
Chapter 2
Optical Properties of Nanocomposites
Containing Metal Nanoparticles

Interaction of light with nanocomposites reveals novel optical phenomena
indicating unrivalled optical properties of these materials. The linear and non-
linear optical response of metal nanoparticles is specified by oscillations of the
surface electrons in the Coulomb potential formed by the positively charged ionic
core. This type of excitation is called the Surface Plasmon (SP). In 1908 Mie [1]
proposed a solution of Maxwell’s equations for spherical particles interacting with
plane electromagnetic waves, which explains the origin of surface plasmon reso-
nance (SPR) in the extinction spectra and colouration of metal colloids.

During the last century optical properties of nanoparticles have extensively
been studied and metal-dielectric nanocomposites have found various applications
in different fields of science and technology [2–6]. Since the optical properties of
metal nanoparticles are governed by SPR, they are strongly dependent on the
nanoparticles’ size, shape, concentration and spatial distribution as well as on the
properties of the surrounding matrix. Control over these parameters enables such
metal-dielectric nanocomposites to become promising media for development of
novel non-linear materials, nanodevices and optical elements.

In this section the SPR and main optical properties of metal nanoparticles
embedded in a dielectric medium will be considered. A comprehensive review of
the optical properties of nanostructured random media can be found in Refs. [7, 8].

2.1 Surface Plasmon Resonance of Isolated Metal
Nanoparticles

Exposure of a metal nanoparticle to an electric field results in a shift of the free
conduction electrons with respect to the particle’s metal ion-lattice. The resulting
surface charges of opposite sign on the opposite surface elements of the particles
(see Fig. 2.1) produce a restoring local field within the nanoparticle, which rises
with the increasing shift of the electron gas relative to the ionic background. The
coherently shifted electrons of the metal particle together with the restoring field
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consequently represent an oscillator, whose behavior is defined by the electron
density and the geometry of the particle. Throughout this text the nanoparticles’
resonances are called surface plasmons on metal nanoparticles.

An exact analytical, theoretical description of SPs of spherical metal nano-
particles is part of Mie’s theory for scattering and absorption of light by spheres
[7, 9]. According to the theory, different eigenmodes of the spherical particles are
dipolar or multipolar in character. For particles that are small compared to the
local variations of the involved electromagnetic fields, the quasi-static approxi-
mation is valid [7]. It assumes the exciting field to be homogeneous and not
retarded over the particle’s volume. Under these assumptions, the results of
electrostatics can be applied by using the corresponding frequency dependent
dielectric function. In this case, the polarizability a and induced dipole moment
p of a metal sphere embedded in dielectric are given as [10]:

a ¼ 4pR3 eiðxÞ � eh

eiðxÞ þ 2eh
; ð2:1Þ

~pðxÞ ¼ ae0~E0ðxÞ ¼ 4pe0R3 eiðxÞ � eh

eiðxÞ þ 2eh

~E0ðxÞ; ð2:2Þ

where R is the radius of the nanoparticle, E0 the electric field strength of the
incident electromagnetic wave, e0 the electric permittivity of vacuum, and ei(x)
and eh are the relative complex electric permittivity of the metal and host matrix
respectively.

The absorption cross-section of a spherical metal inclusion placed in a trans-
parent dielectric matrix, where the imaginary part of the relative complex electric
permittivity approaches zero (Im[eh]?0), is then given as:

rðxÞ ¼ 12pR3 x
c

e3=2
h

e00i ðxÞ
e0iðxÞ þ 2eh½ �2þ e00i ðxÞ

2 ð2:3Þ

where e0iðxÞ and e00i ðxÞare the real and imaginary parts of the electric permittivity
of the metal, which in turn can be described by the Drude-Sommerfeld formula:

eiðxÞ ¼ eb þ 1�
x2

p

x2 þ icx
: ð2:4Þ

Fig. 2.1 Plasmon
oscillations in metal spheres
induced by an
electromagnetic wave
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Here, c is the damping constant of the electron oscillations and eb is the
complex electric permittivity associated with interband transitions of the core
electrons in the atom. The free electron plasma frequency is given by:

xp ¼

ffiffiffiffiffiffiffiffi

Ne2

me0

s

; ð2:5Þ

where N is the density of the free electrons and m is the effective mass of an
electron.

As can be seen from Eqs. 2.1–2.3, the well-known Mie resonance occurs at the
SP frequency xSP under the following conditions:

e0iðxÞ þ 2eh

� �2þ e00i ðxÞ
2 ! Minimum: ð2:6Þ

If the imaginary part of the metal electric permittivity is small in comparison
with e0iðxÞ, or has small frequency dependence, then Eq. 2.6 can be written as:

e0iðxSPÞ ¼ �2eh: ð2:7Þ

Thus, if the condition represented in Eq. 2.7 is fulfilled, the dipole moment and
local electric field in the vicinity of the nanosphere grow resonantly and can
achieve magnitudes enhanced by many orders, overcoming the field of the incident
wave. This phenomenon is responsible for the SP enhanced non-linearities in
metal colloids.

Equation 2.7 requires the real part of the dielectric function of metals to be
negative. This is indeed the case for noble metals in the visible spectral region (as
an example see Fig. 2.2 for Ag). For a silver nanoparticle surrounded by a
dielectric environment with eh = 2.25, the resonance condition is observed to
occur at around 400 nm (Fig. 2.3). This results in the observation of bright colours
both in transmitted and reflected light from such a medium.

Fig. 2.2 Extinction spectra
of glass containing spherical
silver, gold and copper
nanoparticles
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Using Eq. 2.7 and by substituting the real part of the metal electric permittivity
from Eq. 2.4, the position of the SP resonance can be expressed as follows:

x2
SP ¼

x2
p

Re½eb� þ 1þ 2eh
� c2: ð2:8Þ

Core electrons have a significant influence on the SP and define the position of
the SPR in the extinction spectra (Fig. 2.2) for different noble metals. For instance,
silver nanoparticles embedded in glass matrix exhibit a SP band at about 415 nm.
In turn, SP for Au and Cu nanoparticles is shifted in the red spectral range and
peaked at 528 and 570 nm, respectively. The broad absorption bands below
500 nm for both Au- and Cu-containing nanocomposite glasses are associated with
interband transitions, namely from the d- to s-shell, of the core electrons in the
metal atoms. However, for silver the interband resonance is peaked at 310 nm
(4 eV), far away from the SP resonance [11].

On the other hand, Eq. 2.8 qualitatively describes a dependence of the SP
resonance on the dielectric properties of the host matrix, which the metal nano-
particles are incorporated in. An increase of dielectric constant (refractive index)
evokes a shift of absorption maximum towards longer wavelengths [7, 12, 13]
(as would be expected from Fig. 2.3). Figure 2.4 represents the spectral positions
of SPRs of silver nanoparticles embedded in vacuum (eh = 1) and glass
(eh = 2.25). It is clearly seen that the SP resonance maxima are more red-shifted
for nanocomposites having a matrix with higher dielectric constant.

Figure 2.4 also shows that the position of the SPR depends on the size of
metallic nanoparticles. In fact, its position remains quasi-constant for nanoparticles
with radii smaller than 10–15 nm, while the band’s half-width for these clusters
differs by a factor of 4. This is often described as an intrinsic size effect [7, 14, 15].
If the particle size is below the dimension of the mean free path of the electrons in
the metal (&10–15 nm) [16], the electron scattering at the particle surface mainly

Fig. 2.3 The dielectric
function of silver (solid lines
data adapted from Ref. [11]):
comparing its real part to
-2em (dashed line) of an
idealized dielectric medium
with a wavelength
independent dielectric
constant of em = 2.25
(n = 1.5), the surface
plasmon resonance condition
is found at *410 nm
(vertical arrow)
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increases the imaginary part of the dielectric function. For the smaller particles
([1 nm) the spill-out of electrons from the particle surface should be taken into
account, which results in an inhomogeneous dielectric function. As a result of this
effect, very broad plasmon bands are observed for small nanoparticles (not
included in Fig. 2.4).

The SPR shifts towards longer wavelengths with a simultaneous increase in the
band half-width for nanospheres with radii larger than 15 nm (Fig. 2.4). This effect
for the larger particle is referred to as an extrinsic size effect [7, 14, 17–19]. In this
case, higher-order (such as quadrupolar) oscillations of conduction electrons
become important.

From the size dependence of the SP, it is quite obvious that metal nanoparticles
with non-spherical shape will show several SP resonances in their spectra. For
instance, ellipsoidal particles with axes a = b = c own three SP modes corre-
sponding to polarizabilities along the principal axes given as:

akðxÞ ¼
4p
3

abc
eiðxÞ � eh

eh þ eiðxÞ þ ehð ÞLk
; ð2:9Þ

where Lk is the geometrical depolarization factor for each axis (RLk = 1).
Moreover, an increase in the axis length leads to the minimization of the depo-
larization factor. For a spherical particle La = Lb = Lc = 1/3.

Thus, if the propagation direction and polarization of the electromagnetic wave
do not coincide with the axes of the ellipsoid, the extinction spectra can demon-
strate three separate SP bands corresponding to the oscillations of the free elec-
trons along these axes [7]. For spheroids one has: a = b = c, and the spectra
exhibit two SP resonances. However, if the incident light is polarized parallel to
one of the axes, only one single SP band corresponding to the appropriate axis is
observed (Fig. 2.5). The band lying at higher wavelengths is referred to as the long
axis, while the small axis demonstrates resonance at shorter wavelengths compared

Fig. 2.4 Extinction spectra of spherical silver nanoparticles in a vacuum and b glass as a
function of particle size
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to the single resonance of a nanosphere of the same volume. The spectral sepa-
ration of the two surface plasmon bands of the ellipsoidal nanoparticle strongly
depends on its aspect ratio [20, 21], which is defined as the ratio of the long to the
short axes. At the same time, it is clearly seen that for prolate and oblate spheroids
having the same aspect ratio, the positions of SP resonances are different. Namely,
the spectral separation between SP bands is higher for the nanoparticles having a
zeppelin-like shape.

For many years now, the dichroic property of elongated metallic nanoparticles
has been used for manufacture of broad-band high-contrast polarizers [22]. This
became possible because the position of the SP resonance can be designed within a
broad spectral range by an appropriate choice of aspect ratio between the axes of
the nanoparticles. This aspect will be discussed in more detail in the next sections.

2.2 Optical Properties of Nanocomposites with a High
Fraction of Metal Nanoparticles

Increasing the volume fraction of metal nanoparticles in a medium leads to a
decrease in the average inter-particle distances. Thus, enhancement of the dipole
moment of spherical metal NPs by excitation near to their SP resonance results in
strong collective dipolar interactions between the nanoparticles, which in turn
affect the linear and non-linear optical properties of the nanocomposite material.
For the purpose of this work it is sufficient to describe these effects using the
approximation of the well-known Maxwell–Garnett effective medium theory. This
theory is widely applied to describe the optical properties of metal particles in

Fig. 2.5 Calculated using the Mie theory for spheroids [22], polarized extinction spectra are
shown for a prolate and b oblate silver spheroids with different aspect ratios, which are embedded
in glass. The volume of the spheroids is equal to the volume of a nanosphere with radius of
15 nm. Dashed curves polarization of the light is parallel to the long axis; solid lines parallel to
the short axis. The insets schematically show the shape of the spheroids
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dielectric matrices [8, 9, 23, 24]. The theory does not correctly take into account
the multipolar interactions between nanoparticles considered in other works [25,
26]. However, it describes quite well the position and shape of the SP resonance
and its dependence on the metal filling factor [8].

The effective dielectric constant eeff(x) of a composite material with spherical
metal inclusions having a filling factor f (volume of the silver inclusions per unit
volume of the composite material f = VAg/Vtotal) is given by the expression:

eeff ðxÞ ¼ eh
ðeiðxÞ þ 2ehÞ þ 2f ðeiðxÞ � ehÞ
ðeiðxÞ þ 2ehÞ � f ðeiðxÞ � ehÞ

; ð2:10Þ

where ei(x) and eh are the complex electric permittivities of the metal (given by
the Eq. 2.4) and the host matrix, respectively. Based on this description, the
complex index of refraction of a composite medium can be defined as

nðxÞ ¼ n0 þ in00 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

eeff ðxÞ
q

: ð2:11Þ

Hence, the absorption coefficient a and refractive index n0 of the medium with
dielectric constant eeff(x) can be expressed as

a ¼ 2x
c

Im
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

eeff ðxÞ
q

; ð2:12Þ

n0ðxÞ ¼ Re
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

eeff ðxÞ
q

; ð2:13Þ

where c is the light velocity. Using Eqs. 2.10–2.13, the absorption cross-section
and dispersion spectra (Fig. 2.6a, b) of glass containing spherical silver nano-
particles can be calculated as a function of the volume filling factor of the metal
clusters in the glass matrix, using: eh = 2.3, xp = 9.2 eV, c = 0.5 eV [27],
eb = 4.2 [24].

The collective dipolar interactions between nanoparticles cause a broadening
and red-shift of the absorption band with increasing filling factor of the inclusions
in the glass matrix (Fig. 2.6a). The effective refractive index of the composite
glass also changes with growing filling factor (Fig. 2.6b)—at low content of silver
nanoparticles in glass (f = 0.001) the refractive index is identical to that of clear
glass (n0 = 1.52), higher filling factors result in significant modifications of the
dispersion spectra. For f = 0.1, the refractive index varies between *1.2 and 2.1
on different sides of the SP resonance. As shown in Fig. 2.6c, the reflectivity R—
given for normal incidence by:

RðxÞ ¼ nðxÞ � 1
nðxÞ þ 1

�

�

�

�

�

�

�

�

2

ð2:14Þ
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also changes upon increasing the volume filling factor. In particular, in the visible
range the main effect is an increase in reflectivity of the composite medium with an
increasing content of nanoparticles.

2.3 Preparation and Characterization of Glass Samples
Containing Silver Nanoparticles

The samples were prepared from soda-lime float glass (72.5 SiO2, 14.4 Na2O, 0.7
K2O, 6.1 CaO, 4.0 MgO, 1.5 Al2O3, 0.1 Fe2O3, 0.1 MnO, 0.4 SO3 in wt %) by
Ag+–Na+ ion exchange. For the ion exchange process the glass substrate is placed
in a mixed melt of AgNO3 and KNO3 at 400 �C [12, 28]. The thickness of the
glass substrate, time of the ion exchange process and weight concentration of
AgNO3 in the melt determine the concentration and distribution of Ag+ ions in the
glass. Subsequent thermal annealing of the ion exchanged glass in an H2 reduction
atmosphere, typically at 400–450 �C, results in the formation of spherical silver
NPs [12]. As could be expected, size and depth distribution of the Ag NPs in the
glass sample strongly depend on the temperature and duration of the Na–Ag ion
exchange as well as on the duration of the annealing. In our case, the spherical Ag
NPs of 30–40 nm in mean diameter (Fig. 2.7a) are distributed in a thin surface
layer of approximately 6 lm thickness (with total thickness of the glass plate being
1 mm).

Fig. 2.6 a Absorption cross-
section, b dispersion and
c reflection spectra of
composite glass containing
Ag nanoparticles calculated
according to the Maxwell–
Garnett theory
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The scanning electron microscopy (SEM) image of the cross-section of the
nanocomposite is shown in Fig. 2.7b, where silver particles are reproduced as
white spots. In order to obtain information on the depth distribution of silver NPs
in the glass, surface layers of various thicknesses were removed from the sample
by etching in 12 % HF acid for different retention times. After this procedure SEM
images were recorded for all etched surfaces [e.g., Fig. 2.8a, increasing etching
time from (i) to (iv)], as well as optical extinction spectra (see Fig. 2.8b). The area
fraction of silver derived from the SEM images was then converted to a volume fill
factor assuming a typical electron penetration depth of 500 nm. The result is given
as the superimposed curve in Fig. 2.7b, showing the highest silver content of
f = 0.028 directly below the glass surface. Within a few micrometers the fill factor
then strongly decreases with increasing distance from the surface.

Figure 2.8b depicts the corresponding extinction spectra with the same lettering
as in Fig. 2.8a. However, it should be noticed that the optical spectra integrate over
the whole particle-containing layer. Thus, for the original sample the absorption
around SP resonance is very high, discouraging any detailed analysis of the
spectral band shape. The same holds for extinction after the shortest etching time
[Fig. 2.8b, curve (i)]; however, at least one can estimate for this case an extinction
peak wavelength in the range of 420–440 nm. Further etching of the sample results
in a fading of the extinction band caused by the decrease in thickness of the silver-
nanoparticle containing layer. Spectrum (i) indicates that the uppermost metal-rich
layers are responsible for the shift observed in the red wing of the SP band towards
longer wavelengths.

Fig. 2.7 a TEM image of typical spherical silver nanoparticles in nanocomposite glass. b SEM
image of the cross-section of a glass sample containing spherical silver nanoparticles (Ag
particles are reproduced as white spots). The gradient of the volume filling factor of Ag
nanoparticles is shown superimposed (the x-axis was adjusted to the length scale of the image)

2.3 Preparation and Characterization of Glass Samples Containing Silver Nanoparticles 13



Etching the samples for longer times, so that one ends up at a residual filling
factor of less than 0.004, leads to an easily measurable extinction spectrum. The
corresponding evolution of the spectra with etching time is shown in more detail in
the inset of Fig. 2.8b. It is seen that a decrease of filling factor (by longer time of
etching) leads to a slight shift of the SP band maxima to shorter wavelengths. This
is compatible with the Maxwell–Garnett theory, which predicts a red-shift of the
SP band for the samples with higher filling factors [7, 8, 29].

It should be mentioned here that for the study of the basic physical processes of
nanoparticle shape transformation, etched samples with a maximum Ag filling
factor of 10-3 were used, where the NPs are, to good approximation, understood as
non-interacting (isolated) nanoparticles. However, the experiments related to the
maximization of polarization contrast were performed on samples with consider-
ably higher filling factor (f * 0.01).
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