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Abstract. A review of the subject of near-field optical imaging of metal nanoparticles is presented. The
emphasis of the review is on experimental achievements in optical imaging of single metal nanoparticles
and nanostructured arrays with metal nanoparticle building blocks. The importance of the measurements
as they relate to nano-optical applications and scientific understanding of optical near-fields is highlighted.
Advancements in scanning near-field optical microscopy (SNOM) that have enabled near-field images of
these structures are also featured, as are theoretical contributions for interpreting SNOM images.

PACS. 07.79.Fc Near-field scanning optical microscopes – 78.67.Bf Nanocrystals and nanoparticles –
71.45.Gm Exchange, correlation, dielectric and magnetic response functions, plasmons

1 Introduction

The “far-field” optical properties of noble metal nanopar-
ticles have fascinated artisans and scientists throughout
modern history. The Romans, though likely without re-
alizing it, used metal nanoparticles to create rich colors
in stained glass. A famous example is the Lycurgus Cup
of the 4th Century, which is green when viewed in re-
flected light but red when light is transmitted through
the glass [1]. Analysis of the cup revealed the presence of
Ag and Au nanoparticles to produce the unusual optical
properties [2,3]. Noble metal nanoparticles also played a
central role in luster pottery, beginning in the 9th cen-
tury and reaching a pinnacle in Italian majolicas of the
15th and 16th centuries [2,3]. These materials inspired the
great 19th century British scientist Michael Faraday, who
realized the true state of the metals in these artworks by
recognizing that the metal salts used in gold sols actually
were “reduced in exceedingly fine particles, which becom-
ing diffused produce a beautiful ruby red fluid. . . contain-
ing in fact no dissolved gold but only diffused gold” [4,5].
He went on to report the size dependence of nanoparti-
cle optical properties, explaining that “a mere variation
in the size of its particles gave rise to a variety of colors”.

While these far-field visual attributes have been ex-
plained and quantified to a large extent, we are only in
the initial stages of appreciating the similarly rich prop-
erties of the optical near-fields of noble metal nanopar-
ticles, i.e. those electromagnetic fields that extend only
a few nanometers from the metal surface. Much of
the impetus for excitement related to these evanescent
optical fields of metal nanoparticles is driven by the
discovery and development of surface enhanced Raman
scattering (SERS) that can now produce single molecule
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spectroscopies [6–12]. Evanescent fields of metal nanopar-
ticles are primarily the result of the large scattering and
absorption cross sections that result from the surface plas-
mon resonance. This is the response of free (conduction
band) electrons that oscillate in concert with an incident
electromagnetic wave [13]. The localized optical field that
results on the surface of the nanoparticle can be enhanced
by several orders of magnitude over the incident field, thus
the SERS response. Quantitatively, the extinction cross
section (Cext ) of metal nanoparticles relates to the com-
plex dielectric function behavior of metals [14] and is pre-
dicted by Mie theory [15] to be [1]:

Cext =
24π2R3ε

3/2
m

λ

ε′′

(ε′ + 2εm)2 + ε′′2

where ε′ is the real dielectric constant, ε′′ is the imagi-
nary dielectric constant, εm is the surrounding medium’s
dielectric constant, R is the nanoparticle radius and λ
is the illumination wavelength. For the noble metals, ε′
is negative throughout the visible spectral region and
ε′′ is weakly positive. As can be seen from this rela-
tion, when ε′ = −2εm, a plasmon peak in the extinction
cross section occurs. The enormous extinction coefficients
of 10 nm diameter noble metal nanoparticles are in the
range of 107 M−1 cm−1, or about two orders of magnitude
stronger than is typical for organic laser dye molecules.
For silver, the plasmon peak in air occurs in the near UV
at approximately 360 nm, while for Au the peak occurs
at approximately 425 nm [13]. However, as predicted by
equation (1), the higher dielectric constants of solvents or
substrates produces a significant red shift of these plasmon
resonances by tens or even hundreds of nanometers.

In addition to SERS, the evanescent fields of metal
nanoparticle structures produce a range of physical
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and chemical phenomena that impact an extraordinary
breadth of basic science research and technological ap-
plications. Potential applications include optical com-
puting, high-bandwidth all optical telecommunications
routing, high-density optical data storage, and nanoscale
sensors-on-a-chip to name a few. In order to enable fur-
ther nanophotonic and nanoelectronic applications, pre-
cise characterization of the spatial profile of these fields
is necessary and this research area is the subject of the
current review. As an example, the spatial profile of the
near-field of metal nanoparticles impacts the efficiency
of near-field energy exchange in arrays of closely spaced
metal nanoparticles that are of interest for sub-diffraction
limited waveguides. In these one dimensional arrays, elec-
tromagnetic energy propagation occurs through the prop-
agation of surface plasmon polaritons, which are photon
coupled free electron oscillations in metals [16–20]. Inter-
est in spatially mapping nanoparticle-light interactions is
further driven by advances in chemical synthesis and litho-
graphic techniques that reliably produce complex shapes,
narrow size distributions, and hybrid core-shell materi-
als. These efforts make clear that the optical properties of
metal nanoparticles can be tailored to facilitate a desired
photochemical or photophysical response. Sub-wavelength
near-field spatial resolution is critical for understanding,
optimizing, and developing these unique responses at the
nanoscale.

To gain improved understanding of these interac-
tions, a variety of optical microscopies have been un-
dertaken [21–26]. For this review, we will focus on an
increasingly widely used and versatile field of scanning
near-field optical microscopy (SNOM). This technique has
been widely developed in the past twenty years to over-
come the spatial resolution limits of conventional opti-
cal microscopes. These microscopes, classified as scanning
probe microscopes, have since proven their utility in var-
ious nanoscopic applications. Their purpose is to char-
acterize electromagnetic fields or modify matter at the
sub-wavelength scale, as well as provide a unique way to
understand the interactions between objects and fields at
the nanometric scale. In this review, we begin by briefly
introducing the basic principles behind SNOM, as well
as some of the basic configurations for SNOM studies.
This is followed by a review of near-field optical stud-
ies of single metal nanoparticles and advanced techniques
that have added significant scientific utility in the past
few years to the SNOM method. The collective interac-
tions and imaging of metal nanoparticle arrays are then
reviewed. The use of metal nanoprobes that function as
illumination sources through field enhancement, as well as
theoretical considerations for modeling near-field images
of metal nanoparticles are also reviewed.

2 Experimental methods

2.1 SNOM techniques

A variety of scanning probe techniques have been uti-
lized to image metal nanoparticles with sub-wavelength

Fig. 1. The general principle of SNOM is shown. Far-field
detection is always utilized to image the probe sample inter-
action. Ψ(P ) is sensitive to a variation of Ψo(Mp), the optical
field produced through dipole-dipole interactions between the
sample and scanning probe.

resolution. These include aperture SNOM, apertureless
(scattering) SNOM, and variations such as photon scan-
ning tunneling microscopy (PSTM). All of these meth-
ods rely on a scanning probe methodology, in which a
sub-wavelength object illuminates and/or scatters pho-
tons with sub-wavelength resolution, while the sample or
probe is rastered to perform microscopy. Since a complete
review of near-field imaging is beyond the scope of this pa-
per, the reader is referred to excellent reviews by Dunn, or
more recently, by Pohl [27,28]. There are also very com-
prehensive books on SNOM [29,30].

The general principal of SNOM relies on the introduc-
tion of a nanoparticle (namely a probe extremity) in the
near-field of the sample to be studied (see Fig. 1 as an il-
lustration). For a given position Mp of the particle on the
sample surface, the field Ψo(Mp) resulting from the dipole-
dipole type interaction between Mp and the probe strongly
depends on the local optical properties of Mp viewed by
the probe. The total far-field collected at P , Ψ(P ), can
be described by the Huygens-Fresnel principle (see inset,
where S is the surface over which the Huygens wavelets
interact with each other). Ψ(P ) depends (slightly but cer-
tainly) on Ψo(Mp) which represents a differential part of
the Huygens-Fresnel integration.

In the case of far-field optical microscopy, all of the
sample zones within the diffraction limited zone S are
fixed and Ψ(P ) is fixed as well. As a consequence, Ψ(P ) de-
scribes only the sample optical properties averaged over S
which can not be smaller than λ/2. In the case of SNOM,
the principle of Huygens-Fresnel is of course still valid,
but in this case one gets the unique possibility to move
the probe in a controlled way within the sample near-field.
This allows Ψ(P ) to be sensitive to a variation of Ψo(Mp)
(where Mp can be varied by probe scanning), that is to
say the local properties of the sample viewed by the probe.
In this way, scanning the probe onto the sample surface
allows for the description, pixel by pixel, of the optical
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Fig. 2. The typical SNOM configurations available are shown.
Configurations a–d are aperture based SNOM configurations,
providing (a) collection mode, (b) illumination mode, (c) illu-
mination/collection mode, and (d) collection mode using total
internal reflection. Configuration (e) is for scattering SNOM
using a dielectric tip, where illumination can be below or above
the sample depending upon sample thickness or transparency.
Configuration (f) is for metal probes, where field enhancement
can occur at the apex of the probe. In this way, the metal probe
can function as a confined light source, and even provide spa-
tially confined SHG and white light generation.

properties of the surface and leads to a near-field optical
image I(Mp).

The nature of the SNOM probe configuration can vary
widely as illustrated in Figure 2. The motivation for hav-
ing many configurations is due to differences in samples
(such as transparency and size) and the desired contrast
mechanism (such as fluorescence, Raman, or evanescent
field enhancement). Thus, the probe can be used either as
a photon collector or as a local optical source. Also the
probe can be a nanoaperture used to squeeze the electro-
magnetic field, leading to a decrease of S and an increase
of the contribution of Ψo(Mp) in Ψ(P ). Alternatively, this
can be accomplished with the extremity of an apertureless
metal tip that acts as a nanoantenna that is locally sensi-
tive to Mp. In this case, only sufficiently strong near-field
effects allow Ψo(Mp) to be extracted from the total Ψ(P ).

It should be stressed that, whatever the nature of the
probe, the general principle presented above remains valid.
With this in mind, we review below the basic SNOM con-
figurations that are currently used.

2.1.1 Aperture SNOM

The basis of modern aperture SNOM was proposed in
a series of papers by E.H. Synge in the 1920s and
1930s [31–33]. In these seminal papers, Synge proposed
that light be incident on a sub-wavelength hole in an
opaque screen and that the screen be placed close enough

to the sample to avoid diffraction effects of the aperture.
Thus, Synge predicted the SNOM microscope decades be-
fore it became technically feasible. The modern SNOM
was first demonstrated by Pohl and colleagues in 1984 [34].
Here, the advancement came from the method for mak-
ing a small aperture in a metal coated quartz probe and
the ability to spatially resolve optical fields of a 400 nm
chromium grating structure.

Today, the aperture technique is most commonly
achieved through the creation of a small aperture in a ta-
pered fiber, generally created with a fiber puller [27]. Usu-
ally, gold or aluminum is coated onto the fiber to increase
optical throughput. Focused ion beam (FIB) milling can
be used to create higher quality and more reproducible
apertures. Figures 2a–d illustrate the most generally ap-
plied configurations for aperture SNOM today. Configu-
ration (a) is for “collection mode” SNOM, whereby the
sample is illuminated with diffraction limited optics and
near-field optical information is collected by the fiber
probe. Configuration (b) illustrates “illumination mode”
SNOM. Here, opposite to that of (a), a sub-diffraction
limited area is illuminated and collection occurs with
diffraction limited optics. Configuration (c) shows illumi-
nation/collection SNOM and is useful for highly scattering
or thick samples. Finally, (d) illustrates collection mode
SNOM using total internal reflection. This configuration
is useful for removing a large fraction of the illumination
light from the background, and is also used for plasmonic
studies of metal films in order to match the wavevector
requirements of the surface plasmon polariton dispersion
relation [35].

2.1.2 Apertureless SNOM

This technique originated with the proposal of Wessel, in
which he envisioned that the confined optical fields of a
nanometric metallic particle could be used as a near-field
probe [36]. In the current state of apertureless SNOM, a
dielectric, metallic, or semiconductor probe can be used
to scatter near-field photons to a far-field detector. Ex-
perimental demonstration of apertureless SNOM was ini-
tiated nearly simultaneously by three different research
groups [37–39]. An example of the apertureless configura-
tion is shown in Figure 2e and in more detail in Figure 3.
The nanoprobe is rastered over the sample through an
SPM feedback mechanism, usually in shear force [40] or
tapping mode [41]. Shear force feedback is acquired by at-
taching a probe to one arm of a tuning fork [42]. Scattered
photons are detected by correlating with phase and am-
plitude modulations of the tuning fork in SPM feedback.
For SNOM experiments that utilize tapping mode with a
cantilever based probe, scattered photons are detected by
demodulating the signal with a lock-in at harmonics (n)
of the tapping frequency (f) [43].

The experimental advancements described above uti-
lized the nanoprobe as a scattering element only, and did
not use the nanoprobe as an evanescent light source as
proposed by Wessels. The use of a metallic probe to func-
tion as a confined optical field illumination source was first
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Fig. 3. The basic operation of apertureless SNOM is shown.
Scattering lobes radiated from the probe/sample interaction
region are collected in the far-field by the detection optics. In
some configurations, such as tapping mode, a lock-in can be
used to demodulate the signal for better signal to noise.

performed by Xie and colleagues (see Fig. 2f) [44]. This
method has evolved through the careful generation of tips
and the use of different illumination conditions. Particu-
larly with the use of short pulse light sources, the gen-
eration of second harmonic fields and even white light is
enabling apertureless SNOM greater utility in near-field
measurements [45,46]. In addition to new, spatially re-
solved spectroscopies that are possible with this method,
apertureless SNOM has arguably better spatial resolution
than aperture SNOM due to the much smaller probe size.

2.1.3 Photon scanning tunneling microscopy (PSTM)

PSTM is a variation of aperture SNOM in the sense that it
utilizes a tapered optical fiber and deserves specific men-
tion due to its wide use. The illumination geometry is most
closely given by the configuration shown in Figure 2d,
whereby total internal reflection at the sample surface oc-
curs. Typically, the probe is brought near a sample surface,
and the fiber is rastered over the sample without feedback.
A portion of the light that is scattered by the sample is
collected by the fiber probe. In general, PSTM operates
in a constant height mode, where the tip does not fol-
low the topography. This method provides sub-diffraction
limited optical information, but does not permit simul-
taneous topography to be collected [47–49]. However, it
has an important advantage in that topography artifacts
that can plague other SNOM studies are not possible in
the constant height mode [50]. PSTM can also be in-
voked to include force feedback mechanisms, in which case
STOM (scanning tunneling optical microscope) is another
acronym frequently used [48]. A constant of this method,
however, is the total internal reflection geometry.

2.2 Metal nanoparticle preparation

While a detailed discussion of metal nanoparticle prepa-
ration methods is beyond the scope of this review, a
brief discussion of the types of samples that are typi-
cally probed with SNOM may be helpful to the reader.
In most cases, the nanometric metallic samples probed
with SNOM are made through colloidal synthesis or elec-
tron beam lithography. The most straightforward methods
for colloidal synthesis utilize the reduction of metal salts,
such as AgNO3 or AuHCl4 [51]. The reducing agent can
strongly effect the size and homogeneity of the colloidal
particles, with typical reducing agents being sodium boro-
hydride or sodium citrate. When the Ag or Au ions are
reduced to the neutral state, they do not remain solu-
ble and seek a more stable solvated state by binding with
another ion. The process of colloidal synthesis seeks to
provide a balanced control of the aggregation process to
produce similar sized colloids. The current state of col-
loidal synthesis is such that size distributions of 5% or
less are reasonably common [52,53]. Also, by using sur-
factants that create micelles of different shapes, it is pos-
sible to synthesis elongated, metal nanorods or nanowires
through colloidal synthesis. Other methods even produce
prisms and other unusual shapes [22,54].

Electron beam lithography is used when one and two
dimensional arrays of very closely spaced particles are de-
sired. It is also used if a particular geometry between
closely spaced nanoparticles is desired, or if a particu-
lar size and shape of nanoparticle is of interest. It is an
inherently low throughput sample preparation method,
but does produce high quality nanometric structures. The
methods of this technique are well-developed, a nice re-
views for the interested reader can be found in the litera-
ture [55].

3 Single metal nanoparticle imaging

Single metal nanoparticle imaging began with imaging de-
fects in metal films and fractal materials. The first such
report was that of Fischer and Pohl in 1989, which re-
ported the imaging of gold nanoparticle defects in an oth-
erwise flat film [56]. In this article, an ingenious set of
probes was created by evaporating polystyrene spheres
of 90 nm diameter onto a glass slide with a mean spacing
of tens of microns. The probe was then coated with a gold
film of 20 nm thickness. This was mounted on a piezo-
electric stage and raster scanned, while illumination from
the back of the probe in a total internal reflection geom-
etry produced small radiating sources in which to probe
a metal film. Since the spacing between probe elements
was large, a microscope objective could straightforwardly
collect the photons from a single probe-sample interac-
tion. Using this configuration, a set of nanometric defects
on the film was probed, and the scattered signal intensity
and the full-width half-maximum (FWHM) as a function
of probe height was monitored. Correlations with the ex-
pected dispersion curve for a metallic sphere on a metal
film were made.
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Following this initial example, more conventional
PSTM was used for monitoring nanometric defects. For
example, Tsai and colleagues used PSTM in 1994 to mon-
itor the near-field scattering from fractal materials. They
observed strong spatial localization of energy in these sys-
tems, along with a strong dependence on the illumination
polarization and wavelength [57]. The hot spots were thus
assigned to localized surface plasmons, verifying the res-
onant optical theory of fractal materials. Similar obser-
vations were more recently reported by Gresillon et al.
using an apertureless SNOM [58]. SNOM studies of ran-
dom nanoparticle films have also been reported, where the
films are the walls of optical waveguides [59].

The first example of PSTM images of isolated metal
nanoparticles on a dielectric substrate was made by Krenn
et al. in 1995 [60]. Two dimensional arrays of silver
nanoparticles were made through electron beam lithog-
raphy. In particular, arrays that had different sizes of
nanoparticles with alternating 150 nm and 300 nm lengths
along the major axis of an oblate spheroid shape were
studied. The results showed that the illumination wave-
length of 543 nm produced a strong near-field optical sig-
nal, while the longer particles did not show enhanced sig-
nal. It was proposed that the plasmon resonance of the
larger particles was too far to the red to permit near-field
enhancement. Silver island films were also prepared. Sim-
ilar effects were seen in that some particles showed sig-
nificant near-field signal while others did not. It was con-
cluded that in both the arrays and the silver island films,
there was a wide distribution of plasmon resonances that
depended upon shape and size. As a result, only a fraction
of the nanoparticles illustrated enhanced near-field optical
signal.

The first reference to imaging metal nanoparticles
through an illumination mode aperture SNOM method
appeared in 1998 with the work of Klar and colleagues [24].
Shear force control was used to image gold nanoparticles
with a particular motivation to resolve homogeneous plas-
mon linewidths through single nanoparticle detection for
the first time. The homogeneous linewidths (Γ ) of plasmon
resonances are extremely important to many of the appli-
cations of metal nanoparticles. For example, the success
of coherent dipole-dipole coupling of plasmons in metal
nanoparticle arrays, of interest for propagating photons
with lateral widths well below conventional diffraction
limits, relies on coherent interaction between nanopar-
ticles [17,18,61,62]. Since the homogeneous linewidth of
the plasmon resonance is inversely proportional to the de-
phasing time T2, the success of such structures strongly
relies on the smallest Γ possible. Another important ram-
ification of Γ is on surface enhanced Raman scattering
(SERS), in which the SERS cross-section is proportional
to Γ−4 [63].

For the particular case of metal nanoparticles, Klar
et al. stated that single nanoparticle spectroscopy was
advantageous for determining Γ over the more typical
method of hole burning. This is due to the hole burning
requirement that Γ be much less than the heterogeneous
linewidth. However, with plasmon far-field spectroscopy

of reasonably homogeneous sized particles, Γ is only frac-
tionally smaller than the heterogeneous linewidth. The
particular sample used by Klar et al. was a 200 nm
thick film of a TiO2 dielectric sol-gel matrix with a dilute
concentration of 20 nm diameter gold nanoparticles. An
80 nm diameter aperture probe was used and maintained
at a 7 nm height above the sample. The end result was
that homogeneous linewidths of approximately 160 meV
(T2 = 8 fs) was found, as compared to 300 meV for far-
field spectroscopies of the film that averaged over many
nanoparticles. The authors also found evidence for two
interacting gold nanoparticles through a double peak in
the SNOM transmission, with one peak at higher photon
energies than the single nanoparticles. A model predict-
ing the increased photon energy was developed for orien-
tationally averaged samples. It is generally shown today
that coupled nanoparticles have lower photon energy than
single particles, although particular orientations of dimers
relative to the incident light polarization can have higher
energy resonances [64].

Also in 1998, the first report of apertureless SNOM
methods to image metal nanoparticles appeared with the
work of Nesbitt and colleagues [25]. In this work, a com-
mercial Si cantilever AFM probe was used and operated in
tapping mode. Approximately 14 nm diameter gold par-
ticles were dispersed on a prism and illuminated with an
evanescent wave through total internal reflection. The pri-
mary conclusion of this work was that the interaction of
the Si tip with the metal nanoparticle produced scattering
that was orders of magnitude larger than that of the cal-
culated scattering cross section of the nanoparticle alone,
given quantitation of the evanescent field strength and the
percent of scattered radiation collected by the far-field col-
lection optics. The authors concluded that the Si tip was
an effective antenna that amplified the nanoparticle scat-
tering efficiency.

A second report by Adam et al. used apertureless
SNOM with a cantilever probe to analyze the plasmon
resonance energy of isolated gold nanoparticle colloids de-
posited on glass [65]. In this report, an Ar+ laser was used
to illuminate the 40 nm diameter gold particles in a total
internal reflection geometry. The discrete laser lines of the
Ar+ laser were used to scan through the plasmon reso-
nance energy from 457 nm to 529 nm. The authors found
that the plasmon energy peaked at 488 nm for p-polarized
light, i.e. exciting the plasmon resonance perpendicular to
the substrate plane. On the other hand, no resonance peak
was found for s-polarized illumination that was polarized
parallel to the substrate plane. Furthermore, the 488 nm
peak was surprising in that it was higher in energy than
estimated from the electric dipole approximation, which
placed the resonance for a 40 nm diameter particle on
quartz near 530 nm. The authors explained these results
by analyzing AFM images that showed the particle was
actually deformed on the substrate, being approximately
60 nm wide and only 20 nm high. This was proposed to
be due to either wetting of the metal nanoparticle on the
quartz substrate or gentle tapping deformation from the
tip. The p-polarized light excited the short vertical axis of
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the nanoparticle, producing a higher plasmon resonance
energy as expected for smaller particles. The s-polarized
light did not show a near-field enhanced signal because
the 60 nm diameter width would have a resonance near
580 nm and would be beyond the reddest line of the Ar+
laser. The authors also pointed out that the p-polarized
light may enhance the creation of confined light at the tip
apex, similar that for metallic tips. This would strongly
favor enhancement of the signal from the plasmon excited
along the short axis of the nanoparticle.

In 2003, Wurtz et al. presented an apertureless near-
field optical study of the field diffracted by Ag and Au
nanoparticles [66]. The work was performed with illumi-
nation from a Kr+ laser in total internal reflection at
415 nm, and thus was closer to the plasmon resonance of
Ag particles than Au particles. A Si cantilever AFM probe
was used. It was shown that the Ag and Au particles had
significant differences in the near-field distribution of the
normal component of the scattered field using p-polarized
light (Transverse Magnetic, TM) illumination. A strong
spatial confinement along with an enhancement of the nor-
mal component of the field were characteristic of the sil-
ver particles, while far-field contributions to the scattered
field dominated for the gold particles (Fig. 4). The results
were analyzed in terms of the illuminating field being in
resonance only with the plasmon of silver particles, thus
leading to enhanced near-field contrast for silver particles.
In both cases, however, the incident field was found to
be partially coupled into a far-field mode of identical po-
larization that scattered from the surface at an angle of
19◦. Interestingly, this angle is very similar to theoretical
and experimental studies of plasmon polaritons in metal
films scattered at nanometric defects. The strong differ-
ences in the spatial profile of the scattered light depended
strongly on illumination polarization. When illuminated
with s-polarized light (Transverse Electric, TE), only con-
fined signal was observed for both silver and gold. These
results are important for the design of devices using metal
nanoparticles to control electromagnetic energy transport,
for example with plasmon polariton transport in metal
nanoparticle arrays as it will be discussed in Section 5 [18].

4 Advanced SNOM imaging methods

In this section we describe several improvements in SNOM
methodologies that enable efficient near-field investiga-
tions of metal nanoparticles.

4.1 High harmonic demodulation in apertureless
SNOM

New techniques have enabled improved spatial resolu-
tion for imaging the near field of metal nanoparticles.
One of the most successful is the demodulation of scat-
tered signal at higher harmonics than the fundamental
of the cantilever tapping frequency. A schematic of the
concept behind this technique is shown in Figure 5. This
method allows the experimentalist to preferentially detect

Fig. 4. Metallic nanoparticles illuminated in total internal re-
flection at 415.4 nm on a glass substrate. (a) and (b) corre-
spond to the respective AFM and SNOM contrasts of a 40 nm
diameter Ag particle, while (c) and (d) correspond to the re-
spective AFM and SNOM contrast of a 25 nm diameter Au par-
ticle. The illumination polarization is TM and the wavevector
points from bottom right to top left. SNOM images represent
the normal component of the scattered field.

the fields of high longitudinal gradient (i.e. perpendicular
to the surface). The optical response of a scatterer vibrat-
ing sinusoidally (frequency f) in this gradient is nonlinear,
leading to high harmonics in the scattered light (2f , 3f ,
4f , . . . ). As described by Hillenbrand and Keilmann, the
result is that the nth order Fourier component will exceed
that of the background field due to the nonlinear near-
field interaction [67]. Thus, the demodulation of the scat-
tered light at lower harmonics favors fields with significant
amplitude over the cantilever vibrational amplitude range
(such as propagating waves). As higher harmonics of the
field are used, successively smaller regions over the period
of the cantilever motion are selected, with particular em-
phasis on the regions of tip-sample interaction. This favors
more confined fields nearer the surface of the sample (es-
pecially evanescent fields). This was first demonstrated by
Wurtz et al. in 1999 for characterizing the spatial profile
of stimulated emission from laser diodes [43], and then
applied to metal nanoparticle structures by Hillenbrand
and Keilmann in 2000 [67]. A consequence of this method
is that one must be careful with interpreting the spatial
profile of detected fields, simply because the fields will be
nonlinear with z except for small cantilever vibrational
amplitudes.
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Fig. 5. The principle of higher harmonic detection for tapping mode apertureless SNOM is shown.

4.2 Apertureless heterodyne detection

The above research describes efforts to resolve the inten-
sity of the optical near-field of isolated metal nanoparti-
cles. However, a full description of the nanoscale optical
processes would ideally provide both phase and amplitude
information for evanescent fields in nanostructures. Such
information could provide important information, for ex-
ample, of the phase of plasmonic responses as a function
of nanostructure shape, size, environment, and near-field
coupling.

With this thought in mind, arguably the most impor-
tant development for apertureless SNOM studies in re-
cent years has been the development by Hillenbrand and
Keilmann of heterodyned apertureless SNOM at visible
wavelengths [67,68]. The concept is straightforward, in
that an interferometer is created in which the signal arm
consists of the light collected from the scattering from the
apertureless SNOM probe (ES = |ES | exp[−i(ωt + φsc)]),
and the reference arm (ER = |ER| exp[−i(ωt + (∆ωt +
φRef )]) is subsequently overlapped with it. Here the ref-
erence arm is frequency shifted by ∆ω from that of the
signal arm with the use of an acousto-optic modulator
in the reference arm. In this way, the collinear reference
and signal beams will create a temporally modulated in-
terference that can be demodulated with a lock-in. For
a frequency shift ∆ω, the scattered signal in heterodyne
detection will then be proportional to |ES |2 + |ER|2 +
|2ESER| cos(∆ωt+φR−φS). From this relation, three im-
portant factors are clearly manifest in the new cross term
produced as a result of the interferometric detection. First,
amplification of the scattered signal by several orders of
magnitude is expected because ER is much larger than
ES . Second, the phase difference between the reference
and signal arms can be detected as a result of the time
varying interferogram, if the signal is demodulated at the
tapping frequency (f) minus ∆f or nf−∆f , where n is an
integer and ∆f = ∆ω/2π). Third, it can be used to elim-

inate signal from unwanted interferences in apertureless
SNOM. Such effects include optical interference patterns
created between the scattered field and the background
evanescent illumination field (Eb) present on the sample
surface. This interference effect has been an issue that has
long plagued apertureless SNOM [69], but heterodyne de-
tection permits one to control this effect. This is possible
because the Eb × Es cross term is modulated only at nf ,
and not nf − ∆f , so that lock-in detection at nf − ∆f
removes the unwanted cross term.

Heterodyne detection has already produced significant
advances in SNOM for metal nanoparticles. The first re-
port of this nature was by Hillenbrand and Keilmann in
2001 [70]. In this work, a sample of Au nanoparticle aggre-
gates with wide size dispersion was probed with a HeNe
laser output at 633 nm in a heterodyne SNOM configu-
ration. With this sample and detection configuration, it
was possible to observe single particles within the aggre-
gates that showed strong enhancement of the near-field
response. The particles that showed enhancement were
neither the lowest or highest particles in the SNOM scan,
thus eliminating artifacts as the enhancement mechanism.
Rather, only a few particles in the aggregates had the
size or shape to have a plasmon resonance very near the
633 nm illumination wavelength. Since the phase and am-
plitude of the SNOM measurements of the single parti-
cles were uniform over the spatial extent of the particle,
this was used to show that the observed response was due
to an oscillating dipole in the z direction (the direction
perpendicular to the substrate). Other aggregate struc-
tures, however, showed nonuniform phase distributions,
even 180◦ shifts in the phase of the near-field response.
The results in these cases were assigned to the detec-
tion of quadrupolar modes. Finally, this publication re-
ported the observation of “gap” modes of closely spaced
metal nanoparticle structures. As discussed above, closely
spaced metal nanoparticles can have greatly enhanced
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optical fields in between the particles, as the enhanced
field of one particle is then enhanced a second time upon
interaction with the second nanoparticle [20]. The results
are shown in Figure 6. For this measurement, Si tips were
used because they are sharper than the PtIr tips used
for the prior measurements. As Figure 6 shows, although
some of the individual particles show enhanced near-field
intensity, by far the largest enhancements are between the
particles. This is even more remarkable in that Figure 6d
shows that the probe is still too large to reach the regions
of largest enhancements that are lower in the sample than
the probe can reach.

Following this initial work, a second study by
Hillenbrand and Keilmann sought to achieve higher spa-
tial resolution of metal nanoparticle near-fields by using
a carbon nanotube (CNT) bundle attached to the tip of
conventional cantilever Si probes [71]. The 25 nm radius
CNTs, while broader than the apex of a Si probe, do not
broaden above the apex as conventional conical probes do.
This is an important direction to pursue, since the evanes-
cent fields of surfaces are scattered to some extent by the
conical probe when the typical exponential decay lengths
of ∼150 nm are approached. The sample in this case was
created through electron beam lithography, which was an
array of Au nanoparticle disks, 20 nm high and 90 to
140 nm in diameter. As Figure 7 shows, the sample was il-
luminated in a geometry in which the oscillating dipole of
the metal nanoparticle is parallel to the substrate rather
than perpendicular. As shown in Figure 7a, this should
produce a near field response that has a different phase at
the opposite ends of the particle. Simulations for this ef-
fect are shown in Figure 7b. The experimental data shown
in Figures 7c and 7d bear out that the phase is opposite at
each end of the particle. It should be emphasized that this
observation was enabled by the unique capability of the
heterodyne version of the apertureless SNOM. Although
the CNT bundles enabled this study, the spatial resolution
of this method should continue to improve dramatically as
an isolated, single, single walled carbon nanotube is em-
ployed.

4.3 Phase sensitive imaging using aperture SNOM

Aperture SNOM methods have also been used to extract
phase sensitive images of metal nanoparticles. Prikulis and
colleagues recently used aperture SNOM in a geometry
that enabled observation of the interference between the
illuminating field from the aperture and that of the scat-
tered field of the nanoparticle [72]. Their theoretical mod-
eling showed that a zero phase shift should be observed for
plasmon resonances of higher energy than the illuminat-
ing field, which should then shift by π as the illuminating
field is higher in energy than the plasmon resonance. Ex-
perimental studies of Ag nanoparticles demonstrated this
effect, but only for the case where the photon energy was
lower than the plasmon resonance.

Similar experiments on single metal nanoparticles and
nanostructures were performed by Klimov and colleagues,
this time using a white light spectral continuum created by

ultrashort femtosecond pulses from a Ti:sapphire oscilla-
tor [73]. Their results clearly support the concept of con-
structive interference between the illuminating field and
scattered field for photons of energy lower than the plas-
mon resonance and destructive interference for photons of
higher energy than the plasmon resonance. The white light
continuum allows for precise determination of the plas-
mon resonance at the crossover point from constructive
to destructive interference. They have applied this tech-
nique to more complex structures such metal nanoparticle
dimers bound by porphyrin linkers, and found that they
can detect small changes in dyad structure or size inho-
mogeneities with this method.

4.4 Photoluminescence imaging of metal nanoparticles

Mooradian first reported the phenomenon of a broad pho-
toluminescent response from metals when photoexcited
with the CW output from an Ar+ laser [74]. The advent of
pulsed lasers more easily produced nonlinear optical pro-
cesses in metal nanoparticles that could conceivably be
used as a contrast mechanism for imaging the near-field
of the particles. In 2003, Bouhelier et al. used a femtosec-
ond laser to produce photoluminescence from a Au rod on
a glass substrate, and subsequently to collect the photo-
luminescence in a SNOM geometry [75]. The fs laser il-
lumination permitted two photon absorption, so that the
excitation at 780 nm was well separated from the observed
photoluminescence peaking at 650 nm. The AFM topog-
raphy and photoluminescent SNOM images are shown in
Figure 8. In this case, the polarization of the involved field
is parallel to the long axis of the rod. This permitted the
Au nanoprobe, approximately 10 nm in diameter, to func-
tion solely as a passive scattering element because the light
was not polarized along the long axis of probe, thereby
avoiding field enhancement effects of the probe. This also
enabled the Au nanoprobe to function without perturb-
ing the spectral profile of the photoluminescence. This was
shown by observing the photoluminescence through confo-
cal microscopy in the absence of a probe, and the identical
emission spectrum was found.

5 Near-field imaging of arrays of metal
nanoparticles

Arrays of metal nanoparticles are of significant technolog-
ical and scientific interest because inter-particle coupling
can produce collective effects that alter plasmon resonance
energies, damping, and near-field spatial profiles. Since ef-
forts are beginning that seek to understand the near-field
optical processes of nanoparticle arrays, an understand-
ing of the far-field characterization efforts that have been
undertaken is necessary. The coupling in periodic arrays
can take two different forms: radiative coupling or near-
field coupling. Radiative, or dipolar, coupling is the pri-
mary mechanism of collective scattering when particles are
spaced at distances large compared to the size of the par-
ticles. This form of coupling is due to far-field interference
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Fig. 6. The topography (left) and near-field amplitude (right)
for gap modes between closely packed Au nanoparticles are
shown in (a)–(d). Figure (e) is the result of a x − z SNOM
scan that reveals the high z confinement of the gap mode, and
(f) illustrates the need for narrower probes to access confined
fields in such nanostructures. Figure provided courtesy of R.
Hillenbrand.

Fig. 7. (a) A schematic of the illumination geometry for the phase sensitive SNOM studies of Hillenbrand and Keilmann is
shown. (b) is a theory image of the intensity and phase of the field in the z direction, 10 nm above the sample, for the Au disks
used. (c) and (d) illustrate typical experimental results and show the 180◦ phase shift of the optical near field across the Au
nanoparticle. Figure provided courtesy of R. Hillenbrand.

Fig. 8. The AFM (top) and SNOM (bottom) image of the photoluminescence from a Au nanorod is shown. Figure provided
courtesy of A. Bouhelier.
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between the scattered light fields of individual particles to
give collective plasmon behavior that is different than the
isolated particles. On the otherhand, near-field coupling
between particles dominates for particles with smaller
spacings where each particle lies within the evanescent
field of neighboring particles. The theory and experiment
of collective interactions of metal nanoparticle arrays in
the dipolar regime are well-developed. In 1984, a theoreti-
cal study by Meier et al. showed that there is an interplay
between resonance shifts and damping of the plasmon [76].
As a grating spacing is increased and approaches a grating
order that induces light fields to change from evanescent to
radiative, there is a red-shift of the plasmon resonance for
perpendicular incidence. At the spacing where a grating
order becomes radiative, a strong damping of the plas-
mon occurs while the plasmon resonance now blueshifts
with increasing lattice spacing. This was beautifully shown
in a far-field experimental study by Lamprecht et al. for
gold nanoparticles with grating constants from 350 nm
to 850 nm [77]. Another study by Haynes et al. was per-
formed on arrays of both square and hexagonal symmetry,
using nanoparticles of different shapes as well [54]. They
also observed a strong red shift in the plasmon resonance
as the lattice constant increased. They proposed that at
lattice constants below 100 nm, the plasmon should blue
shift as the spacing increases, due to near-field coupling.
However, lithographic limitations prevented exploration of
this region. They did cite red shifting of the plasmon res-
onance in three dimensional arrays of gold nanoparticles
that were created through self-assembly [78]. A two dimen-
sional array of Au nanoparticles created through scanning
probe lithography was also reported by Kim et al. [79].
SNOM measurements for particle spacings greater than
1 micron were reported.

A two dimensional array structure with potential near-
field interactions was designed and studied by Rechberger
et al. [64]. In this study, pairs of nanoparticles were ar-
ranged into a two dimensional lattice structure. The pairs
consisted of 150 nm diameter particles that were spaced
by varying distances of 150 nm (near touching) to 450 nm
center-to-center. Note that the larger lattice spacing is in
the regime where dipolar coupling should dominate. As
the spacing is decreased, the plasmon resonance redshifts
significantly for light polarized parallel to the particle pair,
in contrast to the blueshift that occurs for dipolar cou-
pling. This indicates that nearest neighbor coupling dom-
inates for the pairs, in agreement with the isolated particle
pair studies of Tamaru [80].

A related study was undertaken by Su and colleagues,
whereby a dark field scattering configuration was used to
study individual pairs of elliptical gold nanoparticles cre-
ated through e-beam lithography [81]. The experimental
geometry was optimized to produce rather extraordinary
signal to noise for the individual pairs of particles. A red-
shift of the plasmon resonance was observed for illumina-
tion polarization parallel to the long dimer axis (which is
parallel to the short axis of the individual elliptical par-
ticles). A redshift was observed beginning with a center-
to-center spacing of ∼250 nm, when the short axis was

84 nm and the long to short axis ratio of the particles was
1.55. For the closest spacing of 138 nm center-to-center,
a redshift of approximately 60 nm occurs relative to the
individual particle. Interestingly, it was noted that the Cr
layer typically deposited as an adhesion layer on the sub-
strate before the Au is deposited produces significant ad-
ditional damping of the plasmon. Such an observation is
important for the functioning of plasmonic materials.

Despite the very interesting results of far-field imaging
of two dimensional arrays of metal nanoparticles, there
have been no studies to the author’s knowledge of SNOM
studies of two dimensional arrays with short spacings of
the order described above. There have also been SNOM
studies on two dimensional arrays where the spacing was
much larger [82]. This work was a detailed study on the
effect of wavelength, polarization, and angle of incidence
on the calculated and observed near-field image. Efforts
to observe and predict the interference patterns for far-
field coupling between light scattered from the individ-
ual nanoparticles was reported. Ultimately, closer spaced
metal nanoparticle arrays would be useful for SNOM stud-
ies. Since the resonance and damping of the plasmon is
significantly modified in the arrays, it is likely that signifi-
cant modulation of the near-field spatial profiles would be
altered and measurable through SNOM studies.

Contrary to closely spaced, two dimensional arrays,
one dimensional arrays of closely spaced nanoparticles
have been studied in detail with various SNOM tech-
niques. As mentioned in the introduction, this is largely
due to the interest in the ability to directionally delocal-
ize the surface plasmon of metal nanoparticles. If prop-
agation is possible, it would mean that electromagnetic
energy could move in a pseudo-waveguide environment
with lateral widths far below the diffraction limit of di-
electric waveguides. Such an idea was originally proposed
for a linear chain of silver nanoparticles by Quinten et al.,
which built upon work by Takahara et al. for light prop-
agation in nanoscale metal cylinders [83,84]. In the work
by Quinten et al., it was proposed that a chain with 25 nm
radius silver particles, spaced center-to-center by 75 nm,
would propagate the surface plasmon nearly 1 micron. For
larger spacing, the damping increased rapidly as the near-
field coupling decreased. While at first glance the prop-
agation lengths seem relatively short, applications that
require such small lateral widths would generally be ap-
plied to nanoscale or micronic structures, thus reducing
the need for long propagation distances.

In 1999, seminal research by Krenn et al. produced
PSTM images of a chain of gold nanoparticles on a glass
substrate [16]. The sample was created through electron
beam lithography and consisted of a one dimensional ar-
ray of particles with 100 nm × 100 nm square dimensions
and a 40 nm height. The center-to-center distance was
200 nm. The results were compared to single particles of
identical dimensions. The PSTM signals for single parti-
cles vs. a chain of particles were very different, with single
particles having a spatial extent of the scattered field on
the micron length scale, while the chains showed highly
confined near-field optical signals of spatial extent on the
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Fig. 9. An experimental PSTM image of a Au nanoparticle
array is shown. Figure provided courtesy of J. Krenn.

Fig. 10. Comparison between PSTM experiment (a) and the-
ory (b) for the squeezed plasmon of Au nanoparticle arrays is
shown. Figure provided courtesy of J. Krenn.

order of 100 nm (Fig. 9). The quantum involved in the
confinement of the optical field was termed the “squeezed
plasmon”. Also very interesting was the location of the
field relative to the array topography. By using theoretical
modeling with a Green’s dyadic technique, it was proposed
that the fields are likely displaced between the particles,
i.e. with the near-field maximum not on the particle but
in between the particles as a result of the near-field inter-
action between the particles. The experiment and theory
matched very well concerning the spatial extent of the
field (Fig. 10). However, since PSTM was performed in
the constant height mode and not sensitive to topogra-
phy, it was not specifically experimentally verified that
the optical near-field was displaced from the particles.

Since this initial discovery, Atwater and colleagues
have advanced the concept that these arrays may function
well as plasmon polariton waveguides of extraordinarily
small lateral dimensions [18]. Their experimental efforts
have been critical for understanding the types of struc-
tures and materials that are necessary to observe signifi-
cant propagation lengths of the plasmon polariton. Early
studies focused on Au nanoparticle arrays made through
electron beam lithography, with particle diameters of

50 nm and center-to-center distances of 75 nm [61]. In
order to obtain significant extinction for ground state ab-
sorption spectra, several thousand 1D arrays were placed
on 100 micron square grid and spaced by 1 micron. Since
the radiative coupling depends on d−1 and near-field cou-
pling on d−3, it was expected that near-field coupling
would dominate the spectral data. Through white light
illumination of the sample with a wavevector perpendicu-
lar to the substrate and polarized parallel or perpendicular
to the long axis of the arrays, the longitudinal and trans-
verse plasmon-polariton spectra were obtained. Strong ev-
idence for collective interactions was obtained through the
ground state absorption measurements because a signifi-
cant peak splitting in the energy of the transverse and
longitudinal modes was observed. The longitudinal mode
was at lower energy (2.06 eV) as predicted, while the
transverse mode peaked at 2.12 eV. The peak splitting
enabled a specific calculation of the interaction strength
between particles as well as the bandwidth of the interac-
tion that could support plasmon polariton propagation. It
was found that the damping was too high, i.e. 3 dB/15 nm,
to support this particular array design for plasmon polari-
ton propagation. The authors, however, proposed that by
using Ag for lower damping, and the use of rod shaped
particles to increase coupling strengths, dramatic improve-
ment in the performance of the arrays would result. The
rods also have dramatically lower damping losses because
the electron mean free path becomes less than the length
of the long axis of the nanorods.

This type of structure was constructed and reported
by the Atwater group in 2003, and SNOM played an in-
tegral role in the first demonstration that plasmon po-
lariton propagation can occur in metal arrays [17]. Ag
nanorods with a 3:1 aspect ratio were used. Specifically,
50 nm surface-to-surface distances and particle sizes of
90 nm × 30 nm × 30 nm were used. To this, fluorescent
nanospheres were randomly distributed that absorbed
photons in the spectral region of the plasmon resonance
of the arrays in the mid-500 nm spectral region. A SNOM
probe was rastered over the sample and the emission from
the fluorescent nanospheres was collected in the far-field.
The spatial profile of the fluorescence was monitored and
compared to fluorescent nanospheres that were not on an
array. The authors found that the spatial profile of the flu-
orescence was broader when on the arrays, consistent with
the concept that if the array can propagate plasmon po-
laritons, the energy to excite the fluorescent nanoparticle
can come from further distances than for nanospheres not
on the arrays. The increase in width was found to be con-
sistent with the measured nanoparticle coupling strength
as judged by ground state absorption spectra of the ar-
rays, which is on the order of 200 nm. Thus, significant
improvement over the Au nanoparticle systems was ob-
served.

Others have also pursued the near-field optical char-
acterization of one dimensional metal nanoparticle ar-
rays. In 2003, Wurz et al. used tapping mode aperture-
less SNOM in total internal reflection geometry to study
plasmonic arrays that consist of closely spaced Ag metal
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nanoparticles [62]. Confined optical signals within the ar-
ray were observed along with a reduction in the far-field
scattered signal (Fig. 11). Simultaneous collection of the
atomic force microscopy signal and near-field signals also
showed for the first time experimentally that the spatial
distribution of the near-field is strongly modified in the ar-
rays compared to isolated metal nanoparticles. The peak
of the near-field intensity was displaced towards the gaps
in the array, but was not centered and was dependent
upon the illumination wavevector. A strongly decreased
forward scattered angle (with chain length) relative to the
substrate as compared to single metal nanoparticles was
reported, as well as diminished overall forward scattering.
Also, some regions of the arrays did not show significant
near-field enhancement. This may be due to the irregu-
lar shape or size of a particle that brings that particular
nanoparticle out of resonance with the rest of the array.
It is certain that the ultimate success of this field will
depend strongly on high quality samples that push the
current limits on nanoparticle spacing, size and shape ho-
mogeneity of nanoparticles in closely spaced arrays.

6 Metal tips for illumination mode imaging
through tip field enhancement

The use of metal probes in apertureless SNOM opens the
possibility that the probe produces an enhanced optical
field near the probe apex. This is due to the high density
of charges at the apex that interact with the illumination
field to create enhanced evanescent fields confined near
the probe [85]. As a result, this opens an entirely new
dimension to SNOM, in that spectroscopies can be per-
formed on nanostructures with advantages over conven-
tional aperture-based methods. For example, the size of
the apex of an apertureless probe is smaller than current
aperture probes by up to an order of magnitude. Second,
the apex of an apertureless probe consists of one material,
and not the metal coated dielectric materials that are typ-
ically used for aperture probes. Modeling tip-sample in-
teractions is more achievable under these conditions than
with an aperture probe. Under appropriate illumination
conditions, it has been proposed that intensity enhance-
ment factors of several thousand are possible at the apex of
a metal tip [86,87]. Xie and colleagues were the first group
to report the use of metal tips that specifically utilized
the evanescent components of the enhanced field in an
apertureless configuration [44]. In this work, the authors
optimized the illumination geometry and tip shape to pro-
duce the enhanced field. Focused ion beam (FIB) milling
was used to create the asymmetric probe shape that was
predicted by electromagnetic calculations to obtain an in-
cident polarization parallel to the tip axis (the necessary
condition to excite an electromagnetic singularity). Also
integral to the enhancement is the type of laser illumina-
tion used. In this case, femtosecond pulses at 800 nm from
a Ti:sapphire oscillator were used, with peak powers im-
portant to induce high field enhancement. In this study,
near-field images of J-aggregates and algae samples were

collected, verifying the versatility of this technique. The
authors pointed out that the apertureless method is well
suited to biological samples, since tip heating in aperture
probes can damage delicate samples.

Novotny and colleagues later reported elegant new ca-
pabilities of field enhancements at metal SNOM probes.
They found that both confined second harmonic genera-
tion [88] and white light could be generated at the metal
tip apex [46]. Thus, resonances can be probed that are
not near the illumination laser wavelength, or transient
absorption or scattering spectroscopies can be performed
with the white light continuum at high spatial resolu-
tion. The ability to perform transient pump-probe spec-
troscopies at nanoscale dimensions would be a very pow-
erful new capability for SNOM indeed.

7 Theory

Following the technical developments of SPM that ulti-
mately enabled the collection of sub-diffraction limited
optical information, theoretical pursuits have been among
the most critical for enabling scientific conclusions from
the acquired images. Theory has also been instrumental
in guiding the future efforts of experimentalists. We briefly
review recent theoretical developments here, but a com-
plete review is beyond the scope of this article.

The theoretical methods, metallic nanoparticle struc-
tures, and experimental geometries addressed by theo-
reticians vary widely. Recently, Richard made important
strides towards understanding the images of isolated metal
nanoparticles on a glass substrate in a PSTM geometry
by using a Green’s dyadic technique [89,90]. He showed
the expected spatial profiles of the individual compo-
nents (Ex, Ey, Ez, and ETotal ) of the metal nanoparticle
near-fields under total internal reflection illumination. The
changes in the field components under different illumina-
tion polarizations, as well as the spatial profile changes
for different materials and wavelengths were carefully de-
scribed. Particular attention was paid to the role of the
plasmon resonance and the ability to distinguish differ-
ent metals based on their spatial profiles in the near-field.
This work is critical for understanding near-field inter-
actions between nanoparticles, where the near-field spa-
tial profile under a particular illumination condition must
be known to predict the particle-particle interactions.
Martin and colleagues also used the Green’s dyadic tech-
nique to model strongly localized fields in plasmon reso-
nant nanorods with triangular cross sections [26,91]. In
addition to localized hot spots, a broader plasmonic spec-
tral response was found.

Another theoretical method is the multiple multipole
method, which uses a series expansion of analytical so-
lutions of Maxwell’s equations [92]. The solutions have a
free parameter that is found for the particular boundary
conditions of a specific structure and illumination geom-
etry [93]. This method is advantageous computationally
because only the boundaries need to be discretized, while
within the nanostructure an exact solution exists. This



G.P. Wiederrecht: Near-field optical imaging of noble metal nanoparticles 15

Fig. 11. AFM image (left) shows the topography of a linear ar-
ray of 100 nm diameter silver nanoparticles, spaced by 200 nm
center-to-center. The tapping mode SNOM image (right), col-
lected simultaneously with the AFM image, illustrates the con-
fined optical fields near the nanoparticles.

method has been used very successfully for near-field opti-
cal calculations by Novotny and colleagues for a variety of
studies, particularly related to field enhancements near the
apex of metal tips [44,86]. Other important contributions
to scattering SNOM have been made by others, including
Greffet and colleagues who used reciprocity theorems in
electromagnetism to obtain an exact solution for SNOM
signal with a variety of SNOM probes [94,95]. Specific
applications for apertureless SNOM were described that
addressed the dependence of SNOM signal on illumination
polarization and wavelength. Pack et al. also explored sig-
nal formation in apertureless SNOM experiments using
aggregate Mie theory [96]. In other works, Stockman and
colleagues have proposed a variety of unique structures for
nanophotonics applications [97,98].

The finite-difference time-domain (FDTD) method is
a computationally efficient way to calculate light scatter-
ing and propagation in optical materials, and operates by
solving Maxwell’s equations for discrete time and space el-
ements [99]. A variety of researchers have used FDTD for
understanding near-field imaging and processes in metal
nanoparticle structures. Atwater and colleagues have used
FDTD for modeling the time dependence of the optical
electric field created through collective plasmon excita-
tion of one dimensional nanoparticle arrays [61]. Gray and
colleagues have used the method to propose novel metal
nanoparticle structures as well as correlate their predic-
tions with SNOM experiments [62,100]. They used their
methods to calculate the scattering of a single nanopar-
ticle and chains of nanoparticles under evanescent optical
excitation. An example of their results is shown in Fig-
ure 12, where the total internal reflection of a plane wave
is plotted as a function of time in the presence and absence
of a Ag particle illuminated near the plasmon resonance.
The scattering angle from the substrate into the far field
shown was confirmed with SNOM experiments [62]. As
supported by the experimental measurements, the scat-
tering angle relative to the substrate was reduced dra-
matically for arrays of silver nanoparticles, thus providing
support for chains of particles functioning as nanoscale,
planarized optical elements.

As a final beautiful example of the power of theoreti-
cal efforts for interpreting SNOM images, Figure 13 illus-
trates recent results by Chicanne et al. on the near-field
signals from corrals of metal nanoparticles [101–103]. In

Fig. 12. Shown are the time sequences of the magnitude of the
electric field from FDTD simulations. In all panels, refractive
index n = 1 for y values above zero and n = 1.5 for y values
below zero and a solid line is shown to mark the interface. The
four panels on the left show a pulse of light emanating from
the lower left quadrant of the n = 1.5 medium, traveling up
towards the interface at y = 0, and undergoing internal reflec-
tion back into the medium. The time interval between panels
is about 2.6 fs. The four panels on the right correspond to the
same situation except now a 100 nm diameter Ag nanowire has
been placed on top of the n = 1.5 medium near the origin. In
order to see the scattered light clearly, we use a color scale such
that blue is zero field and red corresponds to field magnitudes
greater than or equal to 0.1 Eo, with Eo equal to the incident
maximum strength. Figure courtesy of S. Gray.

the particular SNOM geometry utilized, it was found that
the near-field patterns were in agreement with theoreti-
cal calculations of the spatial distribution of the optical
local density of states (LDOS) of the corral. The ability
to produce and probe patterned LDOS should enable the
observation of novel physical effects, such as modulation
of molecular emission quantum yields or new materials for
photonic band gap structures [104]. The authors point out
that LDOS is specific to a given nanostructure, regardless
of the process of signal formation via the nanoprobe. The
ability to observe the LDOS showed that the probe was
purely passive in the signal collection (Fig. 13). The ex-
perimental efforts employed a collection geometry SNOM
configuration in constant height mode to obtain the im-
ages shown in Figure 13 [101].

8 Conclusions

Nanoscale metallic structures have an extraordinary fu-
ture in optics, electronics, and sensing technologies. How-
ever, an appreciation for the importance of high spatial
resolution in order to study and harness the optical near-
field of metal nanoparticles is very recent. The works de-
scribed above are likely the initial glimmerings of a bril-
liant future for the near-field optical properties of metal
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Fig. 13. Experimental SNOM images (top) and theoretical LDOS changes (bottom) are shown for a corral of Au nanoparticles
that are 100 nm× 100 nm× 50 nm), with a 150 nm spacing. The SNOM images are for an illumination polarization along x (a)
and y (b). The observed images are reproduced well in the corresponding LDOS images shown in (c) and (d). Figure courtesy
of A. Dereux [101].

nanoparticles. Extraordinary images have been produced
that reveal a wide variation in the spatial profile of metal
nanoparticles as a function of illumination polarization
and wavelength. Furthermore, new imaging techniques are
now permitting resolution of not just the near-field opti-
cal intensity, but the optical phase information as well.
Imaging of hot spots on particular types of nanoparticle
shapes and the observation of gap modes in nanoparti-
cle assemblies enables further understanding of molecu-
lar sensing capabilities and how to optimize this effect.
Periodic nanostructures are producing collective plasmon
responses and optical near-field responses that can be spa-
tially resolved, realistically facilitating new optical tech-
nologies based on photon propagation in nanostructures
with sub-wavelength lateral widths. In the future, pla-
narized circuits and waveguides that propagate plasmons
rather than electrons or photons are a distinct possibility.

New methods for measuring optical near-fields are sure
to develop that will further enable not only the char-
acterization, but the manipulation and control of pho-
tons with spatial resolution not possible today. Ultrasmall
probes, perhaps single-walled carbon nanotubes, may act
as the SNOM probes of tomorrow. Perhaps wholly new
methods of imaging will be developed that minimize the
need for mechanical probes. For example, photosensitive
polymers may function to provide images of optical near-
fields by through photo-polymerization or producing mass
transport in the illuminated region of the near field of a
metal [105]. Ultrahigh resolution confocal microscopy also
continues to push to regimes previously not thought pos-
sible, particularly with computational analysis and decon-
volution of the images [106].

Beyond the particular achievements of the reports
summarized here, it is clear that the advent of near-field
microscopies is opening a new field, and appreciation for,
the interaction of noble metal nanoparticles with light at
the nanoscale. The near-field optical properties of noble
metal nanoparticles are very rich and diverse, inspiring
many scientists in much the same way as the optical prop-
erties of noble metal nanoparticles inspired Michael Fara-
day nearly 150 years ago.

The author thanks Renaud Bachelot, Alexandre Bouhelier, and
Gregory Wurtz for stimulating discussions during this writing
and assistance with figure preparation. This work was partially
supported by the US Department of Energy under contract
number W-31-109-ENG-38.
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