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1. Introduction  

Infrared (IR) spectroscopy of micro- and nanosized particles and their composites is 
currently one of the most important enabling technologies in the development of micro- and 
nanostructures and their application to various areas of science and technology. Decreasing 
the characteristic size of metallic, dielectric and semiconductor materials results in a 
dramatic alteration to their optical, electrical and mechanical properties, allowing the 
fabrication of new materials with unique physical properties (Lamberti, 2008; Cao, 2004). 
These alterations in the optical properties are related to a quantum confinement effect, as 
well as to a dielectric, or electrostatic, confinement effect (Cahay et al., 2001; Chemla & 
Miller, 1986).  The effect of quantum confinement is most pronounced in semiconductor 
materials, where the transition from the bulk state to the microcrystalline state causes a 
substantial change in the band structure and an enhancement of the non-linear electro-
optical properties. Dielectric, or polarisation, confinement has a wider impact, since it 
influences the frequencies and intensities of absorption bands in the spectra of any 
condensed matter, including crystalline and amorphous solids, as well as liquids. This is 
because considerable changes in the polarisation of micro/nanoparticles occur, depending 
on their form and orientation with respect to the external electromagnetic field and the 
details of the spatial restriction.  
So, the dielectric confinement effect is due to abrupt changes in the intensity of the internal 
(Ein(ν)), local electric field Eloc(ν), causing significant changes in the spectroscopic 
characteristics, depending on the direction of the external field Е(ν), and the size and shape 
of the submicron sized particles, or micro-objects. Dielectric confinement occurs when the 
absorbing material consists of micro-particles with characteristic sizes significantly smaller 
than the wavelength of the probe beam.  These particles are generally embedded in a 
transparent dielectric matrix, or deposited on a transparent substrate as an ultra-thin film 
(Fig. 1).  A good analogy to these systems is that of an aerosol suspended in air or stained 
glass, that is, glass doped with small metal particles (Gehr & Boyd, 1996). In the long 
wavelength limit, d << λ, for the determination of the spectroscopic characteristics of micro-
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particles with size d in the direction of dielectric confinement, one can use an effective 
medium theory model, while taking into account the dispersive local field (DLF) (Chemla & 
Miller, 1986; Schmitt-Rink, 1987; Cohen, 1973; Spanier & Herman, 2000). The important role 
of the local-field effect in the derivation of the equations of the effective medium theory of 
composites was considered in the paper by Aspnes, 1982. 
The local-field approach is widely used for the analysis of the spectral characteristics of 
condensed matter under dielectric confinement.  In particular, in Ref. (Liu, 1994), a 
description of the distribution of the p-component of the local electric field within the 
quantum wells in multi-quantum well GaAs-AlxGa1-xAs structures and the absorption band 
for intersubband transitions has been obtained, using a self-consistent integral equation for 
the local field. The development of the approach suggested for the analysis of the spectral 
features observed from materials based on porous structures is of particular importance 
(Spanier & Herman, 2000; Timoshenko et al., 2003; Golovan et al., 2007). These 
investigations largely involve extending the models used in effective medium theory.  

 

 

Fig. 1. a) The modeled spheroidal shape of the absorbing mesoparticles. Schematic depicting 

different types of size confinement for ordered (in (b) 3D confinement, c) 2D confinement 

( E
f
⊥z ) and d) 1D confinement ( E

f
 z)) and disordered (in (e) 3D confinement, f) 2D׀׀

confinement and g) 1D confinement) mesoparticles 

The effective medium theory (EMT) approach is widely used for modelling the optical and 
spectroscopic properties of a variety of composite media. The most extensively used EMT 
models are the Maxwell-Garnett (MG) and Bruggeman models, however other models are 
also used in some specific cases (Aspnes, 1982; Cohen et al., 1973; Spanier & Herman, 2000; 
Maxwell-Garnett, 1906; Bruggeman, 1935). For example in Ref. (Spanier & Herman, 2000), 
hybrid models, containing both phenomenological features and statistical theories of the 
dielectric function of dielectric media were used for modelling the infrared spectra from 
porous silicon carbide films. In Ref. (Mallet et al., 2005), an analysis of the accuracy of the 
modified Maxwell-Garnett equation, taking into account multiple scattering of light by the 
composite medium with spherical inclusions, has also been performed. In Ref. (Gehr & 
Boyd, 1996) the authors reviewed the theories and models developed for relating the linear 
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and non-linear optical properties of composite materials to those of the constituent 
materials, and to the morphology of the composite structure. The authors of Ref. (Hornyak 
et al., 1997) experimentally determined the size of gold nanoparticles, satisfying the quasi-
static limit of applicability of the Maxwell-Garnett equation.  As shown in this paper, 
inaccuracies in the MG expression, related to the scattering of light on large particles which 
do not satisfy the limit discussed earlier, can be eliminated by a dynamic modification of 
this expression (Foss et al., 1994). In the work (Ung et al., 2001), it was shown that the MG 
expression adequately describes the influence of inter-particle interactions on the position of 
the plasmon resonance band in colloidal solutions of gold.  The influence of the local field 
on the enhancement of the light emission from various composite materials is described by   
(Dolgaleva et al., 2009).   
In this Chapter, an overview of our recent work developing the effective medium approach 
and dispersive local field theory is presented. We also discuss the application of these 
models to nanocomposite materials, based on liquids and amorphous solids, for simulation 
of the experimentally obtained infrared spectra.  We focus on a consideration of dielectric 
confinement only within the linear optical response.  The influence of the dielectric 
confinement effect on the infrared absorption spectra of composite media will be 
demonstrated experimentally. We also present a theoretical analysis of this effect on the 
value of the frequency shift. The influence of the integrated intensity of the IR bands under 
consideration and the dielectric constant of the surrounding matrix will also be explored. 
The results obtained will assist in improving the reliability of IR spectral analysis. 

2. Theoretical considerations 

In the long-wave limit, when the absorbing material consists of micro-particles, with 
characteristic sizes significantly smaller than the wavelength of the probe beam, i.e. 
satisfying the condition d << λ, the spectroscopy of intermolecular interactions (IMI) can be 
used for analysis of their spectroscopic characteristics.  The influence of the dielectric effect 
on the absorption spectra of molecular condensed systems was described for the first time in 
the work of Backshiev, Girin and Libov (BGL) (Backshiev et al., 1962; 1963), based on 
accounting for the spectral difference in the intensity of the effective, internal, field in the 
vicinity of the optical resonance and the average macroscopic field in condensed matter. A 
similar approach for calculating the spectral dependence of the microscopic susceptibility in 
the wavelength range of the intermolecular vibrations of organic liquids was used by 
Clifford & Crawford, 1966. In accordance with the BGL approach, the relationship between 
the micro- and macro-characteristics of condensed matter can be presented as 

 
ˆ2 Im ( ) ( )

( )B
Nh

π ε ν θ νν =  (1a) 

or 

 
( ) ˆIm ( ) ( )
2

B Nhν ε ν θ ν
π

=  (1b) 

Here B(ν) is  the spectral density of the quantum intramolecular transition probability 

(Heitler, 1975), ˆIm ( )ε ν  is the imaginary part of the dielectric function in the vicinity of this 

transition and 
2

( ) ( ) / ( )o inv E Eθ ν ν=  is the correction factor accounting for the spectral 
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difference between the internal, local, micro Ein(ν) and the average macro E0(ν) fields of the 

electromagnetic wave in condensed matter.  We note that the average electromagnetic field, 

Eo(v),  is considered here as a small perturbation and, therefore, the approach presented is 

still valid within the framework of linear molecular optics.   

The B(ν) spectrum in Eqn. (1) is considered to be characteristic of intramolecular quantum 

transitions with absorption. In case of the lattice vibrations, this spectrum is related to the 

dipole moment of the quantum transition, localized in a physically small volume of the 

crystal.  The size of this elemental volume is significantly smaller than the wavelength of the 

probe beam, but is substantially larger than the size of the elemental crystal cell (Tolstykh et 

al., 1973). This conclusion can also be generalised to non-crystalline media. Indeed, it can be 

easily shown that expression (1b) corresponds to the spectrum of the imaginary part of the 

complex microscopic susceptibility of the medium  2Im ( ) ( )microχ ν χ ν= , which, in 

accordance with the Lorentz local field model, is related to the macroscopic susceptibility of 

the isotropic medium by this expression  

 
ˆ3

ˆ
ˆ 3

micro χχ
χ

=
+

 (2) 

Where 1 2
ˆ( ) ( ) ( )iχ ν χ ν χ ν= −  is the macroscopic dielectric susceptibility of the medium under 

consideration. Solving Eqn. (2) with respect to Im microχ  we obtain  2 2 ( )microχ χ θ ν= . Since 

2
ˆ( ) Im ( )vχ ν ε=  we can consider 2 ( )microχ ν  as the spectrum of 2 ( )microε ν . This allows us to 

conclude that Eqn. (1a) corresponds to the spectral characteristics of a spherical micro-

volume, or microparticle, of the condensed medium under consideration, with the particle 

size satisfying the condition λ >> d >> amolec   and represented by the following expression 

 2 2( ) ( ) ( )microε ν ε ν θ ν=  (3) 

Using a continuum model of the local field allows us to use this expression with  
2

( ) 9 / ( ) 2θ ν ε ν= +   in order to establish the relationship between the dielectric loss 

spectrum of the bulk sample and that of the material under three dimensional (3D) size 

confinement, that is, for an isolated spherical particle.  In general, the relationship between 

the local and average field in a condensed medium under 1D, 2D and 3D confinement can 

be written as (Ghiner & Surdotovich, 1994) 

 0( ) / ( ) 1 ( ( ) 1) /inE E mν ν ε ν= + − , (4) 

where  m =  1, 2 and 3 respectively for the case of   1D , 2D and 3D confinement. The general 

equation describing the spectra of micro-objects, 2 ( )microε ν , satisfying the conditions above 

can be expressed as  

 
2

2 2 2( ) ( ) ( ) ( ) 1 ( ( ) 1) /micro mε ν ε ν θ ν ε ν ε ν −
= = + −  (4a) 

The use of molecular spectroscopy approaches when considering the spectral features 
characteristic of microparticles is justified. As shown by (Ghiner & Surdotovich, 1994), 
micro-particles, satisfying the conditions for dielectric confinement, can be considered as 
meso-oscillator molecules or meso-molecules, possessing their own spectroscopic 
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characteristic, i.e. 2 ( )microε ν  (or 2 ( )mesoε ν ), spectrum.  A similar conclusion follows from the 

work of (Chemla & Miller, 1986) where an expression similar to Eqn. (3) here was used to 
describe the spectral properties of semiconductor particles. It is worth noting that the basic 
mechanism responsible for the blue shift of the absorption spectra of nanoparticles with 
respect to their bulk counterpart is the decrease in the intermolecular interaction potential 
due to the reduction in, or elimination of, resonant dipole-dipole interactions of the 
molecules both inside and outside  the particles. This decrease occurs as a result of the 
decrease in particle size from d ≤ λ to d << λ, as well as the increase in the distance between 
the particles. The decrease in the resonant dipole-dipole interactions and, consequently, the 
intermolecular interaction potential can be taken into account by considering the dispersion 
of the effective field, from which the expressions (1a) and (4) are derived. We note that 
expression (4) describes only limited cases of dielectric confinement. In accordance with the 
expression for the local field inside a spherically shaped particle (Böttcher, 1952), the 
correction factor in Eqn. (4) can be written as  

  
2

2 2 2( ) ( ) ( ) ( ) 1 ( ( ) 1)micro Lε ν ε ν θ ν ε ν ε ν −
= = + −  (5) 

L is the form factor, the ratio of the semi-axes for an ellipsoidal particle shown in Fig. 1e. For 
an ellipsoid of revolution, the corresponding components of the form factor for two 
orientations of the electric field vector Е, parallel, Lz, or perpendicular, Lx,y, to the rotation 
axis of the spheroid, are determined by the following expressions (Osborn, 1945; Golovan et 
al., 2003): 

 
( )2

2 2

arcsin 11
1

1 1
z

P
L P

P P

⎡ ⎤−⎢ ⎥= −⎢ ⎥− −⎢ ⎥⎣ ⎦

;    ,

1

2
z

x y

L
L

−
=  (6) 

where P = dz/dx = dz/dy and zd and x yd d=  are the sizes of the corresponding polar and 

equatorial semi-axes of the spheroid (Fig. 1a). We note that for a spherical particle, the form-
factor is L=1/3 (Fig. 1b), while for a rod, along the short axis, L = 1/2, and along the long 
axis, L=0 (Figs. 1c and 1f). For a strongly oblate spheroid stretched in the perpendicular 
direction, L=1 (Figs. 1d and 1g). 

Equation (5) shows that a particle with a dielectric function, ε, corresponding to the bulk 

material, can be considered as a particle with an effective microscopic spectrum 2 ( )microε ν .  If 

this particle is embedded in a dielectric host matrix with εh > 1, then expression (5) can be 

written as  

 
22

2 2 2( ) ( ) ( ) ( ) 1 ( ( ) )micro
h hLε ν ε ν θ ν ε ν ε ε ν ε −

= = + −  (7) 

The dielectric loss spectrum for a diluted composite medium would be determined by 

spectrum  2 ( )microε ν  and the volume concentration of particles f in the composite 

 
22

2 2 2( ) ( ) ( ) ( ) 1 ( ( ) )comp
h hf f Lε ν ε ν θ ν ε ν ε ε ν ε −

= = + −  (8) 

Obviously, we ignore the resonant dipole-dipole interactions of the particles, which are 
practically insignificant when the filling factor, f, is smaller than 1%. This does not generate 
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significant errors in calculations until f is over 10%.  Eqn. (8) was obtained earlier in paper 
(Shaganov et al., 2005). A more accurate equation can be obtained by modifying the 
Maxwell-Garnett expression using an effective media approach (Aspnes, 1982; Cohen et al., 
1973; Spanier & Herman, 2000).  For a composite medium containing absorbing particles of 
spheroidal shape, the corresponding expression can be written as 

 

hii

h

hiii

hi

LvL

vf

LvL

v

εε
εε

εε
εε

)1()(ˆ

))(ˆ(

)1()(ˆ

)(ˆ

−+
−⋅

=
−+

−  (9) 

where Li is the corresponding component of the form factor, ˆ ( )iε ν  is the component of the 

tensor of the effective complex dielectric permittivity of the media and  ˆ( )ε ν is the complex 

dielectric permittivity of the bulk material of the embedded particles. For Li = 1/3 

expression (9) can be converted to the typical form of the Maxwell-Garnett equation. 

 

h

h

hi

hi

v

vf

v

v

εε
εε

εε
εε

2)(ˆ

))(ˆ(

2)(ˆ

)(ˆ

+
−⋅

=
+
−  (10) 

These expressions have been widely used in the past for modelling the spectral properties of 
metal-dielectric composites (Cohen et al., 1973; Foss et al. 1994; Hornyak et al., 1997; Ung et 
al., 2001). We note that the limits of applicability of this approximation are defined by the 
applicability of the electrostatic model of the effective medium, because this approximation 
does not take into account the size of the particles under consideration. A more precise 
approach is required to consider so-called dynamic polarisation, which takes into 
consideration the size of the particle, and its interaction time, with the field of the 
electromagnetic wave (Golovan et al., 2003; 2007). It is reasonable to assume that dynamic 
polarisation is significant only in the visible range, playing a minor role in the mid-infrared 
range, to a first approximation. Solving expression (9) for the desired value, we obtain the 
following expression for the dielectric permittivity spectrum of the composite media 

 [ ]
ihhii

hiihihh
i

LvfLvL

LvLLvf

))(ˆ()1()(ˆ

)1()(ˆ)1())(ˆ(
ˆ

εεεε
εεεεεεε

−⋅−−+
−++−−

=  (11) 

From expression (10), the effective dielectric loss spectrum of the ordered composite 

medium, ˆIm( ( ))iε ν , in general, can be presented in the following form. 

 
2

2

2

1

2112))(ˆIm(
BB

BABA
vi +

−
=ε  (11a) 

where 

[ ]{ } hiihii vLLfLfvA εεε )()1()1)(1()( 11 +−+−−=  

)(])1([)( 22 vLLfvA hiii εε+−=  

)()1()1()( 11 vfLLfLvB iihhii εεε −++−=  

)()1()( 22 vfLvB ii ε−=  

Here )(1 vε and )(2 vε are the real and imaginary parts of the dielectric permittivity spectrum 

of the particle material in the bulk state )()()(ˆ 21 vivv εεε −= . For a random particle 

orientation, the effective dielectric loss spectrum of the isotropic composite medium can be 

presented as  
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 2 2

1
( ) ( )

3
i

eff
i

L

ε ν ε ν= ∑  (12) 

where the addition of the index Li takes into account the difference in form factor of the 
particles in  the x, y, z directions.  For the specific case of 1D, 2D and 3D confinement, and at 
f << 1, Eqn.(11)  can be transformed to the more simple form given in Ref. (Shaganov et al., 
2010) 

 2ˆIm( ( )) ( ) ( )i iDfε ε θ=v v v  (13) 

where θiD (ν) is the correction factor for the internal, local, field, acting on the particles under 
1D, 2D and 3D dielectric confinement, in agreement with Expression (4) obtained  
previously (Shaganov et al., 2005).  

 

2

)(ˆ
1)(

−

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛ −
+=

hi

h
iD

m

v
v

ε
εε

θ  (14) 

where i = mi  = 1, 2, 3 for  1D,  2D  and  3D  confinement, respectively. For randomly oriented 
particles, expressions (13) and (14) can be transformed to the following form (Shaganov et 
al., 2010) 

 
23 2

22

1 ˆ( ) ( ) 3 ( ) ( 1)
3

eff
i i h i hf m m mε ε ε ε ε

−⎡ ⎤= − + ⋅ + −⎢ ⎥⎣ ⎦
v v v  (15) 

It is worth noting that the expressions above are valid only for diluted composites, where 
the resonant dipole-dipole interaction between the particles can be neglected. Depending on 
the intensity of the absorption band, or oscillator strength, resonant interactions between the 
particles become significant when the volume fraction of the particles is in the range f = 0.1 - 0.2. 
In this case, the local field factor, θiD(ν), becomes dependent on the particle concentration 
(Shaganov et al., 2005) and expression (15) is transformed to the following (Shaganov et al., 2010) 

 
23 2

22

1 ˆ( ) ( ) 3 ( ( ) )(1 )
3

eff
i i h h i hf m m f mε ε ε ε ε ε

−⎡ ⎤= − + ⋅ − − +⎢ ⎥⎣ ⎦
v v v  (15a) 

We note that Eqn. (15a) can be used not only in the limited cases of 1D, 2D and 3D 
confinement, but also for composites of spheroidal particles where the ratio of the semi-axes 
P ≥ 10 or  P ≤ 0.1.  For intermediate values of 『: 0.2 < P < 9, account must be taken of the 
specific values of the form factors for the three axes of the spheroidal particles, assuming 
that   mi = 1/Li (see Shaganov et al., 2010 for details). 
As shown in Ref. (Shaganov et al., 2005), the difference between the spectral characteristics 
of the bulk materials and those from a composite of micro-particles can be substantial. The 
shift in the peak position of the intense absorption bands due to dielectric confinement can 
be far greater than the linewidth of the absorption band observed in the bulk material. The 
peak position, or maximum frequency, for isolated particles in the case of 3D confinement 
(ν3D) is close to Fröhlich’s frequency (νF) (Fröhlich, 1949), corresponding to the condition 

1( ) 2F hε ν ε= − . The maximum shift in the peak position of the absorption spectrum occurs for 

1D confinement, where the peak position  is observed at a frequency νl, satisfying the 
minimum of the function ε1(νl) = 0. Thus, it is not surprising that the values for νl, obtained 
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from calculations for polar crystals, coincide with the frequency of the corresponding band of 
longitudinal optical (LO) phonon vibrations. The absorption spectra of the amorphous media 
at frequencies νl   has already been discussed in numerous papers (Berreman, 1963; Röseler, 
2005; Tolstoy et al., 2003; Iglesias et al., 1990; DeLeeuw & Thorpe, 1985).  Conclusions on the 
size dependent nature of this effect have been made earlier in the theoretical work of 
(Lehmann, 1988). We would like to emphasise that we obviously cannot discuss LO-phonons 
in amorphous solids and, in particular, in liquids, since the new bands observed arise as a 
result of the interaction of the transverse electromagnetic wave with a condensed medium 
under dielectric confinement, when the contribution from surface vibrations becomes greater 
than that from the bulk. The maximum frequency of the spectrum from a composite medium, 
for 2D confinement, lies between the frequencies for 1D and 3D dielectric confinement, i.e. ν3D 

< ν2D < ν1D. In practice, the microparticles will not all be spheroidal, particularly in 
microcrystalline powders, for which the shape of particles often depends on the crystalline 
structure of the material. For a more detailed discussion see Shaganov et al., 2010.    

3. Results and discussion 

The objective of this section is to demonstrate, both theoretically and experimentally, the 
role of various types of dielectric confinement on the absorption spectra of organic liquids 
and amorphous solids.  Аmorphous SiO2 and three organic liquids of spectroscopic grade 
viz. benzene (』6Н6), chloroform (CHCl3), and carbon disulphide (CS2), have been chosen for 
the experiments, because of their well characterized, strong absorption in the infrared range 
(Zolotarev  et al., 1984; Barnes & Schatz, 1963). 

3.1 Calculations  
The method in which dielectric mesoparticles are embedded in the host medium is 
important in the engineering of the optical properties of a composite. For example, 
depending on the alignment and distribution of the mesoparticles in the host medium, the 
composite medium can possess optical anisotropy, which is apparent in phenomena such as 
birefringence,  anisotropy in the real part of the refractive index,  and dichroism, anisotropy 
in the imaginary part of the refractive index (Golovan et al., 2007). In this study, we discuss 
the influence of dielectric confinement on the resonant part of the dielectric permittivity, 
leading to phenomena such as a spectral shift in the resonant absorption band and its 
anisotropy. We consider two extreme cases only, viz. completely ordered and completely 
disordered (randomly oriented) dielectric mesoparticles, uniformly distributed in a host 
medium (Fig. 1). It is worth noting that deliberately varying the degree of mesoparticle 
disorder in a composite medium  can  be  used  in order  to  tune  its  optical properties. 
Eqns. (8), (11a) and (12), (15) describe dielectric loss spectra for completely ordered and 
disordered composites, respectively. Note that in the case of a disordered composite, as 
described by Eqn. (12), (15) and (15a), the solution consists of two bands for all 
mesoparticles, with the exception of those with a spherical shape. The splitting apparent in 
the dielectric loss spectrum and, therefore, in the absorption spectrum of the composite, is 
most pronounced for 1D confinement. 
In the calculations presented in Figs. 2-4, and summarized in Tables 1 and 2, we used Eqns. 
(11a) and (12) for 1D, 2D and 3D confinement. These situations can also be described using the 
simplified Eqns. (8) and (15a). In Table 1, experimental data described in Section 3.2 are also 
shown for comparison.  Calculations have been performed for liquid benzene, chloroform and 
carbon disulphide at f = 0.1 (for εh = 11.56 (Si) and εh = 13.6) and additionally for carbon 
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disulphide at f = 0.1 and εh = 3, and for benzene at f = 0.1 and εh = 2.2, εh = 5, and εh = 16 (Ge). 
The optical constants in the infrared range for benzene, chloroform and carbon disulphide 
were taken from references (Zolotarev  et al., 1984; Barnes & Schatz, 1963).  The value of εh = 
13.6 was an average, calculated by taking the square root of the product of εSi =11.56 and εGe = 
16. This allowed us to model liquids films between a Ge ATR prism and a Si slide in a GATR 
attachment as described in the experimental Section. Additional calculations for carbon 
disulphide at εh = 3 and for benzene at εh = 2.2 were performed to illustrate absorption band 
splitting in a disordered composite, apparent on the bottom panels of Fig.2 (c and d). 
 

 

Fig. 2. Dielectric loss spectra calculated for ordered and disordered mesoparticles with 
filling factor f=0.1 under different confinement conditions for (a) benzene and (b) carbon 
disulfide in host media with εh=13.6 (Si/Ge) and for (c)  benzene at εh=2.2 and  (d) carbon 
disulfide at εh=3 

As can be seen from Fig. 2, by changing the particle shape for ordered mesoparticles, we can 
gradually change the peak position of the absorption spectrum of the composite media in 
the range of 15 cm-1 for benzene and 30 cm-1 for CS2. The peak position of the dielectric loss 
spectrum for oblate spheroids (P = 1/3) is close to the peak position corresponding to 1D 
confinement in planes or disks (Figs. 1d and 1g), while the peak position for prolate 
spheroids (P = 3) is close to that observed from bulk benzene and carbon disulphide, since 
the amount of dielectric confinement is reduced in the direction of the field, that is, along the 
rotation axis of the particles. 
The situation for disordered mesoparticles is quite different. In both cases, namely P = 1/3 
and P = 3, the dielectric loss spectra are close to the spectrum from spherical particles. It is 
interesting that, in this case, the dielectric loss spectrum from oblate spheroids is closer to 
the spectrum of the bulk, while the spectrum for prolate spheroids is closer to the spectrum 
characteristic of 1D confinement. The similarity of the dielectric loss spectra for P = 1/3 and 
P = 3 to the spectrum from spherical particles under 3D confinement can be explained as 
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being due to averaging of the disordered spheroids in every direction, resulting in an 
isotropic medium, the properties of which will be close to those in spherical particles. This is 
true despite despite the strong anisotropy of the particles themselves. From a comparison of 
Figs. 2(a) and 2(c) for C6H6 and Figs. 2(b) and 2(d) for CS2 it can also be seen that splitting of 
the dielectric loss spectrum depends strongly on the value of εh.   
 

Calculations Experiment 

Liquid Ordered 
medium

Disordered 
medium 

GATR I 
(Si window) 

GATR II 
(Al window) 

I. CHCl3 
Bulk 

 
756.0 

752 
 

753 
3D 759.1 758.1   
2D 760.1 759.8  759.2 
1D 771.1 771 772  

P=1/3 761.1 673.2   
P=3 756.9 659.5   

II. C6H6 
Bulk 

 
672.7 

671 
 

671 
3D 673.3 673.3   
2D 673.8 673.6  675 
1D 678.6 678.4 678.6  

P=1/3 674.4 673.8   
P=3 672.8 673.4   

III. CS2 
Bulk 

 
1502.7 

1501 
 

1500 
3D 1505.4 1505.4   
2D 1507.5 1506.7  1513 
1D 1527.7 1527.2 1531  

P=1/3 1509.7 1507.4   
P=3 1503.4 1506.0   

Table 1. Calculated and experimental peak positions, ν (cm-1), of the most intense IR 
absorption band observed for liquid CHCl3, C6H6 and CS2 under various dielectric 
confinement conditions (εh=13.6, Si/Ge) 
 

Ordered Disordered Host 
Matrix, 
εh 

Bulk 
benzene,

νbulk 
1D 2D 3D 1D 2D 3D 

2.2 681.4 (0.42) 677.3 (0.41) 675.7 (0.42)
673 (0.34)
681 (2.2) 

676.2 (0.36) 675.7 (0.42) 

5 680.4 (1.69) 675.3 (0.76) 674.3 (0.63)
680 (0.65)
673 (1.4) 

674.8 (0.63) 674.2 (0.63) 

11.56 678.9 (5.63) 674 (1.09) 673.5 (0.78) 678.8 (1.99) 673.8 (0.87) 673.5 (0.78) 
16 

672.7 
(4.56) 

678.2 (8.26) 673.7 (1.19) 673.3 (0.82) 678.1 (2.19) 673.6 (0.94) 673.3 (0.82) 

Table 2. Peak position (in cm-1) and intensity (in brackets) for dielectric loss spectra of two 
component composite medium consisting of ordered and disordered benzene mesoparticles 
under 1D, 2D and 3D dielectric confinement  in various  host matrices (f=0.1) 
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Fig. 3. Calculated dielectric loss spectra ε2eff(ν) of liquids (a) CS2, (b) C6H6 and (c) CHCl3 
under the conditions of different size confinement for ordered and disordered (random) 
media. The calculations were performed using equations (8) and (15a) at f=0.1, εh=11.56 
 

 

Fig. 4. Dielectric loss spectra of benzene mesoparticles calculated for ordered and random 
composite media at different confinement conditions for various matrixes  (a) εh=2.2 glass, 
(b) εh=5, (c) εh=11.56 silicon, and (d) εh=16 germanium 
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Calculations of the dielectric loss spectra of mesoparticles of amorphous SiO2 under various 
types of dielectric confinement are presented in Fig. 5 and summarised in Table 3. The 
calculations were performed at f = 0.2 and εh = 2.34 for KBr. The optical properties of 
amorphous SiO2 were obtained from Ref. (Efimov, 1995). Amorphous SiO2 has several 
absorption bands, with peaks at 468 cm-1 (Si-O-Si rocking vibrational mode), 808 cm-1 (O-Si-
O bending mode) and 1082 cm-1 (Si-O asymmetric stretching mode). In our analysis, we 
focus mainly on the most intense band at 1082 cm-1. 
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Fig. 5. Calculated dielectric loss spectra of bulk SiO2 and its composites under dielectric 
confinement in a host medium with εh=2.34 (KBr) and filling factor f=0.2 for ordered (left 
panel) and disordered (right panel) mesoparticles. The circles on the right panel correspond 
to experimental data for SiO2/Si rods in a KBr matrix from Noda et al., 2005 

The principal features of the calculated spectra are shown in Figs. 2 - 5 and the results of our 
calculations are summarized in Tables 1 - 3.  For all the calculated model composites viz. 
benzene, chloroform, carbon disulphide and SiO2, the position of the dielectric loss spectral 
maximum, and its intensity, depends on the dielectric permittivity of the host medium. For 
larger εh, the peak position is shifted to smaller wavenumbers towards the peak of the bulk 
medium. The peak intensity increases significantly for larger values of εh, for example, by a 
factor of  2 for C6H6 in Figs. 2(a) and 4(c), for CHCl3 in Fig. 3c and for CS2 in Fig. 2(b). 
In all cases, the maximal spectral shift of the dielectric loss spectrum is observed under 1D 
dielectric confinement.  The peak positions for 2D and 3D confinement are closer to the peak 
position observed from bulk benzene and carbon disulphide. The difference in peak position 
for 2D and 3D confinement is very small and is more apparent for small εh. For benzene 
mesoparticles embedded in the host matrix, with εh = 2.2 or εh = 5, the appearance of the 
second peak is clearly seen under 1D confinement in disordered media (see Fig. 4 (a and b) 

and Table 2). Similar results are also apparent in Fig. 2(d) for CS2 at εh = 3. Note that at 
smaller εh,  the peak related to the bulk mode is more intense, while for larger εh, the peak 
corresponding to 1D confinement has a higher intensity.  For both C6H6 and CS2, the peak 
related to the bulk mode significantly reduces in intensity, indeed, it practically disappears 
at εh = 13.6 as seen in Fig. 2 (a and b).   It is also worth noting that the peak intensity of the 
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dielectric loss spectrum for an ordered composite medium at f = 0.1 and εh  = 16, in a 
germanium host matrix, is approximately two times higher than that for bulk benzene 
(Table 2), while it is 10 times lower at εh  = 2.2.  
 

Dielectric 
matrix 

Bulk, peak 
position 

Calculations, DLF 
method, peak position, 

(cm-1) 

Experiment, peak position,  
(cm-1) 

 
Sample 

 

εh νbulk, cm-1 ν3D ν2D ν1D ν3D ν2D ν1D 

 
 

SiO2 
 

1, air 
 
 

2.34, KBr 
 

1.77, water 

 
 
 

1084 

1143 
 
 

1117 
 

1109 

1164 
 
 

1129 
 

1118 

1252 
1253a 
1250b 

1216 
 

1142 

 
 
 
 

1109 

 
 
 

1130c 

1257d 
1253e 

aFrom transmission spectra calculated at 65o of incident light using TMM; bfrom minimum of the 
reflection spectrum calculated for p-polarized light at incidence angle of 70o using expressions of 
multilayer stack optics; cexperimental data from Noda et al., 2005; dexperimental data from Shaganov et 
al., 2001; eexperimental data from Röseler, 2005. 

Table 3. Experimental and calculated peak positions, ν (cm-1), of IR absorption bands 
observed for SiO2 under various dielectric confinement conditions 

3.2 Experimental 
Infrared absorption spectra were measured on an FTS 6000 Fourier Transform Infrared 
(FTIR) spectrometer using a commercially available Grazing angle Attenuated Total 
Reflection (ATR), attachment from the Harrick Scientific Corporation. Absorption 
measurements were made on both thick and thin layers of liquid, as well as on thin solid 
films. For measurements of absorption for the bulk, thick layer, a drop of liquid 
approximately 1 mm thick was placed in the middle of the Ge ATR element. In order to 
achieve dielectric confinement in the liquids studied, three methods were used.  In the first 
technique, absorption spectra were measured using the Grazing angle Attenuated Total 
Reflection (GATR) attachment. A thin film of liquid was obtained by confining the liquid 
between the Ge ATR prism and the 4 mm thick silicon top window, see Fig. 6(a). In the 
second method, an Al coated glass substrate was used instead of the Si top window Fig. 
6(b).  The strength of window compression was changed using the GATR pressure 
applicator control. Measurements were performed in p-polarized light at a 60o angle of 
incidence. The third method for exploring dielectric confinement effects is based on the use 
of a macro-porous silicon matrix, with liquid infiltrated into the pores (Perova et al., 2009). 
In our study, porous Si samples were fabricated by electrochemical etching of single-
crystalline (100) n-type Si wafers in a HF (48%) : H2O = 2:3 solution. Etching was performed for 

30 mins at a current density of 16 mA/cm2. The resulting pore diameter was about 0.8 μm. All 
three liquids studied evaporated completely from the pores approximately 30-40 minutes after 
infiltration. Therefore, in-situ FTIR measurements were carried out immediately after liquid 
infiltration using a registration time of ~ 20 sec and a dwell time of ~ 5 sec. 
All the liquids investigated were of high purity, purchased from Sigma-Aldrich. The Ge 
ATR prism and Si windows were new and of excellent optical quality. The Ge ATR element 
was carefully cleaned before the drop of liquid was placed on it. The glass substrate with the 
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Al layer was freshly prepared; a new element was used for each experiment. At least five 
separate experiments were performed for each liquid. These precautions enabled us to avoid 
the influence of any unwanted interactions. 
 

 

Fig. 6. Schematic of FTIR experiments using GATR attachment for (a) Si and (b) Al top window 

Thin films of SiO2 were deposited onto an Al coated glass substrate using an electron-gun 
evaporator.  In order to register the LO-phonons, or the absorption spectrum of these 
materials under 1D confinement, we used an oblique incidence of light in p- and s-
polarisations, using the Reflection-Absorption (RA) and GATR attachments, see Ref. 
(Shaganov et al., 2003) for details.  For registration of spectra under 3D confinement, we 
used SiO2 spherical particles of different diameters dissolved in water.  Spherical particles of 
SiO2, with a diameter of 193 nm, coated with an ultra-thin layer of surfactant to prevent 
particle conglomeration and dissolved in water, were purchased from Sigma-Aldrich.  The 

distribution of particles size in the solution is  ± 5 - 10 nm, as guaranteed by the manufacturer.   

3.3 Comparison of experimental and calculated data 

a) Liquid systems 

Absorption spectra obtained for three of the liquids under investigation are shown in Figs. 
7(a) - 7(c). From Fig. 7(a), it is apparent that, for a thick chloroform layer, an absorption band 
with a peak position at ν = 752 cm-1, corresponding to the bulk mode, is observed. At the 
maximum possible confinement, when the layer is only ~ 100-200 nm thick, the absorption 
peak  shifts to  ν = 771 cm-1. This value agrees very well with calculations of the dielectric 
loss spectrum of liquid CHCl3 under 1D dielectric confinement (see Table 1). We believe that 
the line width increase observed for the absorption band at 760 cm-1 is due to the fact that 
the absorption band for this intermediate case is a superposition of the absorption bands 
obtained in the presence and absence of the dielectric confinement effect. We would like to 
emphasise that the position and shape of the weaker absorption band, observed for CHCl3 
at ν = 1215 cm-1, remained unchanged as expected (see Fig. 7(a)).  
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Fig. 7. Normalized infrared spectra of liquids (a) CHCl3, (b) C6H6 and (c) CS2 registered with 
GATR attachment. Note that the absorbance of the vibrational bands with small intensities 
was multiplied by slightly different factors,  shown beside the bands, to demonstrate clearly 
that they have the same peak position 
 

 

 
 

Fig. 8. Top view AFM image of the Al coated glass substrate 

Similar behaviour was observed for liquid benzene (Fig. 7(b)), where the frequency of the 
spectral maximum for the bulk liquid, initially observed at ν = 671 cm-1, was shifted under 
strong confinement to ν = 679 cm-1, corresponding to 1D dielectric confinement of a very 
thin layer of C6H6. The same effect was observed in liquid CS2 (Fig. 7(c)) with a frequency 
shift from v = 1501 cm-1, observed for the bulk material, to v = 1532 cm-1, measured under 1D 
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confinement. As in the case of chloroform, the layer thickness for the benzene and carbon 
disulphide was estimated to be 100 – 200 nm.  The position and shape of the weak 
absorption band observed at 1036 cm-1 for C6H6, and at 2155 cm-1 for CS2, remain unchanged 
(see Figs. 7(b) and 7(c)). We also note that the largest peak shift due to dielectric confinement 
was observed for CS2 with the largest integrated intensity of infrared absorption band of all 
the liquids investigated. 
In order to measure the vibrational spectra of these liquids under 2D/3D dielectric 
confinement, we modified the experimental setup as follows (see Fig. 6(b)). The top silicon 

window was replaced with a 5 mm thick glass plate, coated with a thin, ~ 0.1 μm, Al layer. 
The coating was applied by evaporation of Al wire in a bell jar evaporator. Under these 
evaporation conditions, the Al film contains pores, with diameters ranging from a few 
microns to tens of nanometers. A small drop of liquid was placed on top of the ATR Ge 
prism, then the Al coated glass plate was placed on top and the experiment was 
immediately run as the level of compression of the top glass window was increased. The 
effects of confinement on the liquid spectra were practically identical to those described 
earlier, with the exception of the last stage. When the thin layer of liquid evaporated 
completely,  the  maximum  frequency  in  the  spectrum shifted to ~ 760 cm-1 for CHCl3, 676 
cm-1 for C6H6 and to 1513 cm-1 for CS2 (see Fig. 7 and Table 1). These frequencies are in good 
agreement with data calculated for 2D or 3D dielectric confinement. This can be seen in 
Table  1  and from Figs. 2, 3 and 7. Note that the infiltration of the liquid into the voids, or 
pores, in the Al layer was confirmed by the fact that the spectra related to 2D/3D 
confinement were still observed several hours after initial sample preparation, when the 
thin layer of liquid between the Ge prism and the Al coated substrate had definitely 
evaporated. As the deposited layer of Al is too thin to consider the “porous” Al layer 
obtained as a matrix for the fabrication of liquid wires, the diameter/length ratio of the 
pores obtained suggests that we are dealing with liquid spheres embedded in a porous Al 
matrix situated at the top of the Ge prism. The results of surface analysis of the Al coated 
glass substrate using an Atomic-Force Microscope (AFM) confirms the existence of the void 
structure (with width and depth of voids at around ~20-40 nm and ~10-15 nm, accordingly) 
of the substrates used for these experiments (see Fig. 8).  From Table 1, the peak positions 
observed under 2D and 3D confinement are close, making it difficult to draw firm 
conclusions. Nevertheless, we believe that with this experiment, it is possible to obtain 
information on the absorbance spectra of the liquids investigated under 3D confinement.  
Fig. 9 shows the behaviour of the absorption spectra of benzene infiltrated into a macro-
porous silicon matrix registered at various times after infiltration. The position of the 
absorption band for benzene immediately after infiltration was close to the frequency of the 
bulk mode of C6H6 (ν = 673 cm-1).  During the course of evaporation, the peak position 
shifted to higher frequencies and ν = 682 cm-1 at the end of the registration process. We 
believe that at the beginning of the registration process, the pores were totally filled with 
liquid benzene. Since the pore diameter is larger than that necessary to satisfy the criteria for 
dielectric confinement, the absorption spectrum observed is that from the bulk liquid. In the 
course of drying out, the liquid bulk phase of the C6H6 evaporates, leaving a thin layer of 
adsorbed liquid on the pore surface. When the electric field of the incident light is oriented 
parallel   to   the   sample   surface,   the  conditions   for   the   registration   of   1D  dielectric 
confinement are met, as  shown in  the insert in Fig. 9. These  results  are  in good agreement 
with our calculations shown in Fig. 3(b).  Similar results were obtained for CHCl3 and for 
CS2, these results are summarized in Table 1. It should be noted that, due to the faster 
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evaporation of CHCl3 and the CS2 liquids from the pores, it was not possible to register the 
bulk mode at the beginning of the registration process. In conclusion, we note that since exact 
values of layer thickness and the sphere diameter distribution were not known, we were 
unable to calculate the imaginary part of the dielectric function from the experiment, in order 

to compare this with the calculated values 2 ( )effε ν . Therefore, the position of the absorbance 

spectra, A(ν),  was used for this comparison. However, it is well known that for strong and 

narrow isolated absorption bands, the peak positions of 2( )ε ν and A(ν) are close to each 

other. Our estimates have shown that, in this case, the deviation does not exceed 1 - 2 cm-1. 
 

Fig. 9. Absorbance spectra of benzene infiltrated into silicon pores. Insert: Schematic diagram 
of the conversion of liquid infiltrated into the macro-porous silicon matrix from a bulk liquid 
phase to a liquid under 1D dielectric confinement as a result of the drying process. 
Reproduced with permission of journal Chemical Physics Letters (Perova et al., 2009) 

(b)  Amorphous solids (SiO2) 

Calculations of the dielectric loss spectra of mesoparticles of amorphous SiO2 under various 
types of dielectric confinement are presented in Fig. 4 and summarised in Table 3. The peak 
position for 1D dielectric confinement is confirmed experimentally in our earlier paper 
(Shaganov et al., 2003) for 70 nm thick thermally grown oxide,  as well as by a number of 
other papers where the IR spectra of thin (Shaganov et al., 2001; Almeida, 1992; Olsen & 
Schimura, 1989)  and ultra-thin (with a thickness of 5nm) (Tolstoy et al., 2003) films of 
amorphous SiO2 were measured under oblique incidence of IR light.  It is worth noting that 
the shift in the peak position of the Si-O-Si band at ∼ 1100 cm-1 to higher frequencies (~ 1253 
cm-1) was also observed in an SiO2 thin film under oblique incidence of light using infrared 
spectroscopic ellipsometry (see Ref. (Röseler , 2005) for details). 
In order to lend further support to the model suggested, we performed calculations of the 
transmission spectra for SiO2 thin films under oblique incidence of light, corresponding to 
1D confinement, using a 2 x 2 Transfer Matrix Method (TMM) (Azzam & Bashara, 1977). The 
peak positions of the transmission spectra obtained are included in Table 3. In addition, the 
peak position of the transmission spectra for thin SiO2 films, calculated at oblique incidence 
of light, is also shown in Table 3. These calculations are performed using expressions from 
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paper (Shaganov et al., 2001).  The results obtained for 1D confinement in an SiO2 thin film 
demonstrate very good agreement between the theory developed for the calculation of the 
optical properties of a multilayer stack and the approach suggested in this paper.  These 
results are also in agreement with both spectroscopic ellipsometry and infrared 
spectroscopy experiments at oblique incidences of light.   
The spectra calculated for the disordered composite, for 2D confinement, are confirmed 
experimentally using results published recently in Ref. (Noda et al., 2005), where the 
infrared spectra of SiO2/Si disordered nanowires embedded in KBr pellets were 
investigated. We believe that the peak observed in paper (Noda et al., 2005) at ~ 1130 cm-1 
and assigned by the authors to a highly disordered structure of thin SiO2/Si nanowires can 
be reinterpreted, in the light of the results presented in this paper, as being due to 2D 
dielectric confinement of amorphous SiO2. 
Finally, the infrared spectra of spherical SiO2 particles in an aqueous solution have been 
measured using a GATR attachment. Spherical particles, with diameters of 193 nm, coated 
with an ultra-thin layer of surfactant to prevent particle conglomeration and dissolved in 
water, were supplied by Sigma-Aldrich.  As noted earlier, the particle size distribution 
guaranteed by the manufacturer is ± 5 - 10 nm.  The solution was shaken intensely before 
placing a drop of the liquid onto the Ge ATR prism. The infrared spectra of the SiO2 
mesoparticles obtained in this experiment are shown for spherical particles of diameter  193  
nm  in  Fig. 10,  along  with  calculations for 3D confinement at εh = 1.77. Good agreement 
between the experimental and calculated spectra can be seen for this composite.  The minor 
discrepancies between the experimental and calculated spectra of the spherical SiO2 
particles observed in the spectrum wing regions is due to the fact that silicon dioxide can 
exist in various forms such as amorphous quartz, fused quartz or quartz doped with 
impurities. The exact structure of the Sigma-Aldrich silicon dioxide spherical particles is not 
known.  For our calculations, the optical constants of amorphous quartz were taken from the 
literature, which can result in differences between the calculated spectra from the 
experimental data in the wing regions. 
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Fig. 10. Absorbance spectra of SiO2 spherical particles (thin line) diluted in water with a 
diameter of 193 nm shown together with the calculated spectra (thick line)  based on Eqn. 

(15a) at εh= 1.77 

www.intechopen.com



The Effect of Local Field Dispersion on the Spectral Characteristics  
of Nanosized Particles and their Composites 

 

423 

4. Conclusions 

The experimental results presented here demonstrate good agreement with calculations 
made using the model suggested for estimating the effect of 1D, 2D and 3D dielectric 
confinement on the IR spectra of condensed matter. The results obtained allow us to 
conclude  that the physical mechanism responsible for the shift of the absorption peak of 
small particles experiencing different types of dielectric confinement is the same, regardless 
of the nature of the condensed medium, whether crystalline or amorphous,  solid or liquid. 
The shift is due to the local field effect acting on the size confined particles, surrounded by 
the dielectric matrix. 
The expression obtained for particle absorption under 1D confinement is the same as that 
for the dielectric loss spectrum of the crystal at the frequency of the longitudinal-optical 
phonons (Berreman, 1963).  This indicates that similar absorption bands to those seen under 
1D confinement will be observed near the minimum of the real part of the dielectric function 
(Reε(ν)) function in any condensed medium. This has been confirmed already in other 
studies on thin films of amorphous solids (Payne & Inkson, 1984; Röseler, 2005; Tolstoy et 
al., 2003; Röseler, 2005;  Shaganov et al., 2005), polymer monolayers (see (Yamamoto & 
Masui, 1996) and references therein) as well as for the thin liquid films investigated in this 
work. We conclude that the absorption bands, observed earlier and ascribed to the 
Berreman effect (Berreman, 1963), are a particular case of the manifestation of 1D 
confinement.  This conclusion is supported by a study by (Lehmann, 1988), where it was 
shown that the appearance of the absorption band at the frequency of the LO-phonons in an 
amorphous dielectric is a consequence of the boundary conditions in a dielectric film at an 
oblique incidence of the probe beam.   
The numerical and experimental results described above indicate that relatively large 
spectral effects can be expected as a result of dielectric confinement. Our results 
convincingly demonstrate that the blue shift of the absorption bands under dielectric 
confinement can be significant, and must be taken into account when interpreting 
experimental spectroscopic data from composite systems. Of course, we ignored the resonance 
dipole-dipole interactions, which are negligible at particle volume concentrations of less than 
1% and will not impact the accuracy of the calculations for filling factors of less than 10%.       
We note that the expressions obtained only deal with isolated particles of spheroidal shape 
and are valid when the spheroidal semi-axes in either one, two or three directions are 
satisfied by the conditions dz << λ or dx = dz << λ while remaining larger than atomic 
dimensions. Therefore, the approach suggested here can be used for a general description of 
the spectral characteristics of arbitrary micro-objects, or more specifically, sub-micron 
microcrystalline particles, under dielectric confinement.  One of the disadvantages of our 
approach is the absence of the size parameter in the model.  Obviously, the response of the 
dielectric medium will change with a decrease in the particle size, approaching frequencies 
characteristic of the limited cases of 1D, 2D and 3D confinement considered in this work. 
There is evidence to indicate that this assumption is justified, assuming the optical 
properties are linear. We believe that particle size will play a significant role only when 
quantum confinement effects influences their non-linear optical properties. Other physical 
phenomena need to be taken into account in order to calculate the absolute value of the 
imaginary part of dielectric function. These phenomena include sample surface roughness, 
polaritons, diffraction and scattering. In addition, the specificity of the molecular orientation 
in, for example, Langmuir-Blodgett films, or the film structure, that is, anisotropy, of the 
oxide or island-like surface structure for ultra-thin films, or monolayers, may also influence 
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the shape and position of the IR spectra.  Therefore, further development of this theory and 
its experimental verification is required. 
We conclude that dielectric confinement offers considerable promise as a method for tuning 
the absorption properties of composite media. The approach allows control of both the 
position and intensity of the dielectric loss spectrum of the absorbing medium embedded in 
a composite. Furthermore, the absorption efficiency can be increased significantly due to 
local field effects. Clearly, further development of simple models for the description of the 
spectral properties of composite media, including meso-composites based on porous 
semiconductors, as well as other porous media with absorbent inclusions, is still necessary. 
The most important applications of these studies are to the analysis of the absorption spectra 
of industrial smokes, toxic aerosols and liquid droplets, (see Ref. (Carlton et al., 1977; 
Carlton, 1980) for example) as well as for colloidal optofluidic systems (Psaltis, 2006).  
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