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■ Abstract Noble metal particles have long fascinated scientists because of their
intense color, which led to their application in stained glass windows as early as the
Middle Ages. The recent resurrection of colloidal and cluster chemistry has brought
about the strive for new materials that allow a bottoms-up approach of building improved and new devices with nanoparticles or artificial atoms. In this review, we discuss
some of the properties of individual and some assembled metallic nanoparticles with
a focus on their interaction with cw and pulsed laser light of different energies. The
potential application of the plasmon resonance as sensors is discussed.

INTRODUCTION
As a consequence of reducing the size and the dimensionality of a material, its
electronic properties change drastically as the density of states and the spatial
length scale of the electronic motion are reduced with decreasing size. The energy
eigenstates are now determined by the system’s boundaries, and therefore surface
effects become very important. A transition from the bulk band structure to individual localized energy levels occurs in clusters of subnanometer to nanometer size,
and the detection of quantum size effects has been of great interest to scientists
and technologists in the search for novel materials with exciting new properties
(1–9a,b,c). Possible future applications of nanoparticles include the areas of ultrafast data communication and optical data storage (10–12), solar energy conversion
(13), and the use of metallic nanoparticles as catalysts (14–16) because of their
high surface-to-volume ratios and different shapes (9c).
Closely related to size-induced changes in the electronic structure are the optical
properties of nanoparticles. Spectroscopic methods probe the energy differences
between two states for allowed transitions as well as the lifetimes of excited states
and their respective energy relaxation channels using time-resolved techniques.
The size effect on the optical absorption spectra of metallic nanocrystals is probably
best known for the noble metal nanoparticles (17–20). Indeed, metallic nanoparticles have fascinated scientists since the Middle Ages because of their colorful
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colloidal solutions (21). Gold nanoparticles were used as a pigment of ruby-colored
stained glass dating back to the seventeenth century. Figure 1 shows a picture
of the Rose Window of the Cathedral of Notre Dame. The bright red and purple colors are due to gold nanoparticles. Faraday (22) first recognized this phenomenon, and Mie (23) was able to explain it theoretically in 1908 by solving
Maxwell’s equation. The physical origin of the strong light absorption by noble
metal nanoparticles is the coherent oscillation of the conduction band electrons
induced by interaction with an electromagnetic field. These resonances are known
as surface plasmons (17–20) and are a small particle as well as a surface effect
because they are absent in the individual atoms as well as in the bulk. Their extinction coefficient scales with the volume of the particles and can reach values
several orders of magnitude larger compared to common organic dye molecules
(9a,b,c).
Whereas the knowledge of the electronic and optical properties of a collection
of individual well-separated particles is of fundamental scientific interest, the even
greater flexibility in designing tailored properties of organized nanostructures has
stimulated research for building new materials and devices with nanoparticles or
artificial atoms as their building blocks (5, 24–27). The overall properties of the
new material are determined by the properties of the individual particles as a
function of their size and shape as well as their collective behavior. The latter is
controlled by the interparticle separations, which can be changed by the size of the
stabilizing ligands (capping material) protecting the particles against aggregation
(28). Both parameters can now be manipulated by chemists in an ever-increasing
degree, opening the possibilities for a bottoms-up approach toward the fabrication
of new materials (24–28).
This review focuses on the properties of metallic nanoparticles. Optical properties of the noble metals, which directly reflect the size-dependent energy structure
of the particles, are chosen as an example. The origin of the plasmon absorption
and its theoretical treatment for different sizes and shapes are discussed. Timeresolved spectroscopies reveal the dynamics of the electrons in confined metallic
systems, and the interaction with intense laser beams allows the synthesis as well
as the size-selective reshaping of metallic nanoparticles. The optical properties of
assembled particles and some of their assembly methods are discussed. As examples for the application of metallic nanoparticles, the area of sensors was chosen.
Special emphasis has been placed on including the most recent results in this fast
growing field, hence sacrificing completeness in other related areas. Especially
interesting advances in the single-particle spectroscopy of metallic nanoparticles
have been included by which problems associated with the inherent size and shape
distribution of metallic nanoparticles can be circumvented. The plasmon absorption spectrum of single nanoparticles are now studied, which allows us to draw
conclusions about the effect of its environment as well as the decay mechanism
of the plasmon resonance. Surface enhanced Raman spectroscopy (SERS) on single particles furthermore sheds new light onto this powerful technique while also
giving rise to new questions concerning the enhancement mechanism in SERS.
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Because of the space limitation, preparative methods and magnetic and catalytic
properties are not included.

THE SURFACE PLASMON RESONANCE
The intense color of colloidal noble metal particles in stained glass windows as
illustrated in Figure 1 is caused by the surface plasmon resonance. The surface
plasmon resonance can be thought of as the coherent motion of the conduction-band
electrons caused by interaction with an electromagnetic field (17–20). In a classical
description, the electric field of an incoming light wave induces a polarization of
the electrons with respect to the much heavier ionic core of a spherical nanoparticle.
A net charge difference is only felt at the nanoparticle surface, which in turn acts
as a restoring force. This creates, in the simplest case, a dipolar oscillation of all
the electrons with the same phase. When the frequency of the electromagnetic
field becomes resonant with the coherent electron motion, a strong absorption in
the spectrum is seen, which is the origin of the observed color. The frequency and
width of the surface plasmon absorption depend on the size and shape of the metal
nanoparticle as well as on the dielectric constant of the metal itself and of the
medium surrounding it (17–20). The plasmon resonance is strongest and shifted
into the visible part of the electromagnetic spectrum for the noble metals [copper,
silver, and gold (29)], which is the reason why the noble metals have historically
fascinated scientists dating back as early as Faraday (22). Most other transition
metals only show a broad and poorly resolved absorption band in the ultraviolet
(29). This difference can be attributed to the strong coupling between the plasmon
transition and the interband excitation and to the fact that the conduction-band
electrons of the noble metals can be well approximated by the Drude free-electron
model (30). This model assumes that the conduction-band electrons can be treated
independently from the ionic background and can move “freely,” whereas the ions
only act as scattering centers. This in turn gives the electrons in the noble metals a
higher polarizability, thereby shifting the plasmon resonance to lower frequencies
and also giving rise to a sharp bandwidth.
The linear optical properties like extinction and scattering of small spherical
metal particles accounting for the surface plasmon resonance were explained theoretically by the groundbreaking work of Mie in 1908 (23). Mie solved Maxwell’s
equation for an electromagnetic light wave interacting with a small sphere having the same macroscopic, frequency-dependent material dielectric constant as
the bulk metal. With the appropriate boundary conditions for a spherical object,
his electrodynamic calculations gave a series of multipole oscillations (dipole,
quadrupole, etc.) for the extinction and scattering cross section of the particles as
a function of the particle radius. For large nanoparticles (>20 nm), the absorption spectrum is then composed of the sum of absorption and scattering modes,
each of which has a contribution that depends on the particle size. Higher-order
modes become more dominant with increasing particle size causing the plasmon
absorption band to redshift while the bandwidth increases. Physically, this can be
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explained by the fact that for larger particles the light cannot polarize the nanoparticles homogeneously and retardation effects lead to the excitation of higher-order
modes (17). As the optical absorption spectra depend directly on the size of the
nanoparticles, this is regarded as an extrinsic size effect (17). In this size regime,
Mie’s theory and experimental spectra agree well until for bulk metals the normal
incidence absorption no longer shows a plasmon resonance.
For nanoparticles much smaller than the wavelength (<20 nm) of the interacting
light only the dipole oscillation contributes significantly to the extinction cross section. Mie’s theory then reduces to the following expression (dipole approximation)
(17–20):
3/2

σext =

ω · ε2 (ω)
9 · V · εm
·
.
c
[ε1 (ω) + 2 · εm ]2 + ε2 (ω)2

1.

V is the particle volume, ω is the angular frequency of the exciting light, and c
is the speed of light. ε m and ε (ω) = ε1 (ω) + iε2 (ω) are the dielectric functions of
the surrounding medium and the metal, respectively. For the metal, the dielectric
function is complex and depends on the frequency. The resonance condition is
fulfilled roughly when ε1 (ω) = –2 ∗ ε m if ε 2 is small or weakly dependent on ω.
Within the dipole approximation (Equation 1) the surface plasmon resonance is
independent of the particle size. This is in strong contradiction with experimental
results on metallic nanoparticles much smaller than 10 nm (17). Experimentally
a size dependence is observed as the plasmon band is strongly damped for small
particles and even disappears completely for nanoparticles less than about 2 nm
(31a,b; 32). Very small nanoparticles in the size range below 2 nm are better treated
as molecular clusters with discrete electronic states (see below), and the assumption
of a delocalized free electron gas is no longer valid. But even for particles within an
intermediate size range from 2–20 nm with established electronic bands, the question about the validity of bulk optical properties stemming from a bulk dielectric
function arises. It has therefore been argued that the dielectric function needs to be
modified to account for the smaller particle size before using Mie’s equation in the
dipole approximation. In one of the earliest attempts to account for the observed
size effects, it was argued by Kreibig and coworkers (33a,b,c) in a classical picture
that electron-surface scattering must be enhanced in small particles because the
mean free path of the conduction electrons is limited by the physical dimensions
of the nanoparticle. The mean free path of the electrons in silver and gold is on the
order of 40–50 nm (30). Assuming that the dielectric function can be decomposed
into a contribution from the interband transitions and a free electron part, the latter
can be modified within the Drude free-electron model to account for enhanced
electron-surface scattering as a function of the particle radius r. The dielectric
function therefore becomes size dependent [ε(ω, r)], and this can then explain the
observed 1/r dependence of the plasmon bandwidth (17, 33). Because the material
dielectric function itself is size dependent in contrast to the extrinsic size region
(>20 nm), size effects for smaller nanoparticles are called intrinsic size effects (17).
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This approach allows the calculation of absorption spectra over a wide range
of sizes using the same equations first developed by Mie, which made this method
of correcting for small particle-size effects so attractive. Many other effects like
the “spill out” of the conduction electrons have also been considered and were
incorporated by changing the bulk dielectric function appropriately (34–44). On
the other hand, for small nanoparticles below 5 nm the direct computation of the
polarizability of the nanoparticles can be accomplished by quantum mechanical
calculation. The jellium approximation (42) for example neglects the structure
of the ion lattice and replaces it by a uniform, positively charged background.
The optical response is then calculated with the Time Dependent Local Density Approximation (TDLDA) using the density functional formalism. Palpant
et al. (45a) prepared gold clusters in the 2–4 nm size range and found that the
plasmon absorption is damped and blueshifted with decreasing particle size. The
experimental results can be understood in the framework of the TDLDA, including the electronic density spill-out effect, the embedding matrix index, and the
influence of d-electrons. A compilation and comprehensive overview of the different effects affecting the plasmon absorption band together with various theoretical approaches with references to the original work can be found in Reference
17.
Mie’s theory was developed for particles of spherical shape only. For cylindrical or oblate nanoparticles, Gans (46) extended Mie’s theory within the dipole
approximation. The particles are usually characterized by their aspect ratio, which
is defined by the ratio between the length and the width of the particle. The plasmon resonance for nanorods splits into two bands. As the aspect ratio increases,
the energy separation between the resonance frequencies of the two plasmon bands
increases (47–49). The high-energy band corresponds to the oscillation of the electrons perpendicular to the major rod axis and is referred to as the transverse plasmon
absorption. The other absorption band, which is redshifted to lower energies, is
caused by the oscillation of the electrons along the major rod axis and is known
as the longitudinal surface plasmon absorption. Figure 2a shows the absorption
spectrum of a nanorod sample having an aspect ratio of 3.3 compared to the 22-nm
nanodots. The inset shows how the maxima of the transverse (squares) and longitudinal (spheres) surface plasmon modes vary with aspect ratio. The transverse
plasmon absorption band is relatively insensitive to the nanorod aspect ratio and
coincides spectrally with the surface plasmon oscillation of the nanodots. The
linear spectral dependence of the longitudinal surface plasmon absorption can be
reproduced using Gans’ theory (48, 49).
Also shown in Figure 2b is the absorption of mixed gold-silver alloy nanoparticles with a gold mole fraction xAu = 0.27. The plasmon absorption can be shifted
linearly with the mole fraction between the maxima of pure silver (400 nm) and
pure gold (520 nm) nanodots, allowing controlled tuning of the absorption band
(50). In Figure 2b the experimental spectrum of the gold-silver alloy nanoparticles
is compared to a calculated spectrum using the dipole approximation (Equation 1)
and the dielectric function of the gold-silver alloy determined from a thin film
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with a similar composition (xAu = 0.28). This shows the good agreement and
applicability of Mie’s theory with experiment and also verifies the formation of
alloy particles through the use of the dielectric function of the alloy.
In general, Mie’s theory is only valid for very low concentrations of the nanoparticles in a solvent or solid matrix. It is assumed that the individual particles are
noninteracting and separated far enough that the electric field created around one
particle by the excitation of a surface plasmon resonance is not felt by other surrounding particles. If the interparticle distances become smaller than the spherical
particle dimensions, or even when aggregation occurs, the plasmon resonance
redshifts, and often a second absorption peak at longer wavelength is observed
(17, 51). This second band could be regarded as a longitudinal resonance similar
to the nanorods in case of chain-like aggregation of the individual nanodots. In
the case of particle aggregation, and for composite materials like densely packed
nanoparticles in a transparent host medium or nanoparticle assemblies (see below), effective medium theories are better suited to explain their optical absorption
spectra (17–20).
Maxwell-Garnett theory (52), an effective medium theory, treats materials in
which particles are isolated from each other by a layer of an insulating dielectric.
However, particle dimensions and interparticle distances are considered to be infinitely small compared to the wavelength of the interacting light. Maxwell-Garnett
theory is based on the Clausius-Masotti equation, and it assumes that it is justified
to describe the composite material containing metal nanoparticles embedded in
an inert host medium by an effective complex dielectric constant, which in turn is
related to the optical refractive index and the absorption coefficient.
Martin and coworkers (53a–e) have used and extended Maxwell-Garnett theory
in order to explain the optical absorption spectra of needle-like and pancake-like
gold nanoparticles in a porous alumina membrane. The particles are prepared by
electrochemical deposition of the gold into the nanopores of the template. The
particles are all well aligned in one direction parallel to each other, and the aspect
ratio can be controlled by the total deposition time.
It has become necessary, however, to account for the optical absorption properties and the shifts in the plasmon resonance for any arbitrary shape of the particles.
Schatz (54) has developed and applied the finite element discrete dipole approximation (DDA) theory to nonspherical particles in particular nanoparticle arrays with
varying size, shape, substrate, and solvent coverage produced by the nanosphere
lithography (55) method pioneered by Van Duyne et al. (see below for more

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 2 (a) Absorption spectra of 22-nm gold nanodots (dotted line) and gold
nanorods having an aspect ratio of 3.3 (solid line). The inset shows the dependence
of the transverse (squares) and longitudinal (circles) plasmon absorption maxima on
the aspect ratio. (b) Absorption spectrum of gold-silver alloy nanoparticles with a gold
mole fraction of 0.27 (dotted line) and the calculated Mie spectrum.
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details). DDA methods divide the particle into a large number of polarizable cubes,
and their induced dipole polarizations are determined self consistently. From these
polarizations the overall extinction cross section can be determined. DDA theory
has also been recently applied to nanoprisms (56) produced by photoinduced irradiation of silver nanospheres and was able to reproduce the spectral shape of the
nondegenerate plasmon resonances.

THE RELAXATION OF THE COHERENT PLASMON
OSCILLATION
Although the plasmon absorption has been well understood in terms of the electromagnetic interaction between the metal particles and light, less is known about
the decay mechanism of the coherent electron motion. Two decay mechanisms
and times have to be considered here. The dephasing of the electron motion leads
to the loss of the coherence. The speed of the dephasing is typically characterized
by the time constant T2, which is related to the inelastic decay time of the plasmon
absorption (energy decay) T1 and the pure elastic dephasing time T∗2 by (57):
1
1
0
1
=
=
+ ∗,
T2
2·h
2 · T1
T2

2.

where 0 is the homogeneous spectral linewidth. T∗2 , the pure dephasing time, may
originate from collisions that change the plasmon wave vector but not its energy.
Often T∗2 is much shorter than the energy relaxation T1 and decreases rapidly with
temperature. It then determines the value of T2. However, it is an open question
how and if T∗2 contributes at all (58). Relaxation pathways for the plasmon energy decay T1 include the radiative decay of the plasmon, which accounts for
only a small contribution [1.5% for a 20-nm particle (17)] and the nonradiative
decay into single electron-hole excitations. Depending on the location of the hole
within the conduction band or in the lower-lying bands, this can lead to intraband
or interband excitation, respectively. This would depend on the energetic overlap
of the plasmon resonance with the energy threshold of the interband transitions.
Lehmann et al. (59a,b) have shown experimentally by femtosecond time-resolved
two-photon photoemission from silver clusters supported on graphite that the resonant plasmon excitation by two photons leads to either a single photoelectron or
to the creation of at least two single-particle excitations, which share the total energy, thus confirming the decay of a plasmon resonance into a single electron-hole
excitation.
Assuming a homogeneous size distribution and therefore homogeneous line
broadening, the total dephasing time can be computed from the measured width
of the plasmon bands using Equation 2. For the plasmon absorption of the 22-nm
nanodots in Figure 2a, this would give a dephasing time of about 4 fs (60). Using nonlinear frequency mixing studies, instead of the simple spectral linewidth
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analysis, Heilweil et al. (57) found that both T1 and T2 are shorter than 48 fs for
colloidal gold nanoparticle solutions. Lamprecht et al. (61a,b) measured T2 for
lithographically produced 200-nm gold and silver nanoparticles by a second-order
nonlinear optical autocorrelation method in the femtosecond regime. They obtained dephasing times of 6 and 7 fs for gold and silver, respectively. The lithographically prepared particles were much larger than the particles used in the
examples given above (which were about 20 nm in diameter) but had the advantage of being very regular in size and shape.
A narrow size and shape distribution of the nanoparticles is essential for determining T2 accurately. Liau et al. (62) therefore combined a two-pulse second-order
interferometric autocorrelation method with an optical microscope, which allowed
them to measure the response from single silver nanoparticles with a size of 75 nm.
The setup further included an atomic force microscope (AFM) for correlated
structure-function analysis. They determined a dephasing time T2 of 10 fs.
Klar et al. (63) measured the near-field transmission spectra of individual gold
nanoparticles with an average size of 40 nm using a scanning near-field optical microscope (SNOM) and obtained dephasing times extracted from the homogeneous
linewidth varying around 8 fs. Deviations of individual particles from this value
were attributed to variations in the local environment. Furthermore, some particles
showed broad resonances with two maxima, which were attributed to interparticle
coupling. Whereas the last two examples showed the capability of single-particle
studies, a much simpler approach is to use a conventional microscope and illumination with a halogen lamp, taking advantage of the large scattering cross sections
of metal nanoparticles. This approach was chosen by Itoh et al. (64). They embedded 40-nm gold nanoparticles in PVA film of varying thickness and found a
strong dependence of the plasmon resonance frequency on the environment of the
particles as the plasmon absorption redshifts with increasing film thickness. In the
thinner films the particles were assumed to be partially surrounded by air, which
accounts for the change in the local environment.
Single particle studies seem to be ideally suited to measure the homogeneous
linewidth, and hence T2, without the problems associated with an inhomogenous
size distribution. With the simple setup of an optical microscope the homogeneous
linewidth was measured for gold nanodots and nanorods by Soennichsen et al.
(58, 65). They found much longer dephasing times for gold nanorods of up to 18 fs
determined from the homogeneous width of the longitudinal surface plasmon
resonance compared to 1–5 fs for nanodots, and they explained their results with a
reduced interband damping in the nanorods because of a decreased spectral overlap
between the longitudinal plasmon resonance at lower energies and the interband
transition. They furthermore concluded that pure dephasing T∗2 is negligible and
the plasmon dephasing T2 is mainly dominated by nonradiative decay T1 into
single-particle excitation.
The single-particle studies discussed above raise the question of whether the
frequency shift of the plasmon resonance as well as the variation in the plasmon
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bandwidth related to T2 can simply be accounted for by the dielectric constant of the
surrounding medium as predicted by the Mie equation in the dipole approximation
(Equation 1). In an elegant study by Kreibig et al. (66a,b), dephasing times of 2 and
7 fs for 2-nm silver clusters embedded in a matrix and in vacuum (naked clusters)
were determined from the width of the plasmon band. To account for this large
difference they explained the experimental results using a model known as chemical interface damping (44), in which the empty LUMO orbitals of the acceptor
molecules on the particle surface can couple with the free electrons in the conduction band of the metal. The smaller the energy difference is between the donor and
acceptor levels, the stronger the coupling is. Electron transfer between the levels
becomes possible after excitation of a plasmon resonance. After the excited electrons have transferred into the empty acceptor levels and then back, they have lost
coherence with the rest of the electrons excited during the plasmon excitation. This
in turn then corresponds to a broader bandwidth because of a faster dephasing. As
the electronic structure and therefore the energetic position of the LUMO varies
for different adsorbate molecules, it is expected that the plasmon resonance of the
same metal cluster will experience different degrees of damping depending on the
specific electronic structure of the surface-bound molecules relative to those of
the metallic electronic structure (Fermi level) and not just depending on the effective dielectric constant of the medium. Indeed, this is what Kreibig et al. (66) found
experimentally when the same silver clusters produced in the gas phase are first
deposited on a SiO2 substrate and then later embedded in SiO2 by co-deposition
of SiO2. Single particle studies with metal nanoparticles embedded in different
media might be able to shed further light on the influence of the chemical nature
of the interface.
Spectral hole burning is another technique that gives information about the
homogeneous linewidth of an absorption, which was recently applied to small
supported oblate silver nanoparticles with radii of 7.5 nm (67a,b). Stietz et al.
took advantage of the shape dependence of the plasmon resonance for the oblate
particles and the possibility of inducing a shape change by laser irradiation with
a narrow linewidth nanosecond laser. Laser irradiation leads to a shape change
of the oblate particles by atom evaporation causing a transformation to more
spherical particles. This in turn results in a decrease of the plasmon intensity
for the particles with a certain aspect ratio absorbing at the frequency of the
laser (see also below the discussion on the laser-induced shape changes of metal
nanoparticles). The difference spectrum between before and after laser irradiation gives an optical hole whose linewidth is assumed to be homogeneously
broadened when extrapolated to low laser fluences. A dephasing time of 4.8
fs was extracted by this method for the silver particles with a mean radius
of 7.5 nm.
The knowledge of T2 is not only important for the basic understanding of the
decay mechanisms of the plasmon resonance, but also T2 is furthermore related
to the enhancement factor of the electric field near the particle surface (17). This
local field enhancement is important in applications such as SERS and plays a
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crucial role for the observation of luminescence from metallic nanoparticles. Both
phenomena are discussed next.

ENHANCED LUMINESCENCE PROPERTIES
OF METAL NANOPARTICLES
Photoluminescence from bulk copper and gold was first observed by Mooradian
(68) and has been used extensively in characterizing the carrier relaxation and
the band structure of metals (69–74). It was found that the emission peak was
centered near the interband absorption edge of the metal and therefore was attributed to direct radiative recombination of the excited electrons with holes in
the d-band. However, the quantum efficiency of the photoluminescence from bulk
noble metals is very low, typically on the order of 10–10 (68). A more extensive experimental study on the photoluminescence of copper, silver, and gold was carried
out by Boyd et al. (70). They were able to model their experimental results and
determined the relation between the spectral peaks and the interband recombinations at selected symmetry points in the Brillouin zone. Furthermore, Boyd et al.
(70) also studied the effect of the surface roughness on the photoluminescence
properties of noble metals. Surprisingly, the luminescence is enhanced by several
orders of magnitude on rough metal surfaces, which is known as the lightning
rod effect (70; 75a,b). Roughing metal surfaces can be thought of as creating a
collection of randomly oriented hemispheroids of nanometer dimensions on the
smooth surfaces. These hemispheroids show a surface plasmon resonance similar to the gold nanorods, and therefore the incoming and outgoing electric fields
are amplified by the local field created around the hemispheroids by the plasmon
resonances.
This kind of enhancement has been proposed for the observed luminescence
of gold nanorods (76). The luminescence efficiency is found to increase by six
orders of magnitude because of this lightning rod effect. Figure 3a and 3b show
the absorption and steady-state fluorescence spectra, respectively, of three gold
nanorod samples having average aspect ratios of 2.6, 3.3, and 5.4. The spectra reveal the presence of an emission band between 550 and 600 nm. The fluorescence
maximum redshifts with increasing nanorod aspect ratio. This is illustrated in the
inset of Figure 3b, where the fluorescence maximum is plotted against the nanorod
aspect ratio. A linear dependence is found experimentally (76). Furthermore, the
luminescence quantum efficiency increases linearly with the square of the aspect
ratio (76). On the other hand, gold nanodots with diameters between 20 and 30 nm
prepared by the same electrochemical method do not show a comparable emission.
This leads to the conclusion that the longitudinal plasmon resonance absorbing
at longer wavelengths is more effective in amplifying the fluorescence in gold
nanoparticles compared to the surface plasmon resonance of spheres as the longitudinal plasmon resonance is less damped. This is in agreement with the longer
dephasing times measured for the rods (58).
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Figure 3 Absorption (a) and luminescence (b) spectra of colloidal gold nanorods with
aspect ratios of 2.6, 3.3, and 5.4 (480-nm excitation). The inset shows the linear dependence
of the luminescence maximum on the aspect ratio.
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Wilcoxon et al. (77) reported that very small spherical gold clusters (<5 nm)
show an emission at 440 nm when excited at 230 nm. The quantum yield is increased to 10–4–10–5 compared to the value of bulk gold, similar to the enhancement
of the photoluminescence of gold nanorods. The same authors also found that the
luminescence is absent in larger nanodots of 15 nm in diameter. They furthermore
observed a difference in the photoluminescence for particles prepared in water
compared to particles prepared in an oil-based inverse micelle method, where the
latter shows an additional redshifted luminescence peak.
In both studies, the origin of the photoluminescence was attributed to the radiative recombination of an electron-hole pair. The incident photons are initially
absorbed by the d-band electrons leading to interband transitions. The photon energy promotes these electrons from the filled d-band to electronic states above
the Fermi level in the sp-conduction band. Both electrons and holes can relax by
scattering with phonons but then recombine radiatively to give rise to the observed
luminescence. Such an intrinsic emission profile is then modified by the local field
created around the nanoparticles caused by excitation of the plasmon resonance.
The theory of the local field effect has been successfully applied in various cases
to explain results on second harmonic generation, surface-enhanced Raman scattering, and luminescence observed from rough noble metal surfaces (70; 75a,b).
The same theory was also applied to the luminescence of gold nanorods and was
able to reproduce the linear dependence of the luminescence maximum and the
quadratic dependence of the quantum yield on the aspect ratio (76).
Using time-resolved femtosecond fluorescence up-conversion Varnavski et al.
(78) studied the ultrafast photoluminescence dynamics of gold- and silver-dendrimer
nanocomposites with a metal size of about 15 nm. They found a fast 70 fs fluorescence decay component associated with the luminescence from the metal core
and attributed its increased magnitude to the local field enhancement. Anisotropy
measurements show that the luminescence is depolarized, which agrees well with
an even faster dephasing time as discussed above.

ENHANCED SURFACE RAMAN SCATTERING
OF MOLECULES ON NANOCRYSTALS
The same local field effect is also observed in Raman scattering from molecules absorbed on the surfaces of rough metals, nanoparticle aggregates, or single nanoparticles (71, 79–90). The surface enhanced Raman Scattering (SERS) signal is enhanced by several orders of magnitude. Typical enhancement factors for ensemble
measurements are about 106–107 (71, 79–81), which are attributed to the enhancement of the otherwise weak Raman scattering signal by the electromagnetic field
near the particle’s surface. Particularly high enhancement seems to exist for aggregated colloidal silver or gold nanoparticles induced by halide ions (71, 81, 83).
Plasmon resonances in such structures can result in a strong confinement of the
optical field in very small areas between the aggregated particles (hot spots).
The exact role of the halide ions, beyond inducing the particle aggregation, is
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however not clear. A second enhancement mechanism, which contributes to the
SERS, is the chemical interaction of the surface-adsorbed molecule with the metal.
Chemisorbed molecules experience an additional enhancement of about 102 compared to physisorbed particles (71, 79–81), which may result from a resonant scattering process caused by an absorption-induced metal-to-molecule or moleculeto-metal charge transfer electronic transition. The nanoparticles can therefore be
regarded as nanoamplifiers, and since the discovery of this effect, SERS has been
studied intensively (71, 79–90). It is a convenient tool of increasing the sensitivity
of the otherwise weak Raman signal.
The role of the nanoparticle shape on the SERS enhancement was studied
by Nikoobakht et al. (89a) who found that gold nanorods showed a significant
SERS effect for the adsorbed surfactant molecules whereas nanodots showed no
activity under similar conditions in which the nanoparticles were adsorbed on
silicon or alumina substrates. Pyridine also showed an enhanced Raman signal
when adsorbed to the nanorods. The excitation wavelength was 1064 nm, which
is close to the longitudinal plasmon resonance compared to the spheres but not in
direct resonance. The ability to tune the plasmon resonance to the wavelength of
the excitation light by changing the aspect ratio of the nanorods is demonstrated
by the same workers (B. Nikoobakht, M.A. El-Sayed, unpublished manuscript).
Similarly, gold and silver nanoshell particles have been tailored by Halas and
coworkers (90) so that their plasmon absorption becomes resonant with the Raman
excitation wavelength in the IR. They have found optimum SERS intensities when
enough gold is deposited on the silica cores to form a nearly complete metal shell.
Further metal deposition leads to a decrease in the SERS intensity.
Because of the large enhancement factor observed for SERS, single-particle
studies have recently been carried out by several groups investigating the SERS
signal from molecules on a single nanoparticle (85–88). Interestingly, some very
different results compared to the ensemble measurements have been found. The
most important observations, which have come about from these experiments,
are that not all metal nanoparticle surfaces are SERS active and that the single
particle enhancement factor is actually on the order of 1014–1015 (85a–d; 86). This
fact was completely missed by ensemble measurement, although the existence of
“hot” particles has been suggested (83) owing to the nonlinear increase of the
SERS intensity with the analyte molecule concentration.
Nie and coworkers (85a–d) studied the SERS of rhodamine 6G on silver particles. Combining an optical microscope with an AFM, they carried out structural
studies on the same SERS active silver particles and found that for longer excitation
wavelengths the SERS active particles have a larger diameter. The distribution of
active particles for a certain wavelength falls into a rather narrow size range. Similar results were obtained for gold nanoparticles, and they showed that 60–70-nm
particles are most active at 647-nm laser excitation. Aggregation of particles furthermore revealed an increased SERS intensity but does not produce optically
“hot” aggregates if the individual particles are not active themselves. Activation
can however occur through addition of halide ions. A complex formed on the particle surface between a metal cation, a halide anion, and the analyte molecule is
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suggested to be the active site for SERS. Performing time-resolved studies, the
same authors also observed an intermittent light emission, which is a clear feature of single-particle spectroscopy. It is usually attributed to molecular oxygen
quenching of the fluorescence, although its origin in SERS is less understood. Possible explanations (85c) involve photoinduced ionization and thermally activated
diffusion of the molecule on the particle surface.
Kneipp et al. (86) independently developed single-particle SERS using crystal
violet adsorbed on silver nanoparticles and near infrared excitation, which allowed
for nonresonant excitation conditions. Under nonresonant conditions they also
observed an enhancement factor of 1014. They further demonstrated that single
particle SERS can be extended to surface-enhanced hyper-Raman scattering as well
as surface-enhanced anti-Stokes Raman scattering as tools for nonlinear singlemolecule Raman spectroscopy. For the normally weak surface-enhanced hyperRaman scattering, an enhancement factor of 1020 was obtained.
Michaels et al. (87a,b) and also Xu et al. (88) show by AFM and optical imaging
that the silver nanoparticles, which yield SERS of single molecules, are all compact
aggregates of at least two individual particles. The adsorbed molecules are most
likely located at the junction between two particles. Michaels et al. (87a,b) further
showed that there is no direct correlation between the Rayleigh scattering from
the active metal nanoparticles and the SERS intensity. The Rayleigh scattering
spectrum shows the plasmon absorption of the metal nanoparticle, which can
vary greatly for different sizes and shapes. The authors argue that factors other
than simply an intense plasmon resonance are responsible for the observed large
enhancement factors for single-molecule SERS.
Although more work seems to be necessary to distinguish and clarify the different enhancement mechanism and to find the optimum particle size and shape and
activation, it can already be concluded that single-particle SERS provides a powerful tool to investigate single molecules absorbed to the nanoparticle surface. The
metal particles in this case only serve as amplifiers of the Raman signal whereas
the adsorbed molecules can be studied through their Raman spectrum. The overall advantage of single-particle SERS compared to single-molecule fluorescence
is that Raman spectroscopy actually yields molecular structure information. Furthermore, the duty cycle of the molecule in SERS is high because of the lack of
direct electronic excitation, which leads to molecule bleaching in fluorescence microscopy. Furthermore, this opens the possibility of studying biomolecules, which
usually have a very low fluorescence quantum yield.

ULTRAFAST DYNAMICS: ELECTRON-PHONON AND
PHONON-PHONON RELAXATION IN NANOCRYSTALS
The interaction between metal nanoparticles with femtosecond laser light has been
of great interest recently (91–103) as time-resolved transient absorption spectroscopy allows one to follow the electron relaxation dynamics. The excitation of
the electrons by a femtosecond laser pulse leads to a perturbation of the electron
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distribution in the metal, which is given by a Fermi distribution. The initially created electron distribution is highly nonthermal, and the first relaxation step is the
electron thermalization by electron-electron scattering establishing a new Fermi
electron distribution corresponding to a higher temperature. This is extremely fast
in bulk metals [500 fs for gold (104) and 350 fs for silver (105)], and Vallee and
coworkers have studied the size dependence of this first relaxation step for silver
nanoparticles with radii between 1.6 to 13 nm embedded in glass matrices under low excitation powers (106). The electron thermalization manifests itself in a
slower rise time of the transient signal compared to the 60-fs probe pulses. They
found an increase in the electron energy exchange rate for nanoparticles smaller
than 5 nm, which they attribute to enhanced electron-electron scattering caused by
surface-induced reduction of the Coulomb interaction screening by the conduction
and core electrons and possible electron-surface scattering.
The electron thermalization is followed by the energy exchange between the
electrons and the lattice via electron-phonon coupling. The electron-phonon coupling was found to be size and shape independent for gold nanoparticles in the size
range from 2 to 120 nm and rods of aspect ratio from 2 to 5 (95; 96a,b). The measured electron-phonon relaxation times depend on the laser pump power and are on
the order of a few picoseconds (1–4 ps). The results obtained for the nanoparticles,
furthermore, compare well with the electron-phonon coupling constant measured
for bulk metal using similar time-resolved laser techniques (104).
The independence of the electron-phonon relaxation in gold nanoparticles is
rather surprising considering that the mean free path of the electrons is only about
40 nm. In particles smaller than 40 nm, electron-surface scattering should become
more frequent than electron-lattice scattering itself. Therefore it was thought that
enhanced electron-surface coupling in small particles should give rise to a pronounced size dependence for the electron cooling dynamics in particles smaller
than the electron mean free path. Indeed this is thought to be the reason for the
increased dephasing times of the coherent plasmon oscillation in small particles
leading to a broader plasmon absorption band as discussed above. However, for the
electron-phonon relaxation dynamics this is not observed experimentally. Using a
theory developed by Belotskii et al. (107), Hartland and coworkers (108) showed
that the coupling constant between the electrons with acoustic and capillary modes
of the surface phonons is determined by the ratio of the number of valence electrons in the atom to the atomic mass of the metal. Because of the small number
of the valence electrons in gold (only one electron) combined with a large atomic
mass, the contribution of electron-surface scattering to the overall electron-phonon
scattering cross section is very small. Hartland et al. have calculated a contribution
of less than 10%. Consistent with this model are also the results obtained by Stella
et al. (109) who reported a size-dependent electron–surface interaction for 2-, 4-,
and 6-nm tin particles embedded in an Al2O3 matrix by femtosecond transient reflectivity measurements. They measured decreasing lifetimes with decreasing size
corresponding to an increase in electron-surface scattering in the tin nanoparticles
where the mean free path is 4.4 nm. In comparison to gold, tin is a much lighter
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element with 4 valence electrons, and the experimentally observed size effect is in
agreement with this model.
The pump power dependence of the electron-phonon relaxation is explained by
the temperature dependence of the electronic heat capacity leading to longer relaxation times at high pump intensities (95; 96a,b). In the low perturbation regime,
using very weak laser excitation, the electron-phonon relaxation actually becomes
pump power independent. Under these conditions, Del Fatti et al. (110) reported
a decrease in the electron-phonon relaxation times from 800 to 500 fs for silver
nanoparticles in a glass matrix as the size is reduced from 30 nm to 4 nm with a
change of relaxation times occurring for particles smaller than 10 nm in diameter.
They attributed the size dependence of the electron-phonon relaxation to an enhanced inelastic electron-surface scattering. The difference in the size dependence
of the electron-phonon relaxation time observed for the silver particles compared
to the gold nanoparticles discussed above might be explained by the fact that the
experiments on gold were mainly performed under strong excitation conditions
and extrapolated to the low power regime. The possibility of a contribution from
the surrounding matrix might also be considered.
Experimentally, the described processes manifest themselves in a bleaching of
the plasmon band in the case of gold nanoparticles. Figure 4 shows the transient
absorption spectra of 15-nm spherical gold nanoparticles excited at 400 nm with
femtosecond pulses and probed at different delay times. The inset shows the decay
of the bleach intensity at the plasmon maximum from which the electron-phonon
relaxation can be determined. Physically, this transient behavior of the plasmon
band bleaching can also be understood as a faster dephasing time T2 of the coherent plasmon oscillation as argued by Perner et al. (94). At higher temperatures
the occupation of higher electronic states leads to an increased electron-scattering
rate as known from Fermi liquid theory (30) and thus to an increased damping of
the plasmon oscillation. Perner et al. found an increase of the plasmon bandwidth
of gold nanoparticles embedded in a sol-gel matrix by 120 meV and calculated an
average electron-electron-scattering rate of (10 fs)–1 for a hot electron distribution
at 4000 K. Hartland and coworkers (95) on the other hand, argue that the plasmon band bleach in gold nanoparticles can be fully explained by a modification
of the dielectric function as a result of an increased electron temperature. This
modified dielectric function then enters through the Mie equation by which the
plasmon band absorption can be calculated for a higher electron temperature. The
observed spectra are the difference spectra between the ground state absorption
and the plasmon absorption at an elevated temperature. Vallee and coworkers (91)
have performed extensive calculations in combination with their experiments, exclusively performed in the low perturbation regime, in order to analyze the contribution of the core and conduction electrons, respectively, to the observed transient
signal in mainly silver and also gold nanoparticles. They also use the approach of
a temperature-modified dielectric constant in analogy to their prior work on thin
metallic films (104). Although the exact physical origin of the observed transient
absorption signal might be debated in the literature there is no argument that the
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Figure 4 Transient absorption spectra of 15-nm gold nanodots recorded at various delay
times after excitation with 400-nm femtosecond laser pulses together with the ground state
absorption. The inset shows the recovery of the transient absorption signal monitored at the
plasmon bleach maximum (520 nm).

plasmon resonance is a useful and very sensitive probe for the electron dynamics
in confined metallic systems.
The recovery of the bleach is related not only to the energy exchange between
the excited electrons and the particle lattice, but also between the particle and its
surrounding medium by phonon-phonon coupling. This last step can be correlated
to the long decay time observed in the transient absorption dynamics as seen in
the inset of Figure 4. The phonon-phonon coupling is on the order of several
hundred picoseconds as measured for metallic nanoparticles in solution as well as
in a glass matrix (94–96a,b). The phonon-phonon relaxation time is proportional
to the square of the particle radius as recently shown by Hu et al. (111) for gold
nanoparticles in aqueous solution.
The effect of changing the surrounding medium was studied by El-Sayed and
coworkers (112a,b) who found that the surrounding medium has a significant effect
on the cooling dynamics of the hot electrons in gold nanoparticles. Both of the two
decay components of the plasmon bleach recovery (electron-phonon and phononphonon) are influenced by the surrounding medium when the medium is changed
from an organic solution to MgSO4 powder (112a) or from aqueous solution to a
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series of polymer gels (hydrogel and different organic gels) (112b). The recovery
times become slower when the thermal contact between the particles and the matrix
is decreased (as in the MgSO4 powder system) or when the thermal conductivity
of the medium is decreased (as for the organic gels compared to the hydrogel).
These results confirm that the surface properties of the metallic nanoparticles and
the thermal properties of the surrounding medium play important roles in the
cooling dynamics of the hot carriers in metallic nanoparticles. Similar results have
been obtained by Bigot et al. (113) who measured the relaxation dynamics of
6.5-nm silver nanoparticles embedded in two different types of transparent glasses
(alumina and glass). They found an increase of the electron-phonon relaxation time
from 0.77 to 1.4 ps when comparing the alumina and glass matrices, respectively.
They explained their results in terms of the better heat conductivity of the alumina.
An interesting study was also recently reported by Westcott et al. (114) who showed
that the chemical nature of surface-adsorbed molecules could have an effect on the
electron dynamics of gold core-shell nanoparticles. They found that the molecules
providing the strongest change in the dynamics decreasing the electron relaxation
time from 2.7 ps to 1.7 ps have the largest induced dipole moments near the metal
surface. More experiments are necessary to elucidate the mechanism involved in
the heat transfer from the gold nanoparticles to the surrounding matrix (i.e., the
nature of the particle-maxtrix coupling and the type of phonons involved) and the
heat transport away from the hot particles.

ACOUSTIC BREATHING MODES OF NANOCRYSTALS
For spherical particles, an acoustic breathing of the hot nanoparticles has been
observed in the femtosecond pump-probe studies (115–118a,b). Because of the fast
heating of the electrons and the lattice with a femtosecond laser pulse, the increase
of the lattice temperature causes the particles to expand. If the timescale for heating
is faster than the period of an acoustic phonon mode of the nanoparticle, then this
mode can be excited impulsively. This coherent volume change of the nanoparticles
(breathing) can be observed experimentally by femtosecond transient absorption
spectroscopy because a volume change of the particles causes a shift in the plasmon
absorption maximum. At the high energy side of the plasmon band the acoustic
breathing causes an oscillation of the transient absorption, which is 180 degrees out
of phase with respect to the signal observed at the low energy side. These breathing
modes can be accurately modeled by a damped harmonic oscillator with the thermal
lattice expansion caused by laser heating as the driving force (115a–d; 116). Good
agreement between theory and experiment is found when the pressure caused by
the hot electron gas produced during laser excitation is taken into account in order
to reproduce the correct initial phase of the oscillations (115a–d). It was further
found that the frequencies of the acoustic modes are inversely proportional to the
nanoparticle radius (115a–d; 116), and for silver nanorods (117) two oscillation
periods were observed for the transverse and longitudinal mode, respectively. Gold
nanorods were investigated as well (115d), and it was found that the oscillation
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period depends linearly on the nanorod length. Because of the size polydispersity
of the gold nanorod samples, the measured period also depends on the observation
wavelength.
A comparison between the oscillation frequency and damping rate for metallic
particles in different media showed that the frequency is environment independent,
while the damping rate is strongly influenced by the nature and acoustic response
of the surrounding material (116). In a “soft” environment like the colloidal solutions, the damping is not influenced by particle-environment interactions, and the
damping rate is determined by the inhomogenous size distribution of the sample,
which in turn presents a way to measure the sample size distribution (115a–d). In
a “hard” environment like a transparent glass matrix the coupling to the medium
will determine the damping rate. The damping rate is therefore connected to the
particle-environment interactions. On the other hand, the oscillation frequency is
only dependent on the metal itself and can be related to the mechanical properties
of the metal (through the Young’s modulus, which enters the theoretical calculation of the spherical breathing modes). These types of investigations hence offer a
great deal of information about the overall nanoparticle system, and optical techniques might be able to measure mechanical properties of nanoparticles otherwise
inaccessible.

TRANSITION BETWEEN COLLECTIVE ELECTRONIC
PROPERTIES AND THE MOLECULAR CLUSTER LIMIT
The metallic nanoparticles discussed so far all have a strong plasmon resonance
dominating their optical properties. As mentioned above, the plasmon band in
gold nanoparticles is strongly damped for smaller particles until it disappears for
particles smaller than about 2 nm in size. The two-phase reduction method for
the preparation of alkylthiol monolayer-protected gold particles first introduced
by Schiffrin and coworkers (119) and used extensively by the groups of Whetten
(31a,b) and Murray (32) has made it possible to study this small cluster regime
in more detail without the use of a high-vacuum cluster-beam apparatus. The protected gold particles are stable and can be separated by chemical techniques for
mass-spectroscopic analysis (32). Certain sizes have been found to be extremely
stable in accordance with a magic number model. This class of particles allows
the study of size-dependent properties especially in the limit of the particle-tomolecule transition regime. The former is dominated by collective electron behavior (plasmon resonance), whereas the latter shows single-electron excitation as well
as chemical redox behavior as recently found by electrochemical measurements
(120). Indeed, it was found that for particles studied in the size range between
1.1 and 1.9 nm, larger cores display Coulomb staircase responses consistent with
double-layer charging of metal-electrolyte interfaces, while smaller cores exhibit
redox chemical character, including a large central gap.
Among the smallest clusters synthesized is a very stable, water-soluble 28-atom
gold cluster (121), which is capped by a monolayer of 16 tripeptide glutathione
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units (GSH = γ -Glu-Cys-Gly). The optical absorption spectrum (see Figures 5a,b) of these clusters is well structured with a distinct absorption onset
near 1.31 eV (950 nm) corresponding to the above mentioned electronic gap between the highest occupied (molecular) orbital and the lowest unoccupied orbital
(HOMO-LUMO gap). A first strong absorption maximum is seen at 1.84 eV
(675 nm) followed by a continuous increase in the absorption intensity at higher
energies. Luminescence experiments (122) (see Figure 5b) found that these clusters have two separate luminescence bands with maxima at 1.5 and 1.15 eV (800
and 1100 nm). The total quantum yield of the luminescence as measured at ambient
temperature is approximated to be about 3.5 ± 1.0 ∗ 10–3 with a lifetime in the
microsecond range. Because of the unusually high luminescence quantum yield
for a metallic cluster, it was suggested that the short- and long-wavelength luminescence bands could be assigned to the fluorescence and phosphorescence from
excited singlet and triplet states, respectively, in analogy to the photophysical properties of a molecule (122). Femtosecond transient absorption studies (123) (see
Figure 5a) further showed an induced transient absorption instead of a plasmon
band bleach with a double-exponential decay that is independent of the laser pump
power. These observations, especially when compared to the larger nanoparticles,
clearly indicate a molecular-type behavior with single-electron excitation. Such a
small cluster, with only 28 core atoms and a much bulkier organic ligand shell,
should therefore be regarded as a molecule. In this example, nanoparticle research
is closing the gap with the inorganic cluster field.
A similar small gold cluster stabilized by phosphine ligands has been the center
of much attention. It is the Au55 cluster prepared in Schmid’s group (124). It has
mainly been investigated with respect to its structural characterization, but Smith
et al. (125) also carried out femtosecond dynamics studies and came to a similar
conclusion that this cluster should be treated more like a molecule when compared
to larger particles.
The changes in electronic properties and the transition from a metal to a nonmetal have also very significant consequences for the chemical reactivity of the
clusters. It should be mentioned that gold showed catalytic activity for the oxidation of CO with a maximum for 3.5-nm particles supported on titania (126). This
is so surprising because bulk gold derives its noble character from its chemical
inertness. One of the many examples why “small is different.”

LASER PHOTOTHERMAL-INDUCED SHAPE
CHANGES OF METAL NANOPARTICLES
Using laser light as a source of thermal energy provides the possibility of selectively heating the metallic nanoparticles inside a host medium while the surrounding material initially remains cold. This provides the opportunity to thermally
change the size and shape of metallic nanoparticles through melting and evaporation at high-enough laser intensities (127–133a,b). For nonspherical particles the
nondegenerate plasmon absorption allows one to selectively photothermally heat
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and thus change only a certain shape (aspect ratio) of a sample having a broad size
and shape distribution (130–133a,b).
In the case of spherical nanoparticles, it has been reported that irradiation of
gold particles with 532-nm nanosecond laser pulses leads to fragmentation of the
nanodots as studied by Koda et al. (127a,b). This was explained in terms of the
slow heat release of the deposited laser energy into the surrounding solvent, which
leads to melting and even vaporization of the nanoparticles as estimated from
the deposited laser energy and the absorption cross section. As the nanoparticles
cannot cool off as fast as they are heated, they fragment into smaller nanodots.
The size reduction of silver nanoparticles in a glass matrix induced by excimer
laser irradiation at 248 nm was also explained by a thermal model (128). On the
other hand, in a study on silver nanoparticles, which were irradiated with 355-nm
picosecond laser pulses, Kamat et al. (129) proposed that the initial ejection of
photoelectrons causes the particles to become positively charged. The repulsion
between the charges then leads to fragmentation.
Although the above mentioned studies produced smaller particles from a starting
distribution of spherical nanoparticles mainly by fragmentation, Bosbach et al.
(132a,b) took advantage of the fact that nonspherical particles can be irradiated
selectively depending on their shape as the laser frequency can be tuned to a
certain narrow frequency of the surface plasmon resonance corresponding to a
certain shape. In this manner, they narrowed the size distribution of oblate silver
nanoparticles with a mean radius of 6 nm in ultrahigh vacuum using a tunable
nanosecond laser. Laser irradiation leads to the evaporation of atoms preferentially
at the edges of the oblate particles, transforming them into more spherical particles
with an aspect ratio closer to 1. Successive tuning of the laser frequency can in
this way be used to produce a homogeneous size distribution.
Not only has laser light been used to control the particle size and shape of
nanoparticles prepared by various methods in solution, supported or embedded
in a solid medium, but it has also been used to prepare metallic nanoparticles
by laser irradiation of a metal target immersed in a liquid solution in the presence of stabilizing surfactants (134–139a,b). Mafune et al. (134a–e) combined the
creation of gold nanoparticles by laser ablation in aqueous solution containing
sodium dodecyl sulfate with subsequent fragmentation in order to produce sizeselected gold nanoparticles. The ablation was carried out with 1064-nm laser
light and the fragmentation was induced with 532 nm in resonance with the
gold nanoparticle absorption. The size of the gold nanoparticles can be varied

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 5 (a) Transient absorption and ground state spectra of a 28-atom gold cluster
recorded at different delay times after excitation with 400-nm femtosecond laser pulses.
The inset shows the excited state dynamics observed at 600 nm. (b) Luminescence
spectrum of the Au28 cluster after 532-nm excitation together with the ground state
absorption spectrum.
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between 1.7 and 5.5 nm and depends on the surfactant concentration and the laser
fluence.
Using ultrashort femtosecond laser pulses has been found to have a great advantage over using longer nanosecond pulses. We found that the efficiency of the
laser-induced melting is pulse-width dependent for gold nanorods irradiated at the
absorption wavelength of the longitudinal surface plasmon band (133a,b). With
nanosecond laser pulses the energy threshold for the complete melting of the gold
nanorods is on the order of 100 times larger than when using femtosecond laser
pulses. In addition, at higher pulse energies fragmentation of the nanorods is observed (see Figure 6c), whereas at lower pulse energies only an incomplete melting
and a high abundance of odd-shaped particles are seen (133a,b). This leads to the
conclusion that nanosecond pulses are less suitable for melting gold nanorods in
colloidal solution compared to shorter laser pulses. A likely explanation for this
observation is the fact that the cooling of the nanoparticles (on the order of hundreds of ps, see above) can compete with the heating of the particles when long
pulses are used for excitation. In addition, the optical density of the sample may
change during the pulse duration of several nanoseconds as the plasmon band
shows strong bleaching initially after laser excitation.
We found (133a,b) that under controlled femtosecond pulse energies, colloidal
gold nanorods are transformed into spherical particles (Figure 6b). Under these
conditions, complete melting of the nanorods in solution into spheres of similar volume takes place without detectable fragmentation (as determined by TEM
studies). We have found that the melting time for this process in solution is
30 ps (140). This time is slower than heating of the nanoparticle lattice by electronphonon interactions (∼1 ps) but faster than cooling of the lattice by heat transfer
and conduction within the surrounding medium (100 ps).
The structural changes of the gold nanorods are accompanied by drastic changes
in the optical absorption spectrum of these colloidal solutions (see Figures 6f and
6g). This in turn makes it easy to follow the structural changes once a correlation
between the shape changes confirmed by TEM with the optical absorption spectrum is established. Energy thresholds for the onset of the melting can therefore
be determined. In the specific case for gold nanorods, the longitudinal plasmon
absorption disappears, whereas the intensity of the plasmon band at 520 nm (belonging to the transverse mode of rods as well as the surface plasmon absorption
of spheres) increases because of the higher extinction coefficient of spherical particles. We were able to devise a spectroscopic method from which the amount of
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 6 Transmission electron microscopy (TEM) images of gold nanorods taken
before (a) and after exposure to femtosecond (b) and nanosecond (c) laser pulses.
(d) and (e) show the corresponding size distributions of the spherical nanoparticles
obtained after laser excitation while (f) and (g) show the accompanying absorption
spectra as a function of increasing laser pulses for femtosecond and nanosecond laser
irradiation, respectively.
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energy required to melt a nanorod is determined and found it to be in the tens of
femtojoules (141).
We have investigated the mechanism of the femtosecond laser photothermal
shape transformation from a nanorod single crystal to a nanodot with multitwin
planes using high-resolution TEM (HRTEM) (142). Gold nanorods are defect free
as prepared, and their surface contains the unstable {110} as well as the more
stable {111} and {100} surfaces (143). We found that the first step in the shape
transformation is the creation of defects in the interior of the nanorods resulting
from partial melting. The point defects evolve into line defects and plane defects
(twin planes). Simultaneously, the unstable {110} surface reconstructs into the
more stable {111} and {100} surfaces. The spherical particles have only the {111}
and {100} surfaces.

ASSEMBLY OF METAL NANOPARTICLES
AND THEIR COLLECTIVE PROPERTIES
Whereas the properties of individual particles or a collection of well-separated
particles in colloidal solution or for example in a sol-gel glass are of great interest to understand the fundamental properties of nanoparticles like their energy
structure and relaxation mechanism, it has become more important in recent years
to study the collective properties of assembled nanostructures (144–162a,b,c). In
order to build practical devices with nanomaterials and to take advantage of the
unique properties, the individual nanoparticles need to be linked together (assembled) in a desired fashion. Once it is possible to control the architecture of these
artificial atoms composed of different materials, miniaturized electronic circuits
consisting of metal-semiconductor or metal-insulator junctions could be built. Although it is possible today to synthesize nanoparticles of nearly any material and
size, it remains a challenge to use these building blocks for manufacturing higher
hierarchies. This can be considered as a bottoms-up approach in designing new
functional materials. Much progress has been made in this field, and only a few
examples of assembled nanoparticles and the change of their properties as a function of the particle size and shape and the interparticle distances can be given here.
For more complete reviews the reader is referred to other references (5, 24, 28).
In order to introduce structure and a designed pattern to the assembly of nanoparticles already ordered, templates can be used to arrange the nanoparticles. Oneand two-dimensional arrays of metallic nanorods have been fabricated by use of
a porous aluminum oxide membrane as a template (53a–e). Gold or other metals
are simply electrochemically deposited into the membranes, and the length of the
rods is controlled by the deposition time. The separation between the nanoparticles
is determined by the spacing of the pores in the template, which are formed by
electrochemical etching. Hence the assembly of the nanostructures is determined
by the template, and its synthesis with size control in the nanometer range becomes
the crucial factor.
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Nanolithography as developed by Van Duyne et al. (55) could also be regarded as
a template method. Polystyrene nanoparticles are assembled to form a monolayer
on a glass substrate (the material of the substrate can easily be varied). Gold or
silver is then evaporated into the spaces between the polystyrene balls, which are
subsequently removed. This gives rise to an ordered array of metallic nanoparticles.
The size of the particles can be controlled by the size of the polystyrene spheres,
and the shape can be controlled by the angle of incidence between the substrate
and the material deposition beam (144). The dimensions of the two-dimensional
order are determined by the assembly of the polystyrene nanoparticles and hence
the template. It should be pointed out that these arrays consist of naked metallic
clusters as no organic molecules are bound to them for interparticle separation.
Schatz and coworkers (145) have accurately modeled the absorption spectra by
the discrete dipole approximation and showed a strong dependence on the particle
shape, substrate, and surrounding medium.
A very different template, which has been used for a three-dimensional assembly of mainly gold nanoparticles, is DNA (146a–c; 147). The DNA is modified
with alkanethiol-capped oligonucleotides (single-stranded DNA), and the binding
to complementary linker oligonucleotide (DNA) strands allows the formation of
extended structures with control over particle chemical composition, periodicity,
and aggregate thermal stability. Because of the recognition capability and therefore
the high selectivity of DNA, this approach could also be categorized as a template
approach. High control over the optical, mechanical, and electrical properties of
these hybrid bioinorganic materials was demonstrated for gold nanoparticles with
DNA independently by the groups of Mirkin (5; 146a–c) and Alivisatos (147) and
was modeled again by Schatz (148) within the discrete dipole approximation.
Instead of using a template for the arrangement of nanoparticles, it has been
shown by several authors (149–153) that nanoparticles with a very narrow size
distribution form spontaneous self-assembly structures when deposited from a
solution phase onto a solid substrate by carefully adjusting the rate of solvent
evaporation. An electrophoretic deposition of colloidal gold (151) was also shown
in one of the earlier works of a large-scale assembly of metallic nanoparticles. The
success of this method depends mainly on the size distribution of the particles and
how careful the solvent evaporation can be controlled by adjusting the temperature,
vapor pressure, and particle concentration because this process is driven by thermodynamics. A kinetic product would correspond to the uncontrolled aggregation
of the particles. The influence of the solvent evaporation process on the two- and
three-dimensional assembly of silver nanoparticles from their solution phase has
been studied in great detail by Pileni and coworkers (25; 152a,b).
This self-assembly method is not limited to spherical nanoparticles of gold,
silver, and copper (150–153; 156–159a–c), but the assembly of nanorods has also
been shown (153). Figure 7 shows the self-assembly of gold nanorods prepared
by an electrochemical method. Nanoparticle concentration, solvent evaporation,
narrow size distribution, ionic strength, and surfactant concentration were all found
to be important parameters.
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Although a narrow size distribution is thought to be required to form nanocrystal
superlattices extending over large areas, it has been shown by Petroski et al. (154)
that it is possible to form self-assembled monolayers of polydisperse platinum
nanoparticles with different shapes (cubes, tetrahedrons, truncated octahedrons)
by adding dodecanethiol as another capping material that replaces the acrylic acid
with which the particles are capped during the synthesis (155). Figure 8 shows
a TEM image of an assembled monolayer of platinum nanoparticles forming a
hexagonally closed packed structure. Similarly, Kiely et al. (26, 156) have shown
that it is possible to produce ordered arrays from a bimodal distribution of sizes
of the same metal and also using different metals as they formed AB2 and AB
superlattice arrays consisting of gold and silver nanoparticles. In their case, the
size distribution of each metal fraction (A or B) was very narrow.
Although the capping material or ligands are essential for the stability of the
nanoparticles in solution, they also control the interparticle distances of selfassembled structures. In the examples about the platinum and mixed alloy structures given above, the particles were tethered together by strong binding ligands
like alkanethiols that are commonly used because of their binding affinity to metals. It has been shown that the ligand molecules are interwoven by comparing
the measured separation between two neighboring particles with twice the chain
length of the ligand molecules (24, 25, 28, 149, 150). Therefore the nanoparticles
cannot come too close to each other simply because of steric hindrance that can
be controlled in a designed fashion by varying the chain length of the alkanethiols or alkanephosphines. In this manner, assembly of nanoparticles over a fairly
large area (several microns) can be achieved. Even greater chemical control can
be achieved by using bifunctional ligands (158), which are bound to the surface
of the nanoparticles and can bind to a neighboring particle during the assembly
process via the second functional group.
Although the proper choice of capping material turns out to be important in
preparing nanostructure assemblies these organic molecules also determine the
collective properties like the optical transmission as well as the electric conductance of the final material. This can be achieved either by the choice of the ligand
material itself (a conducting polymer for example) or by control over the interparticle distances. Because the electronic wavefunction of the nanoparticles can extend
beyond the physical boundaries of the particles, at a certain interparticle distance
direct coupling between the particles takes place and the properties of the assembly
will no longer be dominated by the properties of the isolated nanoparticles. This
has been shown elegantly by Heath and coworkers (24; 159a–c), who prepared
Langmuir monolayer films of organically functionalized 2–5-nm silver quantum
dots where the interparticle distance can be controlled by the applied surface tension (pressure). They measured their collective behavior with a number of different
techniques including linear reflectance and absorbance, second harmonic generation, and electronic transport measurement (DC resistivity, STM tunneling). They
found the collective properties are strongly dependent on the distance between
neighboring particles as well as the particle diameter. When the particle separation
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becomes less than 0.5 nm an insulator-to-metal transition is observed for 4-nm particles by a sharp discontinuity in the second harmonic response and a reflectance
resembling bulk silver as well as a metallic-like Ohmic resistance behavior.
The wet chemical approach of spontaneous and directed assembly for twodimensional structures can easily be extended to form three-dimensional multilayer
superlattices by repeating the process for the self-assembly or by starting with a
higher particle concentration. In a slightly different approach, a linker molecule
is first assembled on a substrate (preferably dithiol molecules are assembled on a
gold substrate for example). A monolayer of nanoparticles is then assembled and
covered with another layer of dithiols upon which another layer of nanoparticles
can be prepared. In this method, alternating layers of nanoparticles of different
size as well as different composition can be used, as shown by Rao and coworkers
(160) as well as by Natan and coworkers (161). Studies were performed regarding
the collective optical and conductive properties as a function of the number of
deposited layers as well as the nature of the crosslinker. Feldstein et al. (99)
measured the femtosecond electron dynamics (as described in detail above) for
such a film and found that the electron-phonon relaxation time increases with
increasing film thickness.
A slightly different approach for the synthesis of three-dimenisonal structures
by layer-by-layer fabrication has been undertaken by Mulvaney and coworkers
(27; 162a–c), who coated spherical gold nanoparticles with a shell of SiO2. Films
were then manufactured on a glass substrate by repeated dipping of the substrate
into a solution containing the particles. Each cycle produced approximately one
monolayer as verified by AFM. The optical absorption spectra depend on the
filling factor (percentage of the gold to total material, which in turn is determined
by the SiO2 shell thickness) and can be modeled accurately with Maxwell-Garnett
theory. In the limit of a very thin shell, the films display bulk metallic optical
properties, whereas for a large shell thickness the individual plasmon absorption
is preserved allowing for an overall continuous tunability of the optical properties
of the composite films.

APPLICATIONS OF METAL NANOPARTICLES
AS SENSORS
The sensitivity of the plasmon resonance on the local environment through surfaceadsorbed molecules or induced by decreased interparticle separations and particleparticle coupling has led to an increased effort in building sensor devices based on
metallic nanoparticles. Both the optical properties as well as the conductivity of
nanocomposites as illustrated above can be used as a sensitive monitoring property.
The following discussion gives a few examples of how noble metal nanoparticles
have been used as chemical specific sensors.
Because of its biocompatibility, gold nanoparticles have been used in a variety of
biological sensing applications. Mirkin and coworkers (146a–c) designed a highly
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selective polynucleotide detection method based on mercaptoalkyloligonucleotidemodified gold nanoparticles. Hybridization of covalently attached probe segments
with the target oligonucleotide leads to aggregation, which results in a sensitive
color change from red to purple indicating interparticle coupling. The aggregation
and dissociation is reversible, and the observed temperature range for “melting”
is unusually narrow. This approach allows the detection of 10 femtomoles of an
oligonucleotide. A modification of this technique exploiting the sequence-selective
binding of DNA to oligonucleotide-modified gold nanoparticles as probes has been
reported by the same group (163). Instead of monitoring an optical color change,
however, the binding events localize the gold nanoparticles in an electrode gap,
which allows the measurement of the conductivity changes. Because the electrode
gaps were manufactured by photolithography on a Si wafer this sensing allows
massive multiplexing with a detection limit for target DNA as low as 500 femtomole with a point mutation selectivity factor of about 100,000:1.
In a similar approach, which is less related to sensors but shows the capability of DNA-nanoparticle structures, a remote electronic control of DNA hybridization has been demonstrated recently by Hamad-Schifferli et al. (164). Inductive coupling of a radio-frequency magnetic field to a metal nanoparticle,
which is covalently linked to DNA, increases the local temperature of the bound
DNA, thereby inducing denaturation while leaving the surrounding molecules
relatively unaffected. They showed high spatial localization of the denaturation,
which might allow, in the future, controlling portions of proteins or nucleic acids
while the rest of the molecule and neighboring species would remain relatively
unaffected.
Protein structural characterization can be carried out by Raman spectroscopy
and especially SERS. Keating et al. (84a,b) have designed a system that shows high
sensitivity by sandwiching the protein molecule between a metal nanoparticle and
a metal surface or an aggregated sol commonly used as a substrate for SERS. They
demonstrated for cytochrome c, which is covalently attached to gold nanoparticles,
that the protein orientation with respect to the SERS substrate could be controlled,
although the protein retains its native conformation. The orientation of the heme is
more stable in this metal-protein-metal configuration compared to the adsorption
of the protein to the SERS substrate alone, and this allows one to probe otherwise
buried chromophores.
A chemical vapor-sensing device was designed by Vossmeyer et al. (165a,b).
A thin film resistor was fabricated from gold nanoparticles linked to different
types of organic dendrimers by layer-by-layer self-assembly. The presence of the
nanoparticles provides the film with electric conductivity, whereas the dendrimers
serve as cross linkers and provide sites for selective binding of analyte vapor
molecules. After exposure of the film to toluene, 1-propanol, and water vapors, the
conductivity of the film is significantly decreased, with the chemical selectivity
determined by the solubility properties of the dendrimers.
A colometric approach similar to the one already described above for DNA was
recently used to probe for heavy metal ions, including toxic metals such as lead,
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cadmium, and mercury (166). The method is based on 11-mercaptoundecanoic acid
functionalized gold particles, which are aggregated in solution in the presence of
divalent ions by an ion-templated chelation process. Aggregation causes the known
change in the absorption spectrum (broadening and redshift) as well as an enhanced
hyper-Rayleigh scattering response, which is more sensitive than optical absorption
measurements. The sensitivity of this colometric method is not only based on the
pronounced color change from red to blue for aggregated gold nanoparticles but
also takes advantage of the large extinction coefficient of metallic nanoparticles
compared to commonly used fluorescence labels.
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Figure 1 Rose window of the Cathedral of Notre Dame, Paris
2002.

P1: GDL

15 Apr 2003

16:29

AR

AR183-12-COLOR.tex

AR183-12-COLOR.SGM

LaTeX2e(2002/01/18)

P1: GDL

Figure 7 TEM image of a self-assembly formed from colloidal gold nanorods on a
carbon covered copper grid.
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Figure 8 TEM image of a self-assembled monolayer of platinum nanoparticles having different shapes. The inset is an enlarged region showing the short range order of
the nanoparticles.

