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This  account  gives  a simple  qualitative  discussion  of  the  confinement  of the  motion  of  electrons  to  the
nanoscale.  The  mechanism  by  which  gold  and  silver  nanoparticles  confine  photons  to  the  nanoscale,
resulting  in  both  the  surface  plasmon  resonance  and  strong  surface  plasmon  fields,  is  mentioned.  Exam-
ples  of  different  observations  and  applications  of the  plasmonic  field  enhancement  of  light  scattering,
absorption,  photo-thermal  and  nonradiative  processes  studied  in  our  group  are  summarized.

© 2011 Elsevier B.V. All rights reserved.

1. Confining the motion of electrons in materials to the
nanometer scale

The properties of any material are determined by the space
available for its electrons to execute their characteristic motions,
which in turn are determined by the balanced forces acting upon
the electrons within the material [1].  This defines a characteristic
length scale for the electronic motion in the material. This length
scale varies between 1 and 100 nm for different materials, i.e., in
the nanometer dimension [2].  In insulators the electronic motion
is confined to a very small space, while in conducting material it has
a much longer scale [2,3]. Reducing the size of any material below
the length scale characterizing its electronic motion produces a new
material with different properties [4].  These novel properties might
be useful for a wide range of applications that may  have far reaching
effects, such as improving human life or the defenses of our coun-
try. The research developing these new materials and studying their
properties will open up new industries and create new jobs, thus
raising the standard of living. These are a few of the reasons behind
the present interest of many governments in nanotechnology.

2. Plasmonic nanomaterials: confining photons to the
nanoscale [4]

When the size of some materials, like gold and silver, is reduced
to the nanometer scale, new characteristic collective motions of
their conduction band electrons, which can be excited by reso-
nant photons in the UV–visible-near infrared range, are observed
[3,4]. This produces oscillating electromagnetic fields on the surface
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of the nanoparticles having the same frequency as the resonant
light producing it, but with a reduced wavelength (on the length
scale of the nanoparticle). As a result, for solid nanoparticles of
different shapes, the surface electromagnetic fields produced can
be orders of magnitude stronger than that of the captured photon
that produced it [5–7]. Recently, we  found that hollow nanopar-
ticles can produce even stronger fields that what is possible for
solid nanoparticles [8]. This ability of gold and silver nanoparti-
cles to strongly concentrate the electromagnetic fields of absorbed
photons could be used to induce photochemical or photophysical
changes in another material on the surface, or very near the surface,
of the nanoparticle simply by exciting the nanoparticle with a lab-
oratory cw light source. For example, our group recently observed
[9] fluorescence results that suggest exciton–exciton annihilation
is occurring in a sample where �-conjugated fluorescent polymers
were assembled on a monolayer of silver nanocubes and excited
with a cw xenon lamp. Such annihilation events are normally only
observed upon excitation with femtosecond laser pulses.

Thus, a photon with the same frequency as the surface plas-
mon  resonance that is absorbed by the gold or silver nanoparticle
will produce a strong electromagnetic surface field at the surface
of the particle. This field will have an intensity corresponding to
that of hundreds to thousands of photons [5].  This determines the
enhancement factor of the plasmonic nanoparticle [5].  If a molecule
is adsorbed on the surface of a plasmonic nanoparticle that absorbs
at a frequency in resonance with the surface plasmon resonance
frequency, the rate of absorption or scattering by this molecule is
then greatly enhanced [10]. If the molecule undergoes photochem-
istry, its rate of photochemistry is greatly enhanced. New nonlinear
photochemistry might even be observed upon excitation with cw
xenon or mercury light sources [9].  If the adsorbed molecule is
excited at a higher frequency than the nanoparticle surface plas-
mon  resonance but its fluorescence coincides in energy with the
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nanoparticle surface plasmon resonance absorption, the fluores-
cence will be quenched.

3. Some important time scales that determine the
properties of the plasmonic nanoparticles

3.1. The coherence decay (dephasing) time of the plasmonic
collective excitation (femtoseconds)

The properties of the surface plasmon (SP) are crucially influ-
enced by its dephasing time T2 = 2h̄/Thom, where Thom is the
homogeneous linewidth of the SP resonance. The dephasing time
is proportional to the local field enhancement factor |f|. This rela-
tion is particularly important for nonlinear optical effects. Both
the effective third-order susceptibility of metal particles [11] and
the effective SERS cross section [12] are proportional to (T2)4.
Microscopically, the SP dephasing time is controlled by coupling
of the SP’s to the electron-hole pair continuum [13] and by radi-
ation damping, i.e., the decay of SP’s into photons [11], which is
important in large particles (radius larger than ca. 10 nm). The
first dephasing mechanism is strongly influenced by bulk electron
scattering processes [13]. In addition, electron-surface scattering
is believed to contribute for small particles (sizes below ∼10 nm),
or for high surface state densities, where chemical interface damp-
ing is important [4].  Thus, the coherence decay time (dephasing
time) of the plasmonic collective excitation depends on three fac-
tors. First, it depends on the quality of the solid-state of the gold or
silver nanoparticle and its surface. Thus, single crystalline nanopar-
ticles should have longer coherence time and thus stronger surface
fields and larger enhancement factors. Second, the coherence decay
depends of the size of the nanoparticle. Third, it depends on the
electronic structure of the solid making the nanoparticle, e.g. for
the same size and shape, silver nanoparticles should have stronger
plasmon fields than those of gold nanoparticles. The reason for this
is that gold has an inter-band electronic transition near the surface
plasmonic transition. This could give rise to additional relaxation
mechanisms to reduce the coherence lifetime. The stronger plas-
monic fields of silver nanoparticles are the reason that aggregated
silver nanoparticles are better to use in SERS applications. From
line width measurements of the gold surface plasmon resonance
band, a dephasing time of few femtoseconds was determined [3,14]
as discussed above, the dephasing time determines the strength of
the surface plasmonic field and thus the nanoparticle enhancement
factors.

3.2. The electron–phonon relaxation time T1 (∼1 ps)

While T2 does not involve energy exchange (but only phase
change), T1 does. In this process, electronic energy is converted into
phonon excitations and consequently the nanoparticle lattice heats
up. The nanoparticle can be heated to high temperatures through
this decay process as the high energies of the visible light are con-
verted into heat in such a small volume. This relaxation time is on
the time scale of 1 ps [3].

3.3. Phonon–phonon relaxation time (hundreds of picoseconds)

In this relaxation, the excited phonons of the nanoparticle hot
lattice are transferred to the surrounding medium. Therefore, the
hot nanoparticles use their photo-thermal energy to heat the sur-
rounding medium by converting the strongly absorbed light energy
into heat. This effect can be used in many applications in material
science, nano-biology and nano-medicine as we shall show later in
the discussion of an application for cancer therapy [15].

4. Plasmonic field effects, Radiative or Photo-thermal?

If the rate of a chemical or photochemical reaction changes
in the presence of a plasmonic field, it could be due to several
different mechanisms. One possibility is that the electronic struc-
ture of the system changes upon being exposed to the enhanced
electromagnetic field created by a one-photon absorption process.
However, new nonlinear optical excitations under the high level
of the electromagnetic flux of the plasmonic field enhancement
also become possible. Furthermore, as discussed in the previous
section, the rapid conversion of the absorbed light energy into
heat (hundreds of picoseconds) could enhance or induce new
thermo-chemical processes. In a recent study, we observed an
increase in the rate of the chemical reaction between hexacyanofer-
rate III and thiosulfate when we  photo-excited gold nanoparticles
mixed in the reaction solution [16]. As the intensity of the excit-
ing light increased, the rate of the reaction increased, but so
did the solution temperature. We  then determined the activation
energy of the reaction by studying the reaction rate at several dif-
ferent temperatures. We  used two  separate methods to control
the reaction temperature: the intensity of the light that excited
the gold particles and a traditional thermostat. The activation
energy was  found to be the same for both heating methods, sug-
gesting that plasmonic nanoparticles were simply heating the
solution.

5. Some other studies in our laboratory

From the above discussion, it can be seen that when plasmonic
nanoparticles are excited, besides enhancing photonic process
like absorption and scattering (Raman and Rayleigh), they can
also enhance thermally activated processes. In the following,
we present results of experiments carried out in our laboratory
illustrating the application of plasmonic enhancement effects on
absorption, scattering, photo-thermal and nonraditive relaxation
processes.

5.1. Enhancement of Rayleigh light scattering for imaging and
cancer diagnosis [17]

The rates of scattering and absorption processes can be
enhanced by the strong electromagnetic field at the surface of a
nanoparticle caused by the surface plasmon enhancement. Our
group has calculated how the ratio of the amount of light scat-
tered to light absorbed depends on the nanoparticle size and shape
[18,19]. For nanoparticles of the same shape, small nanoparticles
have larger enhancement factors for the absorption processes than
the scattering processes, and thus are better suited to be used for
photo-thermal applications. The opposite is true for larger nanopar-
ticles, making them better suited for imaging applications.

The detection of cancer cells based on the plasmonic enhance-
ment of Rayleigh (or Mie) scattering by gold nanoparticles is shown
in Fig. 1 [17]. Gold nanoparticles are conjugated to cancer cell anti-
bodies (anti-EGFR) and mixed with separate solutions of living
cancer and healthy cells. After 20 min  of incubation, the solutions
are imaged using a dark field scattering microscope. The antibodies
selectively bind the gold nanoparticles to the surface of cancer cells
and not to healthy cells. In Fig. 1, it is clear that the images of the
four sets on the right hand side are cancer cells and the set of two
on the left are healthy cells. An interesting observation is that in
this figure one can see individual nanoparticles 40 nm in size each
with a surface plasmon resonance wavelength of 530 nm,  opposite
to the diffraction limit rules in optics. This is a result of the photon
confinement effect, which has greatly increased our resolution of
optical imaging.
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