The magnitude of the real part of the polarizability is 13.4 times as large as
that of a glass particle. This means that the gradient force on a gold particle
is more than ten times larger than that on a glass particle. So if the particles
is much smaller than the wavelength of light, a gold particle is much easily
trapped by a laser beam than a glass particle is. A silver particle has the same
behavior as a gold particle. At a wavelength of 488 nm, the polarizability of
a gold particle still has a large real part, although the imaginary part of the
polarizability is also large. This causes the scattering force exerted by light
absorption to become large. Consequently, a gold particle is hardly trapped
at this wavelength.

a = 4meeg

Table 1. Polarizabilities of various particles. The refractive indices of the metallic
particles are taken from [16]

Particle Refractive index a/r® (10710) Re(a)/aglass
Gold in water 0.272 — 7.071 2.19 — 1.85 x 107% 13.4

(A = 1047 nm)

Gold in water 0.916 — 1.84i 1.13 — 2.851 6.9

(A =488 nm)

Silver in water 0.226 — 6.991 2.20 — 1.60 x 107% 13.4

(A =1047 nm)

Silver in water 0.130 — 2.88i 4.12 — 0.3391 25.2

(A =488 nm)

Glass in water 1.50 0.164 1
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3.2 Radiation Force in a Laser Beam Spot

Let us consider the trapping force on a metallic Rayleigh particle located
in a spot formed by a strongly converging laser beam. Figure. 2 shows a
schematic diagram of the laser trapping of a Rayleigh particle. For a particle
to be trapped, the gradient force, which pulls the particle towards the spot,
must be stronger than the scattering force, which repels the particle from the
spot. In this section we discuss the magnitude of the gradient force and of
the scattering force on a metallic particle in a beam spot.

Converging Laser Beam

i
i
i
a
Beam Waist

Fig. 2. Radiation force on a metallic Rayleigh particle. The scattering force repels
the particle from the laser beam. The gradient force pulls the particle towards the
laser spot

Small Particle (d<<)\)
(Rayleigh Scattering)

A laser beam focused with an aberration-free objective is assumed. The
field distribution around the beam spot can be obtained by the integration
of spherical waves with a circular aperture. The intensity distributions of the
electric field along the transverse axis and along the longitudinal axis are
given by [17]

2

2.J1(gx)

E = B | ==

|E(,0,0)]" = [Eol o , (5)
sin(hz) |2

20,0, = |of? [0 )

where g = (27 /A\)NA and h = (27/ n1)NA%. N A is the numerical aperture
of the objective. Fy represents the electric field at the origin of the axes.
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The gradient force on a particle located on the x axis but shifted in the
lateral direction pulls the particles towards the spot. The magnitude of the
transverse force is given by substitution of (5) into (3) as

gzJi(gz)[Jo(gx) — J2(gz)] — 2J1(g2)*
g
(gz)3

Figure 3a shows the calculated result for the transverse force on a Rayleigh
particle on the x axis. The magnitude of the transverse force has a minimum
and a maximum at x = —1.49/¢g and = = 1.49/g, respectively.

When the particle is located on the optical axis, the radiation force on
the particle acts in the direction of the axis. The magnitude of the gradient
force is given by

Fgrad,x(-rv Oa O) =N |E10|2 . (7)

hz cos(hz) sin(hz) — sin?(hz)
2(hz)3

Fraa,(0,0,2) = njah | Eol?. (8)
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Fig. 3. Magnitude of gradient force exerted on Rayleigh particle: (a) gradient force
in z direction, (b) gradient force in z direction. The magnitude of the force is
normalized by ani/g and ani/h, respectively
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Figure. 3b depicts the axial-force distribution along the optical axis. The
magnitude of the axial force has a minimum at z = —1.30/h and a maximum
at z =1.30/h.

As an example, we can examine the laser trapping of a gold particle
(r = 20nm, nay, = 0.272 — 7.07i at A = 1047nm [16]) in water by a near-
infrared laser beam (100 mW power, 1047 nm wavelength) focused with an
objective of numerical aperture 1.3. We neglect aberrations of the objective
for simplicity. The polarizability of this particle is (1.75 —0.0148i) x 10732, so
that the gradient force pulls the particle into the focal spot of the laser beam.
The maximum values of the gradient force are 5.81 pN in lateral the direction
and 1.66 pN in the axial direction. On the other hand th scattering force on
the particle has a maximum value of 0.0164 pN at the focal spot. This value
is clearly smaller than that of the gradient force so that the particle can be
trapped near the focal spot in three dimensions.

3.3 Experiment on 3-D Laser Trapping of a Gold Particle

Three-dimensional laser trapping of a gold particle can be achieved with
an ordinary laser-trapping apparatus. The following is on example from the
author’s experiments [7]. An Nd:YLF laser (A = 1047 nm, 2.5 W) was used
as the laser light source for trapping. The laser beam was focused into a
sample cell with a microscope objective (x100, numerical aperture 1.3). Gold
colloidal particles of diameter 40 nm (British BioCell) dispersed in distilled
water were used as particles to be trapped.

Figure 4 shows microscopic images of a gold particle trapped by the
Nd:YLF laser beam. First the gold particle was trapped in two dimensions
at the bottom of the sample cell as shown in Fig. 4a. Then the sample stage

(a) (c)

Fig. 4. Laser-trapped metallic particle (gold colloidal particle, diameter 40 nm).
The crosshairs in each image show the spot position of the Nd:YLF laser beam.
The trapped particle (at the center of each image) is seen as a dark spot in (a) and
(b) and as a bright spot in (c). (a) A gold particle is trapped on the bottom of the
sample cell. (b) sample stage was moved down by approximately 1pum. (¢) An Ar
ion laser beam irradiates the trapped particle
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was moved down by approximately 1um from its position in Fig. 4a. The
gold particle was still in focus after the stage movement, as shown in Fig. 4b,
although other particles were out of focus. After the laser beam used for
trapping was interrupted, the gold particle moved quickly out to the focal
position owing to Brownian motion. These observations show that the gold
particle was trapped by the laser beam in three dimensions.

Figure 4c shows a similar gold colloidal particle trapped by an Nd:YLF
laser beam, simultaneously irradiated by a focused Ar ion laser beam. The
bright spot seen in the center of the picture is the Ar ion laser light scattered
by the particle. The Nd:YLF laser light scattered by the particle could not
observed with the CCD camera, owing to the use of a dichroic mirror and an
IR cutoff filter. The total power of the Ar ion laser light on the particle was
attenuated here with a neutral-density filter to less than 1/100 of the light
power of the Nd:YLF laser, so that no mechanical effect induced by the Ar
ion laser beam could be seen on the trapped particle.

3.4 Feedback Stabilization of Probe Position

Because of thermal energy, a probe particle moves continuously in a laser-
trapping potential as a result of collisions with water molecules (Brownian
motion). Owing to the Brownian motion, the intensity of the light scattered
from a particle such as is seen in Fig. 4c¢ changes with time. This will cause
noise in the measured signal when we use the trapped particle as a near-field
probe. This noise affects the maximum resolving power of the laser-trapping
NSOM. Consequently, it is necessary to reduce the fluctuation of the probe
position in order to enhance the resolution of the NSOM. To reduce the
fluctuation of the particle position, a feedback stabilization technique can be
used [0].

In the feedback stabilization technique, information about the particle po-
sition is fed back to the spot position of the trapping laser beam. The position
of the probe particle is monitored by detection of the spot position, as seen
in Fig. 4c. The spot position can be sensitively detected with a four-segment
detector and two sets of differential amplifiers used to calculate the displace-
ment signals of the spot in the x and y directions. To shift the spot position
of the trapping laser beam, two galvanomirrors are used. The angles of the
galvanomirrors are changed to minimize the displacement signals in both the
x and the y directions. The displacement signals in the z and y directions
are captured by a personal computer.

Figure 5 shows displacement diagrams which depict the movements of
a probe particle. Figure 5a shows the result recorded without feedback of
the displacement signal to the galvanomirror and Fig. 5b shows the result
recorded with feedback. The time interval between displacement measure-
ments was 10 ms. The probe particle was a polystyrene latex particle which
had a diameter of 1um. The standard deviation of the particle position was
about 13nm in the case without feedback (Fig. 5a), while with feedback the



Laser Trapping of a Metallic Probe for Near Field Microscopy 151

50 1 T T 1 I —— ST T 1 I
E [ B ]
= T .
8 E0
[0}
Q - o 7
ks AN ]
3 )
a | | o |
_ S I I A N B _ I T I S
5QSO 0 50 5-5 0

Displacement [nm] Displacement [nm]

(a) (b)

Fig. 5. Particle displacement in optical trap (experimental data): (a) without feed-
back stabilization of the probe particle, (b) with feedback stabilization

standard deviation of the particle position was reduced to 0.45nm. From
these results, we see that the feedback method is effective for stabilizing the
position of a probe particle.

4 Scattering Properties of Metallic Particles

We estimate the scattering efficiencies of various particles in this section
to evaluate the effect of a metallic probe particle. For simplicity a plane
electromagnetic wave is assumed to be incident on a spherical particle.

4.1 Scattering Efficiencies

In such a case we can describe the scattering phenomena with a theory of
electromagnetic scattering first developed by Mie [15,18]. The scattering ef-
ficiency Qscat of a spherical particle is given by

Ques = 7z D 0+ 1) (aul? + 1) )

where a,, and b,, are expansion coefficients given by

W P (k17) 1y, (m kyr) — m by (m k) o, (kar) (10)
" Colkar) o, (m kir) — moaby(m kar) ¢ (kir)

m (k1) ¥, (m kyr) — o (m kyr) 4, (k)
m o (k1r) oy, (m kar) — by (m krr) ¢, (kr)

Here m is the relative refractive index of the particle with respect to the
surrounding medium, r is the radius of the particle, k1 is the wavenumber
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of the incident wave in the surrounding medium and v, (z) and (,(z) are
Ricatti-Bessel functions [15]. A prime indicates the derivative of the function.

Table 2 shows the calculated results for the scattering efficiencies of gold
and silver particles. The particles are assumed to be homogeneous with a
diameter of 40 nm and to be irradiated by a plane electromagnetic wave of
wavelength 488 nm. According to the calculation, the scattering efficiency of
a gold particle in air is 25 times as great as that of a glass particle in air. In
case of particles in water, the scattering efficiency of a glass particle is smaller
than it is in air because the relative refractive index of the particle in water is
smaller than that in air. The scattering efficiency of the gold particle in water,
however, is larger than it is in air because the index of the gold particle has
an imaginary part. So the scattering efficiency of the gold particle in water
is 348 times as great as that of the glass particle in water. Other metallic
particles also have greater scattering efficiencies than that of a glass particle.
In particular the scattering efficiency of a silver particle is larger than that
of a gold particle. Although a silver particle is one of the best particle for a
near-field probe, silver particles have less chemical stability. Accordingly, gold
particles are more frequently used as a near-field probe in the laser-trapping
NSOM.

Table 2. Scattering efficiencies of various particles. The wavelength is assumed to
be 488 nm

In air Gold Silver Glass
Qscat 0.0258 0.0289 0.00101
Qscat /Qscat glass 25.3 28.4 1

In water Gold Silver Glass
Qscat 0.0854 0.228 0.000245
Qscat /Qscat glass 348 930 1

4.2 Near-Field Distributions Around a Metallic Particle

The near-field distribution around the probe particle affects the maximum
resolving power of the NSOM. In particular, for fluorescence observations
with the NSOM, the point spread of the image is strongly dependent on the
near-field distribution around the probe. Therefore, we analyzed the near-field
intensity distribution around a metallic particle. For simplicity we assumed
a spherical particle irradiated with a plane-polarized electromagnetic wave.
The scattering phenomena in such a problem can be described by the Mie
scattering theory. We can derive an expression for the electromagnetic field
around a probe particle from the Mie scattering theory simply [15].
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Figure 6 shows the calculated results for the field intensity distribution
around a gold particle with a diameter of 40nm irradiated with a plane
electromagnetic wave of wavelength 488 nm. The incident light is linearly po-
larized in the x direction and propagates in the z direction. Figures 6a,b show
cross sections of the field intensity distribution in the x—z plane and the y—z
plane, respectively. In the z—z plane there is a strong-intensity region of the
field on the surface of the particle. The strong-intensity region is dependent
on the polarization direction, so that the strong region is spread out in the
x direction and narrow in the y direction. When a thin sample is put on a
plane toucheing the particle at the position z = —r (r is the radius of the
particle), the sample can be irradiated by the strong-intensity region, which
is nearly equal in size to the particle. The distribution of the field intensity
on this plane (z = —r) is shown in Fig. 6¢. The intensity distribution has
two strong regions split by about r/2 in the z direction and concentrated
within the size of the particle. Furthermore, the intensity of the concentrated
field decreases exponentially with increasing distance from the particle. We
conclude that the strong-intensity region around the particle is a near-field
component generated by the particle.

50

[nm]
()

Fig. 6. Near-field intensity distribution around a particle (d = 40nm). (a) z—z plane

(z = 0), (b) y—= plane (z = 0) and (c) z—y plane (z = —r). The brighter parts

indicates stronger field intensity. The incident light (polarized in the z direction)

propagates in the z direction (from —z to +z)

5 Laser-Trapping NSOM

As previously mentioned, we can use a particle trapped by a laser beam as
a probe in scanning-probe microscopy. This idea was first demonstrated by
Ghislain and Webb for atomic force microscopy [19]. These authers success-
fully demonstrated force measurement by observations of the scattered light
from a polystyrene particle suspended near a sample surface. Later a near-
field scanning optical microscope using a laser-trapped particle was reported
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by Kawata et al. [3]. In the experiments of Kawata et al.the near-field probe
was also a polystyrene particle, which had a diameter of 1um and was irra-
diated by an illuminating laser beam in a total-internal-reflection condition.
Scattered light from the particle and fluorescence emission from the sample
were measured and used to perform scattering imaging and fluorescence imag-
ing, respectively. Sasaki et al. [20] applied this probing method to produce a
tiny chemical sensor which could measure pH in nanometer regions.These
authors utilized specially designed fluorescent beads which changed their flu-
orescence intensity with pH as a probe. Saski et al.trapped a single fluorescent
bead with a laser beam and detected the fluorescent emission from the bead.
They demonstrated a change in the fluorescence intensity when the pH of the
surroundings was changed. In 1997 Sugiura et al.developed a laser-trapping
NSOM with a three-dimensionally trapped metallic particle [3,5].

5.1 Principle of the Laser-Trapping NSOM

Figure 7 shows a schematic illustration of our laser-trapping NSOM a metallic
probe particle. An intense near-infrared laser beam is focused with a micro-
scope objective so as to trap a metallic particle. A single metallic particle is
suspended near the focal spot of the laser and approaches the sample surface
from beneath. A gold colloidal particle with a diameter of several tens of
nanometers is used as a near-field probe.

Another laser beam, which has a wavelength in the visible range, is focused
onto the particle simultaneously. This laser beam is used for illumination of
the sample. The illuminating laser beam is scattered by the probe particle,
and then the scattered light diverges like radiation from a point light source
as small as the diameter of the particle. When the particle is sufficiently close
to the sample surface, the scattered light illuminates a part of the sample as
small as the size of the probe particle and interacts with the material of
this region. The scattered light is collected by the objective and is detected

Trapping Laser Beam (NIR)
lllumination Laser Beam (VIS)

/K < } /{Objectlve

Scan = Cover Glass
- Sample

Scattered Light /\S _ _
W Metallic Probe Particle
ater (d << Anigs Mvis)

Fig. 7. Schematic illustration of laser-trapping NSOM with a metallic probe
particle
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through a pinhole placed in the image plane of the objective. The detected
intensity of the scattered light contains local information about the sample;
therefore the microscope gives information about the structure and material
distribution of the sample with a higher lateral resolution than the diffraction
limit of the light.

This microscope has the following advantages. (1) Since the spring con-
stant for holding a probe particle is so weak, the sample is rarely damaged
mechanically. (2) There is no need to regulate the distance between the probe
particle and the sample, because the probe particle touches the sample surface
during scanning. (3) Observation with this microscope is done under water.
This is quite useful for biological applications [21] such as fluorescence in situ
hybridization (FISH) [22]. (4) Because of to the use of a metallic particle, the
light intensity scattered by the particle is expected to be much greater than
that from a dielectric particle.

5.2 Experimental Setup

Figure 8 shows the experimental setup of our NSOM. The laser used for op-
tical trapping is an Nd:YLF laser (TFR, Spectra-Physics, 2.5 W, wavelength
1047 nm). This laser beam goes into the microscope optics and is focused
with an oil immersion objective (UPlan Apo, 100x, 1.35 NA, Olympus). The
component labeled DM1 in the microscope optics is a dichroic mirror which
reflects the light of the Nd:YLF laser and transmits visible light. Owing to
this mirror, almost no light from the Nd:YLF laser penetrates to the upper
part of the microscope optics.

The laser used for sample illumination is an air-cooled Ar ion laser
(Uniphase, 20 mW, wavelength 488 nm). The beam from this laser also enters
the microscope optics and is focused onto the probe particle. The spot posi-
tion of the Ar ion laser corresponds to that of the Nd:YLF laser. Scattered
light from the probe particle is collected with the objective, formed into an
image at the position of the pinhole and detected with a photomultiplier tube
(PMT) behind the pinhole. The pinhole eliminates undesired light from other
parts of the sample. Sample scanning is done by changing the voltage applied
to a piezo tube. A CCD camera is used for observation of the sample surface
under conventional microscope conditions.

5.3 Observations of Various Samples
5.3.1 Surface of Cover Glass

Figure 9 shows an observed image of the surface of a cover glass. The probe
particle used for this observation was a gold colloidal particle with a diameter
of 40nm, the same as in the trapping experiment. The probe particle was
scanned over the glass surface while pushing it onto the glass. The contrast
of the image in Fig. 9 has been enhanced to show the fine structure of the
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image. The original contrast of the image (= (Imax —Imin )/ (Imax +Imin ) ) Was
around 0.02. In the image, many round structures with diameters of 200 nm
to 500 nm are seen. After observation with the NSOM, we also investigated
the same sample with an atomic force microscope (Dimension-3000, Digital
Instruments); structures of the same shape were observed, with almost same
range of sizes. These structures were small dips with a depth of approximately
10 nm. We suggest that the round structures in Fig. 9 came from the dip
structures on the surface of the cover glass.



Laser Trapping of a Metallic Probe for Near Field Microscopy 157

5.3.2 Gold Colloidal Particles Adsorbed on a Glass Surface

Figure 10 shows an observed image of gold colloidal particles (diameter
40nm) adhering to a cover glass. The probe particle was the same kind as
was used in Fig. 9. The bright and dark structure in the center of the image
is due to an aggregate of gold particles. Although th finer structure of this
aggregate cannot be seen in this picture, we guess that the contrast mech-
anism may be dependent on the relative positions of the particles. Also, we
could observe the same kinds of round shapes as in Fig. 9 in the flat part of
this image after contrast enhancement.

- 5um

-0 Fig.10. Gold colloidal particles on a
5um cover glass

5.3.3 Polystyrene Latex Particles

Figure 11 shows an observed image of dispersed polystyrene particles (diam-
eter 100nm) on a glass substrate. The image was taken by detection of light
scattered from a gold particle 40 nm in diameter. There are two dark regions
in the picture indicating the existence of particles on the surface. One dark
region, in the upper part of the image, is regarded as being due to two parti-
cles, and the other dark region, in the middle part of the image, is regarded
as being due to a single particle. These particles were observed as dark spots
because the intensity of illumination on the probe particle is reduced by scat-
tering by a polystyrene particle on the substrate. Consequently the intensity
of light scattered from the probe particle located near a polystyrene particle
is smaller than that from the probe particle on a bare glass substrate.

5.3.4 Fluorescent Beads

We observed fluorescent beads on a glass substrate to demonstrate the fluor-
escence-imaging capability. Figure 12 shows an observed result for fluores-
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‘ ! ‘ - 0.0 Fig.11. Polystyrene particles (d =
0.0 1.0 2.0 3.0 [um] 100 nm) on a cover glass
- 3.0 [um]
-20
-1.0
‘ : - 0.0 Fig. 12. Aggregated fluorescent beads
0.0 1.0 2.0 3.0 [um] (d = 100 nm)
cent beads (d = 100nm). The excitation wavelength for the fluorescence

was 488 nm, from an argon ion laser, and the fluorescence emission was
filtered with a dichroic mirror and an absorption filter (cutoff wavelength
Acut = 515 nm) to cut out the light scattered by the probe particle. The probe
particle was a gold colloidal particle 40 nm in diameter. The fluorescent beads
were fixed on cover glass coated with silane. In Fig. 12 many particles are
seen as bright spots. These particles were expected to be aggregated on the
substrate from the condition of the sample preparation.

Figure 13 shows an observed result for fluorescent beads with a diameter
of 50 nm. There are many bright spots in the image. Each spot corresponds
to a single fluorescent particle. The line plot shown on the right of the image
is the result of a scan across one of these bright spots. The center of the plot
corresponds to a bright spot. From this line plot, we see that the spot has a
sharp peak in the center. We suggest that the sharpness of the spot is due to
the effect of the near-field component around the probe particle.
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Fig. 13. Single fluorescent beads (d = 50nm) and a line plot of the data

5.4 DNA Molecules Stained with YOYO-1 Iodide

An observation of DNA molecules was also performed. The DNA molecules
were stained with YOYO-1 iodide dye (Molecular Probes, Inc.) to visu-
alize them by fluorescence emission. This dye has an absorption peak at
491 nm wavelength and an excitation peak at 509 nm wavelength and has high
affinity for binding to DNA molecules. The efficiency of fluorescent emission
from the dye molecule significantly increases after binding to DNA.

DNA molecules from a calf thymus (Sigma Chemical Co.) were used for
a test sample. The sample was prepared as follows. First the DNA was dis-
solved in water and stained with YOYO-1 iodide. Then the DNA solution
was dropped onto cover glass coated with silane. After five minutes the glass
was rinsed with deionized water ten times to wash away unadsorbed DNA
molecules.

Figure 14 shows an observed result for DNA molecules stained with
YOYO-1 iodide. In the middle of the picture an entangled DNA molecule

Fig. 14. Single fluorescent beads (d =
50nm) and a line plot of the data.
DNA molecules stained with YOYO-1
0 1 2 3 4 5 6[um] iodide
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can be seen. Also, in the upper part, many aggregated DNA molecules can
be observed. These results demonstrate that the laser-trapping NSOM has
the ability to image biomolecules fixed on a substrate.

6 Summary

We have discussed the principle and mechanism of laser trapping of metallic
particles for near-field microscopy and showed experimental verifications of
laser trapping of colloidal gold particles. The trapping force on a gold par-
ticle is even greater than that on a glass particle when these particles are
sufficiently small compared with the wavelength of light. This is due to the
magnitude of the polarizability of gold particles. Laser-trapped metallic par-
ticles have been utilized as probes for near-field microscopy. An NSOM with a
laser-trapped particle performed scattering imaging and fluorescence imaging
of various samples. Some images taken with the NSOM were presented.

Metallic particles have many important features for near-field imaging, for
example high scattering efficiency and a large enhancement factor of the near
field. Also, gold and silver particles have the potential to be easily modified
on their surfaces by molecular self-assembly. Surface modification of parti-
cles may enable us to add specific functionalities to the particles, such as
pH sensing by a change of fluoresence intensity. This feature may introduce
additional capabilities into the laser-trapping NSOM. For example, nanomet-
ric chemical sensors which detect specific ions with ultrahigh sensitivity, and
fluorescence probing of specific biomolecules on a cell membrane by use of
conjugate materials fixed on the particle are possible candidates for applica-
tion of the laser-trapping NSOM. I hope that the laser-trapping technique
for metallic particles will provide new tools for nanometric technology.
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Abstract. Molecules adsorbed on metal island films or particles exhibit 10-1000
times more intense infrared absorption than would be expected from conventional
measurements without the metal. This effect is referred to as surface-enhanced
infrared absorption (SEIRA) to emphasize the similarities with surface-enhanced
Raman scattering (SERS). The electromagnetic interactions of the incident photon
field with the metal and molecules play predominant roles in this effect. The chem-
ical interactions of the molecules with the surface can give additional enhancement.
The enhancement mechanisms and some applications of SEIRA.

1 Introduction

The optical properties of molecules are dramatically changed when they are
adsorbed on rough metal surfaces, metal island films, or metal particles. The
best-known example is surface-enhanced Raman scattering (SERS), in which
the Raman scattering of molecules is enhanced by millions of times compared
with free molecules [1,2,3,4]. A quite similar effect occurs in the mid-infrared
region: molecules on metal surfaces show infrared absorption 10-1000 times
more intense than would be expected from conventional measurements with-
out the metal [5,6,7,8]. This effect is referred to as surface-enhanced infrared
absorption (SEIRA) to emphasize the analogy to SERS.

Since the discovery of this effect in 1980 [5], a number of SEIRA spectra
have been observed on various metals. The SEIRA effect is characterized as
follows:

1. Enhanced spectra can be observed in the transmission [9,10], attenuated-
total-reflection (ATR) [5,6,7], external-reflection [11], and diffuse-reflection
modes [12]. In ATR and external-reflection measurements, the observed
band intensities depend on the polarization and angle of incidence of the
infrared radiation [11,13,14].

2. The enhancement depends greatly on the morphology of the metal
surface [15]. Vacuum-evaporated [5,6,7] and electrochemically deposited
[16,17,18,19] metal island films, and metal colloids [20,21] are good en-
hancers. In the case of island films, the largest enhancement is observed
when the islands are densely crowded but not touching each other.

3. Both physisorbed and chemisorbed molecules exhibit enhancement. In
general, chemisorbed molecules show a larger enhancement than ph-
ysisorbed molecules.
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4. The enhancement is significant for the first monolayer directly attached
to the surface and decays sharply within about 5nm from the sur-
face [10,22,23,24,25].

5. Vibrational modes that have dipole moment derivative components per-
pendicular to the surface are preferentially enhanced [26]. This surface
selection rule is the same as that in the so-called infrared reflection ab-
sorption spectroscopy [27]. The molecular orientation can be determined
by using the surface selection rule [28,29,30].

6. Metal island films that exhibit SEIRA have a very broad absorption ex-
tending from the visible to the mid-infrared, on which the enhanced ab-
sorption bands of the adsorbed molecules are superposed [10]. There exists
a linear relationship between the absorption of the metal and the enhance-
ment [10,15].

At least two different mechanisms, the electromagnetic (EM) and chemical
mechanisms, are supposed to contribute to the total enhancement [10,31,32]
as in the case of SERS [1,2,3,4]. The infrared absorption (A) may be written
as

A |0p/0Q - E* = |0n/0Q*|E|* cos® (1)

where O /0Q is the derivative of the dipole moment with respect to a normal
coordinate @, F is the electric field that excites the molecule, and 6 is the
angle between dp/0Q and E. Tt should be noted that the intensity of the
electric field | E|? at the surface is not the same as that of the incident photon
field: a coupling of the incident photon field to the metal surface can enhance
the field [1,2,3,4,33,34]. The EM mechanism assumes an increase of the local
electric field at the surface [8,26,35]. The experimental evidence that the
enhancement extends to several monolayers away from the surface provides
a strong argument that a relatively short-ranged enhanced EM field (i.e. the
near field) contributes to the SEIRA effect. On the other hand, the chemical
mechanism assumes an increase of [Ou/dQ)|? (i.e. the absorption coefficient)
due to chemical interactions between the molecule and the metal surface. For
example, CO chemisorbed on metal surfaces has an absorption coefficient
2-6 times larger than condensed CO (i.e. overlayers) [36,37,38]. Adsorbed
molecules are often oriented in a specific direction with respect to the surface.
Since the space average of cos? @ is 1/3 for randomly oriented molecules, the
orientation effect gives an additional enhancement by a factor of three at
maximum for vibrational modes that have dipole changes parallel to E.
SEIRA spectroscopy (SEIRAS) is now appearing with a wide range of ap-
plications. Infrared spectroscopy has been established as a routine molecule-
specific technique for qualitative and quantitative purposes. However, the
relatively low absorption coefficients of molecules in the infrared region limit
its use in many applications. Therefore, SEIRAS techniques that lower the
detection limit of infrared spectroscopy are of great interest. Trace amount
of molecules, ranging from picograms to nanograms [9,39,40], and very
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thin organic and bioorganic films, including Langmuir-Blodgett films and
self-assembled monolayers (SAMs) [22,41,42,43,44,45] have been analyzed.
SEIRAS can also be used for chemical sensing [18,45,46,47 48]. Since fine
metal particles have high catalytic activity in many reactions, SEIRAS is very
promising for catalysis research [16,17,19,49,50,51]. Surfaces of nonmetallic
materials, such as polymers, semiconductors, glass, human skin, and agri-
cultural products, can also be analyzed by this technique [11,52,53]. Among
several applications, great success has been achieved in its application to
dynamic studies of electrochemical interfaces [8,25,54,55,56,57,58].

2 Enhancement Mechanisms

2.1 Electromagnetic Mechanism

Vacuum-evaporated thin metal films are used most frequently for SEIRA ex-
periments. Thin metal films that show strong SEIRA are not continuous but
consist of metal islands smaller than the wavelength of light, as shown in
Fig. 1. The sample shown here is a 10 nm thick (in mass thickness) Ag film
on Si. The average dimension of the islands is about 30 nm. If the islands are
modeled by ellipsoids of rotation, the aspect ratio of the islands (the ratio
of the major to the minor diameter) ranges from 3 to 5. The density, shape,
and size of the islands depend on the mass thickness, the evaporation condi-
tions, and the chemical nature of the substrate [15]. As the mass thickness
increases, the islands grow in size, contact each other, and eventually form a
continuous film. Connection of the islands significantly reduces the enhance-
ment, suggesting that the small metal islands play an important role in the
enhancement.

The metal islands are polarized by the incident photon field through the
excitation of collective electron resonance, or localized plasmon, modes, and
the dipole p induced in an island generates a local EM field stronger than the
incident photon field around the island [2,3,33,34], as illustrated in Fig. 2. A
detailed theoretical treatment of the local EM field has been given in [33]. It

el ¥, TN

Fig. 1. SEM image of a 10 nm thick Ag film vacuum-evaporated on Si
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Fig. 2. Schematic representation of the electromagnetic mechanism of SEIRA on
metal island films. See text for details. In simulations, the island film is modeled
as a set of ellipsoids of rotation with a dielectric function e,,, and the adsorbed
molecules are modeled by a thin layer with a dielectric function €4 covering the
ellipsoids. The aspect ratio of the ellipsoids is defined as n = a/b

has been well established that the enhanced EM field strongly enhances the
Raman scattering of adsorbed molecules. Figure 3 shows a set of transmis-
sion spectra of vacuum-evaporated Ag films on CaFs [10]. The strong band
around 500 nm is attributed to the collective electron resonances of isolated
Ag particles. As the mass thickness increases, the absorption band shifts to
longer wavelengths and becomes broader owing to the dipole coupling be-
tween islands [59]. Tt is noteworthy that the tail of this absorption extends

o
o

Transmittance / %

L I
1000 2000 3000 2000 1000
Wavelength / nm Wavenumber /cm-

Fig. 3. Transmission spectra of Ag island films evaporated on CaF3. The mass
thickness of each film is shown in the figure. The peaks in the mid-infrared region are
of p-nitrobenzoate adsorbed on the island films. The dashed trace is the spectrum
of a 10nm thick Ag film calculated from the Fresnel formula and the dielectric
function of bulk Ag under the assumption that the film is continuous
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well into the mid-infrared region. The observed spectra are very different
from the spectrum shown by the dashed line, which was calculated using
the dielectric function of bulk Ag and the Fresnel formula [60] under the as-
sumption that the film is continuous. This result suggests that the collective
electron resonance is excited even in the mid-infrared region and that the
enhanced EM field enhances the infrared absorption of adsorbed molecules.
A contribution of such EM effect to SEIRA was suggested also by the linear
relationship between the enhanced band intensity and the average EM field
intensity within the metal film [13,14].

The intensity of the enhanced EM field decays sharply as the distance from
the surface (d) increases, as represented by the following equation [33,61]:

6
a
‘E‘OCa2 K 2
e ®

where a is the local radius of curvature of the island. In addition, the local
EM field is essentially polarized along the surface normal at every point on
the surface of the islands [34] (Fig. 2). Therefore, this model is quite conve-
nient for explaining the relatively short-ranged enhancement and the surface
selection rule. However, the EM field enhancement theoretically estimated
is only ten-fold or less in the mid-infrared region [10,43] owing to the large
imaginary part of the dielectric constants of metals (i.e. the strong damping
of localized plasmon modes). Therefore, the total enhancement of up to 1000
cannot be explained by this field enhancement only.

In the case of SERS on island films, the Raman-scattered light polar-
izes the metal islands and strong Raman scattered light is emitted from the
dipoles induced in the metal islands [1,2,3,4,33]. A similar situation may be
considered in SEIRA; that is, adsorbed molecules induce additional dipoles
0P in the metal islands and perturbe the optical properties of the metal.
Since the perturbation is larger at vibrational frequencies of the molecule
than at other frequencies, the spectrum of the metal island film should be
nearly identical to the spectrum of the molecule. The absorption coefficients
of metal islands are smaller than those of the corresponding bulk metals in
the infrared region, as revealed by infrared spectroscopic ellipsometric mea-
surements [62], but are still larger than those of molecules. In addition, the
volume of the metal in the island film is much larger than that of a monolayer
adsorbate. Consequently, the vibrational spectrum of the adsorbate will be
observed much more strongly than would be expected from conventional mea-
surements without the metal. That is, a metal island is believed to function
as an amplifier in SEIRA. The linear relationship between the band intensity
of the adsorbed molecule and the background absorption of the metal can be
understood with this assumption.

If the system is assumed to be a continuous composite film consisting of
metal particles, adsorbed molecules, and voids (or host medium), the trans-
mittance or reflectance of the composite film can be calculated easily by
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using the Fresnel equations [60]. The effective (i.e. space-averaged) dielectric
function of the composite film can be connected with the polarization suscep-
tibility («) of the metal islands by using an effective-medium approximation
(EMA) [63]. For the sake of simplicity, a metal island film is modeled as a set
of ellipsoids of rotation with a uniform size, as shown in Fig. 2. The rotation
axis is perpendicular to the surface. The molecules are assumed to cover the
ellipsoid surfaces uniformly.

Among several models, the EMAs proposed by Mazwell-Garnett (MG)
[64] and Bruggemann (BR) [65] are the best known. In the MG model, the
effective dielectric function, ey, is connected with a by the following equa-
tion [63].

) 3

6MG:Eh<3—FQ¢

where F' is the filling factor of the metal within the composite layer and ey,
is the dielectric constant of the surrounding host medium. The value of «
for an ellipsoid coated with molecules can be expressed as a function of the
dielectric functions of the bulk metal (¢y,), the adsorbed molecule (g4), and
the host as follows [66]:

A {§}|,l 7 @

2= (eq —en)lemL1 +ea(1 — L1)] + Q(em — €a)[ea(l — La) + enLo],
y = leals + en(1—Lo)|lemL1 + ca(1—L1)]+ Q(em — €a)(ea — en) L2 (1— L),

where @ is the ratio of the volume of the core to the volume of the coated
particle (= V1 /Va), through which the size of the particle and the thickness
of the adsorbed layer can be incorporated into the calculation. The depolar-
ization factors of the core and the coated ellipsoid (L and Lo, respectively)
are solely a function of the aspect ratio of the ellipsoid n (= a/b; a and b are
the radius along the major and minor axes of the ellipsoid, respectively) [67].
The subscripts || and L refer to the cases where the applied electric field of
the incident light is parallel (]|) and perpendicular (L), respectively, to the
substrate surface.

The MG model includes weak interactions between the islands only
through the Lorentz field and thus provides a good description for very thin
island films in which the metal islands are well separated from each other.
When the islands are densely packed (i.e. for thicker island films), dipole in-
teractions between islands cannot be neglected. In such a case, the BR model
provides a better approximation. In the BR model, the effective dielectric
function is represented as [63]

3(1— F)+ Fo/

31— F)—2Fa/’ (5)

EBR = €h
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This model assumes that the metal islands are embedded in the effective
medium [65]. Thus, « and e}, in (5) must be replaced by o’ and epg, respec-
tively, in this case.

Transmission spectra of a model molecule layer on 5 and 8 nm thick Ag
island films simulated with both the MG and the BR models, are shown by
the solid curves in Fig. 4 [26]. The thickness of the adsorbed molecular layer
and the particle size (2a) were assumed to be 1 and 25 nm, respectively. The
filling factors were taken from experimental data [68]. The dielectric function
of Ag was calculated from the Drude model,

w2

Em(w) =1— ot/ (6)

where the plasma frequency wy, equals 1.15 x 1016 s7! and the relaxation
time 7 is 1 x 1071 s for Ag [69]. The dielectric function of the adsorbed
molecule was approximated by a damped harmonic dipole given by

ca(v) =€'(v) +£"(v),
B3 —v?)
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where v is the frequency in wavenumbers (cm™!), n. is the refractive index
at a frequency far from the band center 1y, and v is the bandwidth. B is
a constant related to the band intensity. These parameters were tentatively
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Fig. 4. SEIRA spectra of a model molecule adsorbed on Ag island films simulated
by using the Maxwell-Garnett (a) and Bruggemann (b) effective-medium models.
The mass thickness of the Ag film is 5 nm for (a) and 8 nm for (b). The dashed
trace is the spectrum of a molecular layer on the substrate (CaF2) without a metal
film. 7 represents the aspect ratio of the metal ellipsoid (Fig. 2). See text for details
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assumed to be n, = 1.77, B = 30000cm 2, 1y = 1700cm™ !, and v =
20cm™!.

The dashed spectra in the figure correspond to a molecular layer formed
directly on the substrate (CaF3) without a metal film. The simulations clearly
demonstrate that the molecular vibrations are observable very strongly in the
presence of metal islands and that the enhancement depends on the shape of
the islands (i.e. on n). For the 5nm thick Ag film (Fig. 4a), the intensity for
7 =1 (sphere) is as small as that without metal islands, but increases with 7.
For n = 3 (a typical value for vacuum-evaporated 5 nm thick Ag films), the
enhancement factor, defined by the ratio of band intensities with and without
a metal, is about 15. Larger enhancement factors are calculated with the BR
model for the 8 nm thick Ag film (Fig. 4b). This factor reaches about 150
for n = 3. Such a large enhancement cannot be calculated if the MG model
is used instead of the BR model, implying that interactions between metal
islands play an important role in SEIRA. This result may be consistent with
the fact that the tail of the collective electron resonance extends well into the
mid-infrared region for thicker films owing to the dipole interactions between
the islands (Fig. 3).

The enhancement factors calculated here are slightly smaller than the ex-
perimental values for the symmetric NOy stretching mode of p-nitrobenzoate
adsorbed on Ag island films (about 50 and 500 at Ag thickness of 5 and 8 nm,
respectively) [10]. Since this molecule is known to be oriented with the Cy
axis perpendicular to the surface, an enhancement factor of (15-150) x 3 =
45-450 can be calculated for this mode by taking the orientation effect into
account. This value is in reasonable agreement with the experiments.

The EM model can also simulate well some SEIRA spectra measured with
the ATR and external-reflection geometries [11,70].

Despite the large simplification, the EM model explains well several char-
acters intrinsic to SEIRA. The solid curve in Fig. 5 shows the band intensity
of a model molecular layer calculated with the MG EMA as a functionof
its thickness (dmo1) [35]. The intensity rises sharply as dpo increases and
then decreases slightly, whereas it increases linearly with dy, on a metal-
free substrate, as shown by the dashed line (the Lambert—Beer law). The
result clearly demonstrates that the enhancement is a short-range effect lim-
ited to a few nanometers away from the surface. It should be noted that the
EM simulation can be applied only to small d,,, values, because the voids
between metal islands are completely filled with molecules at a certain dy,e
and further deposited molecules form an overlayer on the composite layer.
Hence, the experimentally observable curve of intensity versus dy,, should
be the sum of the solid curve and the dashed line. The simulation is in good
agreement with several experiments [10,22,23 24 25].

SERS, which is observed in the visible and near-infrared regions, is sig-
nificant on free-electron metals (Au, Ag, and Cu) but is hardly observable
on transition metals owing to the strong damping of plasmon modes (i.e. the
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Fig. 5. Simulated peak intensity of a model molecule on a 5nm thick Au island film
plotted as a function of the thickness of the molecular layer, dmo1. The dashed line
is the result without the metal film. The experimentally observable dependence of
the band intensity on dmol represented by the sum of the two components shown

large imaginary part of the dielectric constant) [1,2,3]. In contrast, the EM
calculations predict an enhancement of infrared absorption on transition met-
als as strong as that on coinage metals [26]. In fact, several recent experiments
have demonstrated the SEIRA effect on many other metals such as Pt, Pd,
Rh, Ru, Ir, Sn, Fe, In, Pb, and Pt-Fe alloys [16,17,19,32,49,50,70,71,72,73].
Since the dielectric constants of these metals do not differ greatly from those
of coinage metals in the infrared region, these results may be a reasonable
consequence.

Asymmetric and bipolar (i.e. derivative-like) band shapes are often ob-
served in SEIRA spectra [19,32,49]. In some cases, molecular vibrations are
observed as negative absorption peaks, i.e. as reflectance maxima [16,17,19].
Very recently, it has been demonstrated that such spectral features can be
simulated with the an EM calculation using the Bergman EMA [19].

2.2 Chemical Mechanisms

Molecules chemisorbed on a metal surface show a larger enhancement than do
physisorbed molecules, suggesting some chemical effect between the molecule
and the surface. It is known that the absorption coefficients of chemisorbed
molecules are larger than those of condensed overlayers [38]. Interactions
between adsorbed molecules also affect the intensity [36,37]. Some theories
predict that charge oscillations between molecular orbitals and the metal sur-
face enlarge the absorption coefficients of adsorbates by ‘intensity borrowing’
from the charge-oscillations [36,37,74]. There exist some experimental results
that seem to support such chemical mechanism [32,75,76]. For example, CO
adsorbed on Fe island films evaporated on MgO(001) shows a very asymmet-
ric SEIRA band [32]. An enhancement factor of about 100 was estimated for
this system. The band shape and enhancement were theoretically explained
by assuming a Fano-type resonance of the molecular vibration with electronic
transitions between the metal and the adsorbate [32]. The simulation agrees
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quite well with the observed spectra and the enhancement factor of 100 was
ascribed to the chemical origin. Nevertheless, it should be noted that the
asymmetric band shape can be explained also by an EM mechanism [19] as
described previously. In addition, the chemical enhancement factor of 100
is one order of magnitude larger than that observed for CO on bulk metal
surfaces (where the factor is less than 10). Although the difference in the elec-
tronic conditions between the island metal surface and the bulk metal surface
might have a strong effect on the enhancement, the details are still unclear.
Further theoretical and experimental studies of the chemical mechanism are
necessary.

3 Electrochemical Dynamics Monitored by SEIRAS

Recent research in electrochemistry has increasingly involved the use of sur-
face-sensitive analytical techniques in combination with conventional electro-
chemical techniques. The chief reason for this development is that electro-
chemical techniques inevitably measure the sum of all surface processes. The
results primarily provide kinetic information, and no direct molecular infor-
mation on the species involved in the reactions can be obtained. SEIRAS has
been applied very successfully to examine molecular events occurring at the
electrochemical interface. The achievements before 1997 have been reviewed
in [8]. In this section, the basic aspects of this technique are summarized first
and then some recent developments are described.

3.1 Experimental Technique

So far, the so-called infrared reflection absorption spectroscopy (IR-RAS)
technique (Fig. 6a) has been used for in situ infrared studies of the electro-
chemical interface [77]. P-polarized infrared radiation passing through the
solution phase is reflected at the electrode surface at a high incidence angle.
The working electrode is pushed against an infrared-transparent cell window
to reduce the strong absorption of the electrolyte solution. The thickness of
the solution layer between the electrode and the window is typically 1-10
um. An advantage of this technique is that well-defined single-crystals can
be used as working electrodes, as well as poly-crystals. However, this tech-
nique has two serious problems when it is used for dynamic studies. One is
that the thin-layer structure of the cell prevents mass transportation between
the thin-layer and the reservoir, and the system does not respond quickly to
changes of the externally applied potential owing to the large solution re-
sistance. Hence, this technique can be used only under static or quasi-static
conditions. The other is the interference from the bulk solution. Although
the solution layer is very thin, it is still much thicker than a monolayer on
the electrode. Thus the signal from the adsorbate is superposed on the so-
lution background, which is about three orders of magnitude stronger. The
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Fig. 6. In situ monitoring of the electrochemical interface with IR-RAS (a) and
ATR-SEIRAS (b)

solution background can be removed to a large extent by measuring potential
difference spectra [77], but its complete subtraction is very difficult.

These problems intrinsic to IR-RAS can be removed by using the ATR
configuration illustrated in Fig. 6b. A thin metal film deposited on a prism (Si,
Ge, or ZnSe) is used as the working electrode. The infrared radiation passed
through the prism is totally reflected at the electrode/electrolyte interface.
Since the evanescent wave penetrates only a few hundred nanometers into
the solution phase [78], it is not necessary for the solution phase to be thin
and further the solution background can be significantly reduced compared
with that in TR-RAS. On the contrary, the absorption of species adsorbed
on the electrode surface is enhanced by the SEIRA effect. Consequently, the
signals from the adsorbate and solution are comparable in this configuration,
which facilitates the complete subtraction of the solution background [70].

The details of the experimental setup and procedures have been described
in [70,79]. Although the electrodes used in ATR-SEIRAS must be island films,
relatively thick (15-20 nm) island films prepared by vacuum evaporation have
a conductivity good enough for electrochemistry. It should be noted that
slow deposition of the metal is crucial in preparing SEIRA-active thin-film
electrodes by vacuum evaporation [15]. Evaporated metal films are generally
polycrystalline, except for Au. The Au surface has a tendency such that facets
with (111) crystallographic orientation preferentially appear on the surface
when it is evaporated very slowly. A short (about 10 s) annealing of the film
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with a hydrogen—oxygen flame accelerates the recrystallization of the surface
toward the (111) orientation [30]. A prolonged annealing of the film generally
reduces the enhancement. The electrodes are used after cleaning their surface
in the solution by repeated potential sweeps between the surface oxidation
and hydrogen evolution potentials. Oxidation-reduction cycles in solutions
containing halogen ions, which are very often used for observing SERS [1,3],
are not recommended, to avoid complex electrochemistry. The surface can be
kept clean for several hours if ultrapure water and chemicals are used.

3.2 Comparison of ATR-SEIRAS and IR-RAS

The ATR-SEIRAS technique has been applied very successfully to several
electrochemical systems [8,28,29,30,49,50,56,57,58,80,81,82,83]. To highlight
the difference between IR-RAS and ATR-SEIRAS, infrared spectra of pyri-
dine adsorbed on Au electrodes measured with the two techniques [28,34] are
compared in Fig. 8. The electrode used in the IR-RAS measurements was
an Au(111) single-crystal, whereas in the ATR-SEIRAS measurement it was
a vacuum-evaporated preferentially (111)-oriented 20 nm thick Au film. The
infrared reflection absorption (IR-RA) spectra are represented by the relative
reflectance change, defined as A R/R = (Rsample — Rrer)/ Rrer, Where Reample
and R,er are the reflectivities of the electrode at the sample and reference
potentials, respectively. On the other hand, the ATR spectra are represented
in absorbance units, defined by A = —log(Rsample/Rrer). In both measure-
ments, the reference potential was —0.75 V versus a saturated calomel elec-
trode (SCE), at which potential the molecule is totally desorbed from the
surface. Therefore, the adsorbate on the electrodes gives down-going bands
in the IR-RA spectra and up-going bands in the SEIRA spectra.

Several adsorbate bands are clearly identifiable in both sets of spectra,
but the band intensities in the ATR spectra are about 20 times greater than
those in the IR-RA spectra. Note that A R/R = 0.0005 corresponds to 0.0002
absorbance units. Of course, the difference in surface area between the single-
crystal and island film electrodes contributes to the different intensities. How-
ever, the roughness factor of the island film, estimated by electrochemical
techniques, was only about 2.5. Considering that IR-RAS has a sensitivity
over 10 times higher than transmission spectroscopy [27], an enhancement
factor of about 100 or more is estimated for the evaporated Au electrode.

The IR-RA spectrum is characterized by a strong up-going band at 1445
cm~ !, Since the adsorption of the molecule onto the electrode surface reduces
its concentration in the thin solution layer, the up-going band is ascribed to
pyridine in the solution. Pyridine in the solution has another strong band
at 1594 cm ™', which deforms the spectral features around 1600 cm~!. The
down-going band at 1601 cm ™! is a ghost produced by the superposition of
the up-going solution band at 1594 cm~! and down-going band of adsorbed
pyridine at 1593 cm~!.
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Fig. 7. IR-RA and ATR-SEIRA spectra of pyridine adsorbed on an Au(111) single-
crystal electrode (a) [84] and on a vacuum-evaporated (111)-oriented 20 nm thick
Au film electrode (b) [29], respectively. Solutions: (a) 0.1 M KClO4 + 3 mM pyri-
dine, (b) 0.1 M NaClO4 + 1 mM pyridine. The Reference potential was 0.75 V
versus SCE in both measurements
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The ATR-SEIRAS technique is free from this problem and only the vibra-
tional modes of adsorbed pyridine are observed owing to its higher surface-
sensitivity. Even the very weak band at 1448 cm™! located very close to
the solution band can be identified. In the SEIRA spectrum, a very broad
negative-going band, assignable to the bending mode of water, is observed at
1620 cm ™!, which is not seen in the IR-RA spectrum because DO was used
as the solvent to avoid strong interference from the solution. This band de-
creases in intensity with increasing potential, concomitantly with the growth
of the pyridine bands. Thus, this band can be ascribed to water molecules
that were removed from the interface by pyridine adsorption. This explana-
tion is supported by the considerably lower frequency of this band than that
of bulk water (1645 cm~1) [79,31]. The observation of water molecules at the
interface also demonstrates the high surface-sensitivity of this technique.

In summary, the ATR-SEIRAS technique is useful for observing only the
interface without interference from the solution. On the other hand, IR-RAS
can provides information on molecules both at the interface and in the bulk
solution, although the superposition of the bands of both species often makes
the spectral analysis difficult except in cases where the spectrum of the ad-
sorbate is greatly changed by adsorption.

When solution bands are well separated from adsorbate bands, they can
be used for semi-quantitative estimation of the amount of molecules adsorbed
on the surface [34]. The intensity of the 1445 cm ™! band in Fig. 7a was shown
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to be proportional to the Gibbs surface excess (I") of pyridine determined by
chronocoulometry.

On the other hand, the intensities of adsorbate bands are usually not pro-
portional to the surface coverage, as shown in Fig. 8. The intensity of the
1597 cm~! band in Fig. 7b (circles in Fig. 8) does not track the I' versus
potential curve (solid line) [85]. Although pyridine adsorption occurs at po-
tentials more positive than —0.7 V, this band is observed at potentials more
positive than —0.4 V, where I" reaches a plateau. On the basis of the sur-
face selection rule, the result is interpreted as showing that the pyridine ring
is parallel to the surface at negative potentials and rises up as the poten-
tial increases. This potential-dependent reorientation of pyridine deduced by
SEIRAS has been confirmed by in situ scanning tunneling microscopy [28].
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Fig. 8. The intensity of the 1599 cm™* band in Fig. 7b plotted as a function of the
potential (circles). The solid line represents the Gibbs surface excess (I") of pyridine
measured as a function of the applied potential, which was taken from [35]

3.3 Time-Resolved Monitoring of Electrode Dynamics

Since the signal-to-noise ratio of a spectrum is proportional to the square
root of the number of interferograms added together (in the case of FT-IR
spectroscopy), one will recognize immediately that the high sensitivity of
ATR-SEIRAS facilitates real-time or time-resolved monitoring of dynamic
processes at the interface. The quick response of the electrochemical cell in
the ATR configuration is also quite convenient for such measurements. In
general, a signal-to-noise ratio good enough for detailed analysis of mono-
layer adsorbates can be obtained by adding fewer than 50 interferograms,
which requires acquisition times of less than 10s for most FT-IR spectrome-
ters. For strongly absorbing molecules, high-quality spectra can be obtained
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without addition of interferograms. The short acquisition time enables us
to accumulate a series of spectra successively under potential-sweep condi-
tions together with electrochemical data. If the reactions to be investigated
are reversible or repeatable, they can be monitored with microsecond time-
resolution by using a step—scan FT-IR technique [54,56,58]. By applying two-
dimensional correlation analysis (i.e. the so-called 2D-IR, analysis) to a series
of time-resolved spectra, detailed information on the reactions and dynamics
that is not readily accessible with conventional one-dimensional spectra can
be extracted [55,31].

A comparison of spectral and electrochemical data is quite important
for obtaining deeper insights into electrochemistry [25,28,29,56,58,82]. As an
example, a time-resolved SEIRA study of underpotential deposition of Cu
on an Au(111) surface is shown in Fig. 9 [58]. Underpotential deposition is a
phenomenon in which a monolayer or submonolayer amount of metal atoms
is adsorbed on the surfaces of a different metal at a potential more positive
than the equilibrium potentials. The inset in Fig. 9a shows a typical cyclic
voltammogram for an Au(111) electrode in 0.1 M H5SO4 containing 1 mM
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Fig. 9. (a) Current transient for a potential step from 0.45 to 0.6 V at an Au(111)
electrode in 0.1 M H2SO4 containing 1 mM CuSOy, and (b) the simultaneously
measured transient of the band intensity of sulfate adsorbed on the electrode. The
infrared data were taken from a series of ATR-SEIRA spectra measured with a 1 ms

time-resolution. The inset shows a cyclic voltammogram recorded at a scan rate of
2mVs~!
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CuS0O4. Adsorption and desorption of Cu adatoms and sulfate ions provides
the current flow. The sharp cathodic peaks at 0.5 and 0.33 V correspond to
the formation of well-ordered phases. The two anodic peaks correspond to the
reverse processes. The ordered phase formed in the potential range between
0.4 and 0.5V is called the honeycomb (v/3 x v/3) phase, in which two-thirds
of a monolayer (ML) amount of Cu adatoms are arranged in a honeycomb
structure and one-third of a monolayer ML amount of sulfate anions are
coadsorbed in the center of the honeycomb (see Fig. 10).

Figure 9a shows the current transient for the dissolution of the honeycomb
(v/3x1/3) phase triggered by a potential step from 0.45 to 0.6 V. The transient
curve can be simulated by a combination of two kinetic terms as follows:

j(t) = k1 exp(—kat) + kst exp(—kat?) . (8)

The first term (curve I) corresponds to a Langmuir (i.e. random) process,
and the second term (curve II) to a nucleation-and-growth process. The time
constants ko and k4 are 49 s~ and 193 s~2, respectively. This simulation in-
dicates that the dissolution of the honeycomb (\/g X \/5) phase takes place via
two different successive processes, but conventional electrochemical measure-
ments do not provide any detailed molecular information on these processes.
Figure 9b represents the corresponding transient of the band intensity of
coadsorbing sulfate, which was taken from a series of SEIRA spectra mea-
sured with a time-resolution of 1 ms. This transient can be simulated with a

Intermediate phase
(structure is not clear)

Fig. 10. Schematic representation of the dissolution dynamics of the honeycomb
(v/3 x v/3) phase on an Au(111) electrode surface deduced from the data shown in
Fig. 9. One half of the Cu adatoms and all sulfate ions are desorbed in step 1 with
Langmuir kinetics. The remaining half of the Cu adatoms are desorbed in step 2
with nucleation-and-growth kinetics
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single Langmuir term with a rate constant of 35 s~!, which is nearly identical
to that of the first process found in the current transient. The results indicate
that sulfate ions are totally desorbed from the surface in the initial process
and that the subsequent process involves desorption of Cu adatoms only. By
integrating curves I and II in Fig. 9a, the charge densities passing during the
first and second processes have been measured to be 85 and 125 uC cm™2,
respectively. A charge density of 125 uC cm ™2 corresponds to that required
for desorption of 1/3 ML of Cu adatoms (one-half of the Cu adatoms in the
honeycomb phase). Accordingly, it is concluded that 1/3 ML of Cu and all
sulfate ions are desorbed in the initial process, and then the remaining 1/3
ML of Cu adatoms is desorbed in the subsequent process. The smaller charge
density of 85 pC cm™2 for the initial process is accounted by the superposi-
tion of a negative charge of 40 pC cm™? required for desorption of the sulfate.
The processes are schematically represented in Fig. 10.

3.4 A New Approach to Electrode Dynamics

When the electrode potential is changed, current flows across the interface to
charge-up the double-layer. The time-constant for the double-layer charging is
typically a few milliseconds for electrodes of ordinary size (millimeter to cen-
timeter in diameter). Owing to the interference from the double-layer charg-
ing current, reactions that have time-constants equivalent to or smaller than
that of the double-layer charging cannot be examined by conventional elec-
trochemical techniques. Fortunately, spectroscopic measurements are not in-
terfered with by the double-layer charging. Molecular absorption/desorption
at electrodes within the time-region of the double-layer charging has been in-
vestigated by ATR-SEIRAS with a 100 ps time-resolution [56]. The change of
the actual potential across the interface during the double-layer charging has
also been measured from spectral changes of a SAM of 4-mercaptopyridine
on Au [57].

Since electrochemical reactions are limited by double-layer charging, dif-
fusion, and several other slow processes, it is impossible to determine rate
constants of faster processes by any time-domain approaches. To overcome
this limitation, measurements in the frequency domain are often used in elec-
trochemistry. In ac impedance spectroscopy, for example, the potential is
modulated and the phase shift of the corresponding current flow with respect
to the modulation is measured, from which kinetic parameters can be ob-
tained. However, reactions with rate constants larger than ~ 103s~! cannot
be measured even with this method, owing to the double-layer charging. Since
spectroscopic measurements are not interfered with by the double-layer charg-
ing, very fast processes should be accessible if electrochemical measurements
are replaced by spectroscopic measurements. This idea has been realized in
the UV—visible region [86]. Unfortunately, the molecular specificity of UV—
visible spectroscopy is not high enough. The use of FT-IR spectroscopy has
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also been examined for this purpose [37,38]. However, the relatively low sensi-
tivity of infrared spectroscopy, the thin-layer structure of the electrochemical
cell, and some other technical problems have prevented its practical use. Very
recently, these problems were removed by coupling potential-modulated FT-
IR with ATR-SEIRAS [57].

A block diagram of the experimental setup used for potential-modulated
FT-IR spectroscopy is shown in Fig. 11. The electrode potential is modulated
with a sinusoidal wave generated by a waveform generator, and the in-phase
and quadrature (90° out-of-phase) components of the modulated IR signal
are analyzed with a lock-in-amplifier. The dc component of the signal is
used as the reference. The crosstalk between Fourier frequencies and the
potential modulation frequency can be removed by the use of a step—scan
FT-IR spectrometer.

Typical potential-modulated spectra for a 4-mercaptopyridine SAM on an
Au electrode are shown in Fig. 12. The solid and dashed curves correspond to
the in-phase and quadrature spectra, respectively. The bipolar band around
1470 cm~' implies a shift of the vibrational frequency with potential. On
the other hand, the 1618 cm ™' band changes only in its intensity. The peak
intensities of the 1618 cm™! band in the in-phase and quadrature spectra
measured at modulation frequencies ranging from 41 Hz to 50 kHz form a
semicircle in the complex plot (Cole-Cole plot), as in the Cole-Cole plots of
ac impedance. A theoretical analysis of the infrared data revealed that the
spectral changes occur at a rate of ~ 5 x 10°s~!, which is much larger than
the time constant of the double-layer charging (1.9 x 103s™1) [57].

Potential-dependent spectral changes, as shown in Fig. 12, are observed
for many molecules adsorbed on electrode surfaces. Two mechanisms have
been proposed for CO, the Stark-tuning and back-donation models [77]. The
Stark-tuning model predicts that the change of the electric field across the
double-layer changes the vibrational properties of the adsorbate. The back-
donation model predicts that the change in the potential (that is, the Fermi

generator interferometer
controller

MCT potentiostat step control .
detector ¥ ight
- source
. electrochemrcal"_l interferometer <—H—O

cell
optical filter

low-pass | dc comp.
filter

in-phase

:‘ A/D }_p‘ data system |

quadrature

Fig. 11. Experimental setup for potential-modulated FT-IR spectroscopy
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Fig.12. In-phase (solid lines) and quadrature (dashed lines) spectra of a 4-
mercaptopyridine self-assembled monolayer on an Au thin-film electrode in 0.1 M
HCIO4 measured by potential-modulated FT-IR spectroscopy at the modulation
frequencies indicated in the figure

level of the electrode surface) changes the amount of charge back-donated
from the metal to the 270* orbital of CO, resulting in the spectral changes. If
the Stark-tuning effect is dominant, the rate of the spectral changes should
be the same as that of the double-layer charging (i.e. of the actual potential
change at the interface). If this is not the case, the rate may be different
(presumably, much faster). In the case of 4-mercaptopyridine, the rate of
the spectral changes is much faster than that of the double-layer charging,
indicating that the charge-transfer mechanism rather than the Stark-tuning
mechanism contributes to the spectral changes.

4 Summary and Remarks

In summary, SEIRA is a phenomenon similar to SERS and is characterized
by a 10-1000 times enhancement of the infrared absorption of molecules ad-
sorbed on metal island films or small metal particles. The local electric field
around the metal islands produced by the coupling of the incident photon
field with the metal excites an adsorbed molecule. The excited molecule per-
turbs the optical properties of the metal, and the molecular vibrations are
observed through a change of the transmittance or reflectance of the island
film. Since the absorption coefficient and volume fraction of the metal are
larger than those of the molecules, the molecular vibrations can be observed
more strongly than would be expected from conventional measurements with-
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out the metal. Molecular vibrations that change the dipole moment along
the surface normal are selectively enhanced. Preferential orientation of the
molecules on the surface provides an additional enhancement by a factor of
three at maximum. Chemical interactions of molecules with the surface can
give additional enhancement, but the details are still unclear. Among several
applications, SEIRAS has been applied most successfully to electrochemical
systems. Thanks to developments in FT-IR instrumentation and data anal-
ysis techniques such as 2D-IR, SEIRAS has enabled us to study electrode
dynamics that is not readily accessible by conventional electrochemical tech-
niques.

Despite twenty years of history, SEIRA has received less attention than
SERS. This is probably due to the smaller enhancement factor of SEIRA.
However, infrared spectroscopy basically has a higher sensitivity than Raman
spectroscopy, and hence the sensitivities of SEIRAS and SERS are compa-
rable. It is emphasized that SEIRAS and SERS are not competitive but are
supplementary to one other, as in the case of normal infrared and Raman
spectroscopy. A comparison of SEIRA and SERS spectra is very helpful for
detailed analysis of both spectra [12,14,72]. The use of SEIRAS in tandem
with other analytical techniques will also be very fruitful for surface chemistry
and surface electrochemistry, as described in Sect. 3.2. In electrochemistry,
the combined use of SEIRAS and STM is becoming popular [28,29,30,83,89].
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Abstract. In this chapter, the idea of the localized surface-plasmon-polariton
(SPP) is described. The excitation method of the localized SPP and some theo-
retical analyses of its field distributions on a metallic surface for some varieties of
light incidence are shown. As an application of the localized SPP, local thickness
measurement of ultra-thin films is introduced. Visualization of the refractive index
distribution on a metallic surface using the localized SPP is also described.

1 Introduction

The surface plasmon polaritons (SPPs) excited on a ‘flat’ metallic surface are
an interesting and important topic in the area of near-field optical sensing.
This is because optical properties such as the refractive index or absorption
of a medium in the near field of the metallic surface can be measured with
high sensitivityby means of SPPs. For example, an SPP sensor based on
the measurement of the effective refractive index of a metallic surface has
achieved a density measurement of particular molecules or ions in a gaseous
or liquid sample [1,2]. This sensor also accomplished the detection of antigens
which reacted with antibodies fixed on the metallic surface [3,4]. Further, this
sensor has proven to be useful for measuring the refractive index and thickness
of Langmuir-Blodgett—Kuhn (LBK) films deposited onto metals [5].

For the optical configuration of the SPP sensor, the Kretschmann—
Raether configuration [6] is utilized in most cases. As shown in Fig. 1, the
Kretschmann—Raether configuration consists of a prism made glass with a
high refractive index such as BK7, a metallic thin film, and a dielectric
medium (the sample to be measured) with a lower refractive index than
that of the prism. The reason for using the glass prism is that the dispersion
relation (the relationship between angular frequency and propagation con-
stant) of SPPs does not correspond tp the region of propagating light but to
the region of evanescent light. To couple the incident light to the SPPs, the
light needs to be evanescent. Under conditions of total reflection, the light
incident on the interface between the prism and the metal is converted to
evanescent light on the metallic surface facing the sample and satisfies this
requirement.

S. Kawata (Ed.): Near-Field Optics and Surface Plasmon Polaritons,

Topics Appl. Phys. 81, pp. 189-206, 2001.
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Fig. 1. The Kretschmann—Raether configuration

To measure the refractive index of the sample with the Kretschmann—
Raether configuration, the incidence angle for which SPP excitation occurs
must be investigated. Because the propagation constant of the SPPs depends
strongly on the refractive index in the near field of the metallic surface,
the excitation angle is affected by the refractive index of the sample. The
excitation angle can be measured by finding the incidence angle which gives
the minimum reflection, because SPP excitation absorbs light energy.

This sensing principle has been applied to microscopy as well [7]. In the
original microscope using this principle, a plane light wave illuminated the
metallic surface of a Kretschmann—Raether configuration through the glass
prism, and the reflection from the metallic surface was imaged onto an im-
age detector. When the incident light satisfied the excitation condition of the
SPPs at the incident point, the incident light was absorbed by SPP excita-
tion. This light absorption gave the image contrast. This SPP microscope
was proven to be capable of imaging the thickness variation of a Langmuir—
Blodgett film (cadmium arachidate) deposited on a silver surface. Some other
varieties of SPP microscope have also been proposed [3,9].

Though these SPP microscopes achieved high sensitivities in measuring
the distribution of the refractive index on a metallic surface, the achieved
spatial resolution was not high enough. In typical cases, the resolution was a
few tens of micrometers. The limitation of the spatial resolution arose from
a property of the SPPs used as the sensing probe. Because the illumination
light was a plane wave with a particular angle of incidence, the excited SPPs
propagated in a certain direction and sensed over the region in which they
had propagated. Consequently, the spatial resolution of the SPP microscope
was determined by the propagation length of the excited SPP, which was a
few tens of micrometers [10].

In order to overcome this limitation, localization of SPPs [11] can be used.
Figure 2 shows this concept of localization. In the conventional method, the
excited SPPs propagate in a certain direction as shown in Fig. 2a. In this
case, the SPPs produce a uniform electric field on the metallic surface. On
the other hand, in the method of localization, the excited SPPs gather at
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Fig. 2. Concept of localized SPPs. (a) Conventional method; (b) Method of local-

ization

a certain point on the metallic surface as shown in Fig. 2b. In this case,
the SPPs interfere with one another and form a localized electric field. The
dimensions of the localized area are on the order of the wavelength.

In this chapter, we give an overview of the method of exciting localized
SPPs and their properties [11]. Applications of localized SPPs [12,13] are also
described.

2 Theory of Localized SPPs

Figure 3 shows optical arrangement for SPP excitation. The arrangement
is based on the Kretschmann-Raether configuration and consists of a glass
substrate, a metallic thin film, and a dielectric medium (the sample). The dif-
ference from the ordinary use of this configuration is that a coupling prism,
which is normally attached to the dielectric substrate, is not used. An objec-
tive lens with a high numerical aperture (NA > 1) and immersion oil play
the same role in the present arrangement. The illumination light is focused
by the objective lens at the interface between the substrate and the metallic
film. When the focused light contains plane wave components which satisfy
the SPP excitation condition [10], SPPs are excited on the metal surface.

Dielectric medium (sample)

Metallic film 7?%
Substrate /

Immersion oil
Objective lens —

lllumination
Reflection

Fig. 3. Optical arrangement to excite localized SPPs
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To explain the detailed function of this optical arrangement, the simplest
case of SPP excitation will be assumed, a cover slip for an optical microscope
as a dielectric substrate, a silver film with a thickness of 50 nm as the metal
part, and a vacuum as the sample. Linearly polarized light with a wavelength
of 632.8 nm and a numerical aperture of NA = 1.4 are also assumed. Under
these assumptions, the excitation condition with respect to the incidence
angle of the light is satisfied on a at the pupil plane of the objective lens. Thus,
p-polarized components of the illumination light which pass through this ring
can excite SPPs on the silver surface facing to vacuum. The excited SPPs
travel along the surface in many directions, according to the position where
the excitation light passes through the pupil plane. These SPPs interfere with
one another and form a localized electric field around the geometrical focus
of the objective lens.

To take a close look at the electric-field distribution, the field produced
under this condition will be calculated. First, the incident field is given at
the entrance pupil. The coordinates of the pupil plane are shown in Fig. 4a.
When linearly polarized light illuminates the pupil plane of the objective lens,
the electric-field components at the pupil plane can be expressed as

Ey(0,p) = Eicosp (0<0<14),
Es(o,9) = Eising (0<0<14),
EP(Qv <P)7 ES(Qa 90) - 0 (otherwise) I (1)

where Ej; represents the incident amplitude. In this equation, ¢ and ¢ rep-
resent the radial and the azimuthal coordinates, respectively, at the pupil
plane, and the p axis is normalized by th wavenumber of the incident light in
vacuum. The light passing any particular position (g, ¢) of the pupil plane
is converted to a corresponding plane wave by the objective lens and illumi-
nates the Kretschmann-Raether configuration. Here, I}, and E correspond
to illumination of the interface by p-polarized and s-polarized light, respec-
tively.

In the Kretschmann—Raether configuration, multiple reflections arise from
each plane wave. To consider this effect, the amplitude transmission coeffi-

g z
74 Vacuum
¢
™ y
" Metal T X
Glass

(a) (b)

Fig. 4. Coordinates used in the calculation
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cient of a three-layered system is introduced and is given by

t{ﬁ(g)r{%(g) exp [ik1.(0)d1]
1 =174 ()75 (0) exp [ik1z(0)d1]’

where t7; and 77, are the Fresnel reflection and transmission coefficients at
an interface beetween two materials a and b for light that is incident from
material a; they depend on the relative permittivities of the materials on
both sides. In this equation, k1. denotes the z (normal to the interfaces)
component of the wave vector in the silver film, and d; denotes the thickness
of the silver film.

From (1) and (2), the amplitude components produced by light passing the
location (g, ¢) of the pupil plane are obtainable. Thus, the functions ESPP,

Tm(0) =

m=p,s, (2)

EEPP and ESTT are introduced to represent the components which oscillate
in the radial (p), azimuthal (¢), and z directions in the sample. With the
coordinates shown in Fig. 4b, these functions can be expressed as

SPP
By (w,y,2,0,0) =
. k2wy(9)
exp {i[kax (0, )2 + K2y (0, )y + k22(0)2]} X ———"Ep(0,9)Tp(0)

ESPP(x,y,2,0,0) =
exp {1 [k2z (0, ) + ka2y (0, )y + k22(0)2]} X Es(0, 9)Ts(0)
ESPP(2,y,2,0,0) =

exp {1 [k2z (0, )7 + kay (0, )y + k2:(0)2]} ¥ k2;ig) Ey(0,0)Tp(0), (3)
where
ko = % (52)1/2 ,

ka(Q, <P) - kQQCOS@ 9
kay (0, p) = ka20singp,
k2my(@) = k?Qa
ko-(0) = ko (1 — 0%) (4)

The Componts in terms of the Cartesian coordinate system, can be expressed
as

1/2

EXPP(2,y,2,0,0) = Ep' ' (2,y,2,0,9) cosp — EQU T (2,y, 2, 0,0) sin g,
ESTP(z,y,2,0,0) = E5TT (2,9, 2, 0,0) sing + B3 (2,9, 2, 0,¢) cos . (5)
Finally, the intensity Ispp, of the electric field in the sample is obtained by
integrating the amplitude produced by each plane wave with respect to the
oscillation direction; it is given by

2
ISPP(:v,y,z) = ‘/Eipp(x,y,z, 0, ) odod varphi
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2
+ '/ESPP(Q:.,%&@ p) 0 do dy

2

+ ‘/Efpp(w-,%&@ ) 0 do dy (6)

In carrying out this calculation, the values of relative permittivity shown
in Table 1 were used.

Table 1. Relative permittivities used in the calculation

Material Relative permittivity
(A =488 nm) (A =632.8nm)
Glass (BK7) (1.522)2 (1.515)°
Silver —7.901 4 0.7361i —15.87 + 1.073i
Vacuum/Air (1.000)* (1.000)®
SiOx (1.460)> (1.460)>
PMMA (1.495)> (1.485)>

Figure 5 shows the calculated intensity distribution of the electric field as
a sectional view (1um X 1pm x 1um). The intensity is normalized by the sum
of the incident-light intensities at the pupil plane. In this figure, the xy plane
at z = 0 corresponds to the metal surface. The = axis denotes the direction
of polarization of the incident light. One sees an electric field of SPPs around
the geometric focus (the origin of this figure) of the objective lens. The field
consists of one main peak and some side lobes. Taking the counterpart of this

Az

1 0.040

Fig. 5. Calculated electric-field intensity produced by localized SPPs, shown as a
sectional view. The calculated region occupies lum in the x, y and z directions.
The incident light is polarized in the x direction
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main peak (in the region z < 0) into account, these main peaks are spread
over a region of size 0.6pum x 0.4um, which is almost the same as the size of
the diffraction-limited spot at this wavelength. One can see that the electric
field is also confined to the near field of the metallic surface because the
electric field accompanying an SPP has an evanescent-decaying nature in the
direction normal to the surface. This is an electric field produced by localized
SPPs. This calculated result reveals that a microscope utilizing SPPs excited
by this method has a possibility of probing a 0.6pum x 0.4um region in the
near field of a metallic surface.

As mentioned above, incident light which passes through a ring of a par-
ticular size at the pupil plane can excite SPPs. This means that such light
mainly contributes to the formation of the field, while the other light does
not. To observe this effect, annular pupil illumination was investigated.

For this annular pupil illumination, linearly polarized light in the region
1.03 < p < 1.04 was assumed. Figure 6 presents the result, which shows
a peak at a higher intensity. This means that one can expect further field-
enhancement from annular illumination. This is because the efficiency of SPP
excitation is higher than for circular pupil illumination, in which most of the
incident light is just reflected. The profile of the electric field exhibits a good
similarity to that in Fig. 5. This behavior can be easily understood by evaluat-
ing (2), which describes the contribution of the incident light to the formation
of the electric-field as a function of p. The result shows that p-polarized light
which satisfies the dispersion-matching dominantly condition contributes to
the field formation. Thus, a restriction at the pupil plane to annular illumina-
tion does not make a great difference to the result with respect to the profile
of the field distribution.

Az

1 22.30

Fig. 6. Calculated electric-field intensity for linearly polarized light on a silver
surface. A Kretschmann—Raether configuration and annular pupil illumination were
assumed in the calculation
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To appreciate further the nature of SPP excitation, the electric-field-
intensity distribution for the same model (circular pupil illumination) but
without the metallic film was also calculated (Fig. 7). In this image, two
peaks are found in the center again. It is noteworthy that the SPPs enhance
the electric-field strength by 7.5 times, from a comparison of the maximum
intensities in Figs. 6 and 7.

Other types of incident polarization at the pupil plane were also examined.
Figures 8a—c correspond to a radial polarization [14,15], an radial polariza-
tion [14,15], and a linear polarization with the phase of the incident light
delayed by 7 in the region x < 0, respectively.

A,

n 2.97

Fig. 7. Calculated electric-field intensity for linearly-polarized light on a glass sur-
face. A glass—vacuum configuration and annular illumination were assumed in the
calculation

| : U

(@) (b) (©

Fig. 8. Incident polarization at the pupil plane of the objective lens: (a) radial
polarization, (b) azimuthal polarization, and (c) linear polarization but with the
phase in the region p < 0 delayed by 7
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Figure 9a—c presents the corresponding electric-field distributions on the
metal surface, with Fig. 9a showing a single peak on the optical axis. In
this case, the electric-field component along the z direction interferes and
maximizes its amplitude along the optical axis. Here, the maximum intensity
is the highest among the cases investigated, because the whole of the incident
light satisfies the SPP excitation condition. The electric field is localized in a
0.3um x 0.3um area. In Fig. 9b, a weak peak is found because the light with
the radial polarization illuminates the metal surface as s-polarized light and
does not excite the SPPs. In Fig. 9c, a peak on the optical axis and sidelobes
besides the central peak appear. In this case, the z component interferes and
has a maximum on the optical axis. The peak intensity is almost half as
strong as the peak intensity obtained with the radial polarization because
half of the incident light illuminates the metal surface as p-polarized light.

The Fourier spectrum of the reflection light was also calculated. In this
calculation, the condition expressed in (1) was assumed again for the incident
light. In this case the reflectance of the Kretschmann—Raether configuration
for a plane wave is considered instead of the transmittance; the reflectance is
given by [10]

gt (o) + 115 (0) exp[i2k12(0)d:]
Bon©) = o (0) oxp [Zks ()]

The reflected plane wave is converged at (g, + 7) of the pupil plane.
Consequently, the light intensity at the pupil plane is obtained by

I(0,¢) = |Ep(0, 0 — )Ry (0)|° + | Es(0, ¢ — m)Rs(0)|* . (8)

Figure 10 shows a calculated Fourier spectrum of the reflected light which
is observable at the exit pupil plane of the objective lens. One can see a pair

m=p,s. (7)

" 5000m
0 0.0055
(a) (b) ()

Fig. 9. Calculated results for the electric-field intensity for various types of inci-
dent polarization: (a) radial polarization, (b) azimuthal polarization, and (c) linear
polarization but with the phase in the region < 0 delayed by 7. The Kretschmann—
Raether configuration and annular illumination were assumed in the calculations
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g

Fig. 10. Calculated Fourier spectrum at the

pupil plane of the objective lens for linearly

| e— polarized incident light. The incident light
0.75 1.00 is polarized in the p direction

of dark arcs, which indicates absorption of the light energy by the th SPP
excitation. This ring appears at ¢ = kspp, which is given by

w Emn2
kspp = - m ; 9)
where ¢ = kspp, represents the propagation constant for SPPs, ., is the
relative permittivity of the metal, and ng is the refractive index of the sample.
This equation shows a strong dependence of the curvature of the arcs on the
refractive index. Thus, by finding the curvature, the local refractive index
over the region of the SPP field distribution is obtainable.

3 Observation of Localized SPPs

As shown in the previous section, SPPs can be localized around the focal
point of the incident light. In this section, an experiment which confirmed
this localization is described.

First, a Kretschmann—Raether configuration was fabricated on cover slips,
of the type used in normal microscopes. Silver was chosen as the material
for the metallic film. By a vacuum evaporation technique, the cover slips
were coated with silver so that the final thickness of metal was 50 nm. These
substrates were examined for SPP excitation by measuring the relationship
between reflectance and incidence angle with a conventional SPP sensor [5].
The substrates were then used for the following SPP experiment.

To confirm the existence of localized SPPs, a microscatterer was intro-
duced onto the silver surface and scanned over the region of the focused spot
of the beam. Figure 11 shows the optical setup of this experiment. An Ar*
laser with a wavelength of 488 nm was used as the primary light source. The



Excitation of Surface Plasmon Polaritons by a Focused Laser Beam 199

CCD camera

Pinhole L3

|
PMT [ i

BS
Objective lens

(NA=0.8 dry ) I >
Substrate %&D Stage

Objective lens H

(NA=1.3 oil )
Artlaser .
1 -
[ S—
L1 L2 M

Fig. 11. Experimental setup used to confirm the existence of localized SPPs

laser beam was focused on the silver surface with an oil immersion objective
lens (NA = 1.3). Latex beads with a size of 1.48 um were used as the mi-
croscatterer. The density of the beads was 1 bead per 100um?. The whole
substrate was scanned with a motorized stage in the lateral directions, in-
stead of the scatterer being scanned over the focus region. To measure the
scattered light, another objective lens (NA = 0.8,dry), which collected the
scattered light towards a 200 pm pinhole placed in front of a photomultiplier
tube, was introduced. The purpose of the pinhole was to reduce the amount
of stray light; it hardly provided any spatial resolution in the imaging system.
A CCD camera and white-light illumination were also used to observe the
silver surface. These devices were used for sample alignment.

Figure 12 shows the experimental result. The size of the image is 3.8um x
3.8um. In the figure, one can see an image of a latex bead, which confirms the
existence of localized SPPs. The bead image is extended in the polarization
direction (y direction). However, the two peaks are not clear in this image.

In Fig. 13, an image from an area where the beads were more concentrated
is also shown. Many well-separated beads are visible. This result again sup-
ports the existence of localized SPPs.

4 Thickness Measurement of LBK Films
with Localized SPPs

As shown in the calculations above, a characteristic pattern appears in the
Fourier spectrum of the reflected light. From this characteristic pattern, one
can extract information concerning the effective refractive index of the metal
surface. One of the most important applications of this measuring technique
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Tum

Fig. 12. Image obtained when a microscatter was scanned around the beam spot.
The incident light is polarized in the y direction. The silver surface with a single
bead is observed

1um

Fig. 13. Image obtained when a microscatter was scanned around the beam spot.
The incident light is polarized in the y direction. The silver surface with many
beads is observed

is local thickness determination of LBK films. In this section, thickness mea-
surements of LBK films [12] are described.

For this experiment, polymethylmethacrylate (PMMA) films were pre-
pared by using the Langmuir-Blodgett—Kuhn deposition technique. The films
were multilayer assemblies of 4, 8, and 12 monolayers. These films were de-
posited onto substrates that consisted of a glass cover slip, a thin silver film,
and an SiO, coating. The thin silver film was prepared by vacuum evapora-
tion again. The thickness of the silver film was 49 nm. The SiO, layer, with a
thickness of 18.3 nm, was evaporated onto the thin silver film. The purpose of
the SiO,, layer was to protect the silver from chemical contaminations while
the LBK films were deposited. The SiO, layer was precoated so as to have a
hydrophobic surface property, with HMDS (hexamethyldisilazane).
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These samples were characterized by a conventional method [5] in which,
the reflectance as a function of incidence angle was measured. The results are
shown in Figure 14. These measurements were carried out by using a He—Ne
laser with a wavelength of 632.8 nm. The thicknesses of the films were deter-
mined by fitting the data sets with theoretical curves. The fitting parameters
used are shown in Table 1. From these measurements, the thicknesses of the
films were estimated as 3.4nm, 7.2nm, and 11.2 nm.

Figure 15 shows the optical setup for the thickness measurement using
localized SPPs. An Ar™ laser operating at a wavelength of 488 nm was used as
the light source. The laser beam was expanded by lenses in order to illuminate
the pupil plane of the objective lens uniformly. An oil immersion (oil: Zeiss
Immersionsoel 518C), infinity-corrected objective lens with NA = 1.3 was
used to focus the light onto the metal surface. The reflected Fourier spectrum
at the pupil plane was observed through a beam splitter and an imaging lens.
The Fourier spectrum was transferred to a personal computer by using a CCD
camera and a frame grabber.

Figure 16 shows the experimental results. Figures 16 a—d show the Fourier
spectra for the samples with no, 4, 8, and 12 PMMA-layers, respectively. In
the images, one can identify dark arcs as seen in the calculated results. In
addition, rings fitted to the arcs are indicated. In each of the images, the larger
ring corresponds to ¢ = 1.3 because the numerical aperture of the objective
lens is 1.3. The smaller ring corresponds to the value of p for excitation of
SPPs. By comparing the ring radii, the values of g for excitation of SPPs were
found to be 1.163, 1.187, 1.216, and 1.251 for the sample with no LBK film and
for the 4, 8, and 12 monolayer assemblies, respectively. The film thicknesses
were derived from the value of p for excitation by using the parameters shown
in Table 1. Thicknesses of 3.5nm, 7.3nm and 11.5nm for the 4, 8, and 12

1.0

0.8 -

o ] L
€ 06 B
g P -
(&) . -
ko) i L
o 0.4- —
o ] L
] ® no LBK-film B
0.2+ A 4 layered LBK-film [

] <& 8layered LBK-film [

O 12 layered LBK-film||
0.0 -

42 44 46 48 50
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Fig. 14. Measured reflectance of the samples prepared for thickness measurement,
as a function of incidence angle; p-polarized light with A = 632.8 nm was used in
the measurement. The experimental data sets were fitted by theoretical curves
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Fig. 15. Experimental setup for thickness measurement of LBK films using local-
ized SPPs. ND, P, and BS represent a neutral-density filter, polarizer, and beam
splitter, respectively

monolayer assemblies were found. These results coincide well with the values
obtained by the conventional method. Differences on the order of a fraction
of a nanometer remain. This is probably because of differences in the sample
spots observed. These experiments, however, confirm the nanometer-order
resolution in thickness determination.

Reflection Fourier spectra were also observed with circularly polarized
light. In this case, complete dark rings were observed. The measured thick-
nesses were the same as those measured with linearly polarized light.

5 Microscopy with Localized SPPs

In this section, the two-dimensional observation of the refractive-index dis-
tribution on a metallic surface with localized SPPs is described [13].

For this experiment a scanning SPP microscope was developed which was
based on the optical setup shown in Fig. 10. The differences were in the
wavelength of the laser (A = 632.8nm) and the numerical aperture of the
objective lens (NA = 1.4). The sample stage was also different from that in
the earlier setup. For sample scanning, a three-dimensional piezo stage with
a feedback system (Melles Griot, Nano-block system) was used. With this
stage, the sample was scanned in two-dimensions and the focus position was
controlled.

For the experiment, microparticles with diameters of 4.0 pum and 1.5 pm
were used as samples. The material of these particles was silica. These parti-
cles were dispersed on silver films, each of which was evaporated on a cover
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(d) (h)

Fig. 16. Observed Fourier spectra: (a)—(d) for raw data and (e)—(h) for data with
fitted rings: (a) and (e) no LBK-film; (b) and (f) 4; (c) and (g) 8; and (d) and (h)
12 monolayers, respectively, of PMMA
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Fig. 17. Images obtained from (a) a sample with scattered particles (diameter

4.0um) in a 15um X 15um area, (b) a sample with particles (diameter 1.5 pm)

in a 5um X 5um area, (c) a sample with a single particle (diameter 1.5 pum) in a
2.5um X 2.5um area

slip of the kind used for optical microscopes. The thickness of each silver film
was o0 nm.

With these samples, two-dimensional Fourier spectra were obtained with
a CCD camera. In the Fourier spectra, again, the characteristic arcs were
found. With a simplex algorithm, the central position and the radius of the
arcs were estimated by evaluating the cross section between the ring and
the spectrum. The estimated radius corresponds to the propagation constant
of the SPPs. The propagation constant was transformed to a local effective
refractive index by using (9) in reverse. The whole set of Fourier spectra ob-
tained was processed according to this procedure and an image was produced.

Figure 17 shows the images obtained for particles with a diameter of
4.0 pm in a 15um X 15um area, particles with a diameter of 1.5 pm in a Spm X
5um area, and a single particle with a diameter of 1.5 um in a 2.5um X 2.5pum
area. In Fig. 17 a one can clearly see the particles as bright spots. The size
of the spots seen in the figure is approximately 1.5 um not 4.0 um, which is
the diameter of the particles. This is because the SPPs probe only the near
field of the metallic surface and do not probe the whole of the particle. In
Fig. 17 b, one can see four individual particles close to one another. This
image proves that the present microscope can resolve 1.5 um particles. Each
particle occupies an area of about 1.5um x 1.0um. Again, this is because
the probe is localized in the near field of the metal surface. This image sug-
gests that the particles have been scanned by a distorted probe. As shown in
Fig. 17 c, a single particle can be visualized as well. The direction of the dis-
tortion shows good coincidence with the direction of the polarization. These
results are supported by the theoretical calculations.

In the theoretical calculations, it was found that the field distribution of
the localized SPPs excited by linearly polarized light of A\ = 632.8 nm was
spread over a region of size 0.6um x 0.4um. However, the spatial resolution
for the microscope did not reach this value. At this moment, a 1.5 pm particle
is the smallest particle which gives a proper image. A further increase of the
spatial resolution is expected.
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The SPP microscope described here is expected to contribute particularly
to the study of interfaces between metals and thin films. For example, higher
resolution will provide a good chance to determine the local morphology of
Langmuir-Blodgett-Kuhn films.

Instead of using localized SPPs, some researchers are currently pursu-
ing research to increase the spatial resolution of SPP microscopes by using
local-mode plasmons as a sensing probe [16,17,18]. When one tries to increase
the spatial resolution by using a small particle such as gold particle with a
radius of 10 nm, the electric field produced by the resonance between the in-
cident light and electron oscillation within the metallic particle is scattered
or diffracted by the fine structure of the sample and affects the original res-
onance. As a result of this nonlinear effect, the theory of image formation
becomes complicated. This prevents us from evaluating the local refractive
index, though this method can provide higher spatial resolution than the
method described here.

6 Further Development of Localized SPPs

One of the most interesting possibilities which has not yet been reported on
is the application of the field enhancement by localized SPPs. Unlike the case
of enhancement by propagating SPPs, one can expect also a focusing effect
of the incident light energy. With this enhancement, the incident light can
interact more efficiently with materials. Nonlinear optics, such as multiphoton
absorption phenomena, is one of the fields to which localized SPPs could
be suitably applied [19]. The polarization of incident light will surely play
an important role in achieving the maximum enhancement as shown in the
theoretical calculations.
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expansion coefficients, 151

external collection optics, 31, 32

external- reflection, 163

Forster Resonant Energy Transfer, 3

feedback stabilization, 150

Fermi velocity, 98, 99

fiber probe, 23

field enhancement, 2, 23, 26, 76, 133,
134

field momentum, 126, 130

Finite-differential time-domain (FDTD)
method, 30

fluctuation of the probe position, 150

fluorescence, 3, 152, 154

fluorescence beads, 154, 157, 158

fluorescence in situ hybridization
(FISH), 155

fluorescent lifetime, 5

force due to absorption, 145

force law, 124

force measurement, 153

Fourier spectrum, 197-199, 201-204

Frohlich mode, 72

Frohlich wavelength, 105

FT-IR, 177, 182

gap modes, 71, 72, 76-78, 81, 87, 92, 93
geometric factor, 109

gold colloid monolayers, 118

gold colloidal particle, 154

gradient force, 145

Green’s dyadic technique, 53

ground wave, 4

image dipole, 81

induction field, 102

infrared imaging, 23

infrared reflection absorption spec-
troscopy (IR-RAS), 164, 172

intensity distributions, 147

interband transition, 98

Kretschmann Rather configuration,
189-192, 195, 197, 198

Laplace’s equation, 73

laser cooling, 124, 132

laser trapping, 21, 124, 143

laser-trapping NSOM, 143, 153

layered structure, 62, 64, 65

LBK film, 199, 200, 202

light confinement, 56, 58, 61, 67

light emission, 81, 85, 87

light pressure, 123

local mode, 21

local mode plasmons, 205

local plasmon resonance, 105

local plasmon sensor, 118

localization, 38

localization of evanescent field, 40

localized plasmon, 165

localized surface plasmon (LSP) mode,
71, 80, 82

localized surface plasmon polaritons
(localized SPP), 29, 30, 191, 195,
198, 199, 202, 204, 205

LSP, 71-73, 86, 87

LSP excitation, 93

Maxwell’s equations, 124
Maxwell-Garnett, 26, 168
metal island film, 163

metal particle, 163

metal shell particle, 111

metal sphere, 72

metal surface, 163

metallic optical waveguide, 9
metallic probe, 23, 24, 31
metallic surface, 189-191, 195, 202, 204
metallic tip, 30, 32, 33, 39, 133
Mie scatterer, 4

molecular dynamics, 45
molecular imaging, 45
molecular orientation, 164
momentum of photon, 144
multi-photon absorption, 205
multiheight imaging, 40
multiple scattering, 41
multipoles, 113



nanostructure, 53

nanowire, 53—-57

near field optics, 1

near-field distribution, 152

near-field imaging, 41

near-field intensity distribution, 153

near-field microscopy, 17

near-field nanospectroscopy, 29

near-field optical microscope, 24

near-field optical microscopy, 49

near-field optics, 77, 93

near-field scanning optical microscope,
21

near-field scattering cross section, 103,
105

near-field SERS spectrum, 46

near-field vibrational spectroscopy, 45,
48

NSOM imaging, 38

oblate spheroids, 109

optical absorption of the metallic
particle, 145

optical stethoscope, 7

optical tweezer, 143

orientation effect, 164

p-nitrobenzoate, 170

particle-surface distance, 76, 80, 81, 90,
91, 93

particle-surface system, 72, 76, 88, 93

phase matching, 62, 64

photo-induced transparency, 16

photon scanning tunneling microscope
(PSTM), 23, 50-54

photon-tunneling optical microscopes,
8

physisorbed and chemisorbed molecules,
163

plasma, frequency, 98, 169

plasmon polariton, 26

plasmonics, 9

point light source, 154

polarizability, 101, 130, 131, 135, 136,
146

prolate spheroids, 109

propagation constant, 198, 204

pyridine, 174

Index 209
quasi-static approximation, 100
quenching of fluorescence, 5

radial polarization, 196, 197
radiation field, 102

radiation pressure, 127, 128, 144
radio wave antennas, 4

Raman scattering imaging, 23
Raman spectroscopy, 23, 45
Raman-Nath diffraction, 18
RATR, 90, 91

RATR spectra, 90

Rayleigh particle, 135, 145, 147
Rayleigh scattering, 2

reflection SNOM/NSOM, 7
refractive index distribution, 202
resonance effect, 43

resonant excitation, 56
retardation effect, 105

reversed ATR (RATR), 89
Ricatti—Bessel functions, 152

scanning near-field optical microscopy
(SNOM), 1, 50, 72

scanning SPP microscope, 202

scattering center, 33

scattering cross section, 103, 105

scattering efficiency, 2, 151, 152

scattering force, 130, 131, 145

scattering probe, 21, 23, 143

SEIRA spectroscopy (SEIRAS), 164

self-assembled monolayers (SAMs), 165

size effect, 98

skin depth of metal, 32

small aperture, 6

SNOM probe, 56, 57

SNOM/NSOM, 7

spatial confinement, 50

spatial resolution, 50, 56

sphere—surface system, 72, 73, 76, 81,
92

spheroid, 109

spot position, 150

SPP excitation, 93

SPP functional elements, 9

SPP microscope, 190, 202, 205

SPP resonance, 2

SPP waveguide, 9

spring constant, 155



210 Index

squeezing, 50, 52, 53

static field, 102

STM, 24, 33, 36

subwavelength aperture, 21

super-resolution, 16

super-resolving capability, 29, 45

surface charge, 87

surface enhanced raman scattering
(SERS), 29

surface plasmon, 49, 50, 53, 54, 56-58,
60-67, 135

surface plasmon polariton (SPP),
19-21, 87, 189

surface plasmon polariton (SPP)
modes, 71, 81, 82, 84, 87-91

surface plasmon resonance (SPP), 20

surface selection rule, 164, 176

surface standing wave, 42

surface-enhanced Raman spectroscopy,
77

surface-enhanced infrared absorption
(SEIRA), 163

surface-enhanced Raman scattering
(SERS), 3, 163

tetrahedral tip, 49, 50, 56-59, 61, 62,
64, 65, 67

thermally assisted phase transition, 16

thickness measurement, 199-202

thin film, 189, 191, 200, 205

three-dimensional laser trapping, 149

total internal reflection, 51, 60, 62

transmission through a narrow slit, 59

transverse force, 148

trapping force, 135, 140, 147

trapping intensity, 139

trapping potential, 138, 139

two-dimensional trapping, 145

two-photon spectroscopy, 23

underpotential deposition, 177
vector spherical harmonics, 104

vibrational spectroscopy, 45
virtual dipole, 21



	Topics in Applied Physics 81
	Near-Field Optics and Surface Plasmon Polaritons
	Preface
	Contents
	Near-Field Optics
and the Surface Plasmon Polariton
	Introduction
	Back to the Roots...
	Rayleigh and Mie Scattering
	Surface Plasmon Polaritons
	Surface-Enhanced Raman Scattering
	Resonant Interaction of Particles
	Förster Resonant Energy Transfer (FRET)
	Resonant Energy Transfer Between Fluorescent Molecules and Metallic Particles
	SPP-Coupled Small Structures

	Small Structures Next to an Interface Between Extended Media
	Radio Wave Antennas Next to the Ground
	Molecule in Front of Another Medium
	SPP-Active Particle in Front of Another Medium

	Small Apertures

	NFO, SPP, and SNOM/NSOM
	Aperture SNOM/NSOM
	`Apertureless' SNOM/NSOM
	Photon-Tunneling Optical Microscopes
	Theoretical Studies

	Summary and Outlook
	References

	Near-Field Microscope Probes
Utilizing Surface Plasmon Polaritons
	Super-Resolution and Wavelength Shortening
	Near-Field Imaging for Super-Resolution
	Surface Plasmon Polaritons
	A Family of Near-Field Probes
	Imaging Theory of Near-Field Microscopy
	Spectroscopic Issues
	References

	Apertureless Metallic Probes
for Near-Field Microscopy
	Introduction
	Apertureless Metallic-Probe NSOM
	Field Enhancement due to an Apertureless Metallic Probe
	Principle of an Apertureless NSOM
	Features of the Metallic Probe

	Near-Field Imaging Using a Metallic Tip
	Scattering of an Evanescent Field at a Metallic Tip
	Observation of Surface Wave on a Periodic Structures
	Biological Sample
	NSOM Imaging in Reflection Mode
	Multiheight Imaging

	Near-Field Spectroscopy Using a Metallic Tip
	References

	Controlling Light Confinement
by Excitation of Localized Surface Plasmons
	Introduction
	Squeezing of the Plasmon Field
	Localized Plasmons  around Lithographically Designed Nanostructures
	Light Confinement at the Apex of a SNOM Tip
	Structure of a Tetrahedral Tip
	Optical Properties of the Tetrahedral Tip
	Surface Plasmons and Light Confinement  in the Tetrahedral Tip

	References

	Spectroscopy of Gap Modes
in Metal Particle–Surface Systems
	Introduction
	Characteristics of the Gap Modes
	Observation of Gap Modes for Ag Islands on an Al Surface
	Experimental Procedure
	Absorption Spectra

	Light Emission from SPP Modes Mediated by Metallic Nanoparticles
	Experimental Procedure
	Light Emission Observed
	Contribution of the Gap Modes

	Excitation of SPPs Mediated by Metallic Nanoparticles
	Concluding Remarks
	References

	Near-Field Spectral Analysis of Metallic Beads
	Dielectric Function of Metals
	Drude Free Electron Model
	Interband Transitions
	Size Effect

	Scattering by a Small Metal Sphere
	Quasi-Static Approximation
	Field Induced by Oscillating Dipole
	Scattering Cross Section
	Mie's Theory
	Spectra of Cross Sections

	Scattering by Ellipsoids
	Scattering by a Coated Sphere and by a Metal Shell
	Sphere above Substrate
	Scattering by Multiparticles
	Optical Sensors Using Gold Colloid Monolayers
	References

	Forces in Optical Near-Fields
	Introduction
	Theory
	Radiation Pressure
	Dipole Approximation

	Trapping by a Laser-Illuminated Metal Tip
	References

	Laser Trapping of a Metallic Probe
for Near Field Microscopy
	Introduction
	Mechanism of Laser Trapping
	Laser Trapping of Metallic Particles
	Radiation Forces on Metallic Rayleigh Particles
	Radiation Force in a Laser Beam Spot
	Experiment on 3-D Laser Trapping of a Gold Particle
	Feedback Stabilization of Probe Position

	Scattering Properties of Metallic Particles
	Scattering Efficiencies
	Near-Field Distributions Around a Metallic Particle

	Laser-Trapping NSOM
	Principle of the Laser-Trapping NSOM
	Experimental Setup
	Observations of Various Samples
	Surface of Cover Glass
	Gold Colloidal Particles Adsorbed on a Glass Surface
	Polystyrene Latex Particles
	Fluorescent Beads

	DNA Molecules Stained with YOYO-1 Iodide

	Summary
	References

	Surface-Enhanced Infrared Absorption
	Introduction
	Enhancement Mechanisms
	Electromagnetic Mechanism
	Chemical Mechanisms

	Electrochemical Dynamics Monitored by SEIRAS
	Experimental Technique
	Comparison of ATR-SEIRAS and IR-RAS
	Time-Resolved Monitoring of Electrode Dynamics
	A New Approach to Electrode Dynamics

	Summary and Remarks
	References

	Excitation of Surface Plasmon Polaritons
by a Focused Laser Beam
	Introduction
	Theory of Localized SPPs
	Observation of Localized SPPs
	Thickness Measurement of LBK Films  with Localized SPPs
	Microscopy with Localized SPPs
	Further Development of Localized SPPs
	References

	Index



