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Size-frequency dependencies for the absorption coefpcient of a composite with metallic na-
noscale inclusions of various geometries have been studied within the concept of the equivalent
ellipsoids of revolution. It has been established that the number of absorption coefpcient maxima
and their values depend on the shape of metallic inclusions while the spectral position of the
maxima is determined by the material, and not by the shape of the inclusions. It has been shown
that an increase in the attenuation results in a decrease in the absorption coefpcient due to the
invariability of the integral absorption coefpcient.

Keywords: metal-dielectric nanocomposite, absorption coefpcient, size dependence, surface
plasmonic resonance, depolarization factors, effective relaxation time.

Keeoyaa eaydooRest deocabosy b YoeRedaYe 3abeaendososo saeRdaYoso
Yddxyasatso 3mbssn de3oao. 0.0. £e33aGye, M.8. ZRYdoya

O 3RodRg JtYdaat €38 adY¥nYRdaagan adiesaed ara3cRaat vasdienaas 3abhon3as-yR3636al
bRdupaasa) daadicnuack eaydoaRaat deocahos) b saeRdaYo90 aRae32b9139090 YddTyaast+s0
3nbasy yaeoas3n. OzeRasYduses, ya dididizet oRdzosjyonY deadicuacR caydooRoat 6R caye
YadoyoaR bRdopRe# Yme de390 90eRdoYog Yddxyoa+, esen +d 3zeade3Rdiea eadapaast
9Rdz09j9nY YobaRyRus#zt oReusrRdas, R aa ds3gsx Yddryost. ZadRbRas, ys YoRadiead
oabonooazan nosay3Rdioaye deadnciuaeR caydoaRaat bn brndiyaoats byR3Reat daadicnuas
eaydoaRaat hooax¥jusist.

1. Introduction

The composite mediums based on dielectrics with metallic nanoparticles uniformly distributed
over its volume (random or orderly), are under active study in recent years due to the large number
of potential applications. This is due to the fact that such materials demonstrate new and interest-
ing properties [183], which can differ signipcantly from initial properties of the material both the
matrix and inclusions. One of the reasons of such differences is the effects of surface and quantum
limitations at the nanoscale. In [4, 5] the occurrence of a resonance in the dielectric permittivity
of the composite is assumed, and the position of the resonance depends both on the permittivity of
the initial materials and on the volume content of nanoparticles in the composite and their geom-
etry [3, 6]. The shape of the permittivity resonances in such composites coincides with the shape of
the resonances of a three-dimensional sample, but the resonance is in the visible frequency range.
In this case, the real part of the effective permittivity of the nanocomposites can vary over a wide
range, from fairly large to negative [7, 8]. The required optical characteristics of the composite are
formed as a result of excitation of the plasmonic resonance of nanoparticles, the frequency of which
depends on the size and geometry of the nanoparticles [2, 9612]. Variation in the size, shape, and
orientation of nanoparticles opens up wide opportunities for controlling the optical properties of
nanocomposites and their practical application [1, 2]. In particular, nanoparticles embedded in a
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dielectric matrix, are used in the solar cells, sensors, LEDs and non-volatile memory devises [13-
16]. The properties of nanoparticles embedded in a dielectric can be used to create materials with
predetermined optical properties.

In [17], the size and shape effects on absorption and scattering properties of Au nanoparticles
were studied. At the same time, it was shown that when changing the shape of nanoparticles from
spheres to rods, the localized SPR peak shifts from the visible to the near-infrared region of the
spectrum which makes such objects the potential candidates for in-vivo application [17].

In this regard, the purpose of this paper is to study the inyuence of inclusion geometry on the
optical properties of metal-dielectric nanocomposites.

2. General theory

Let us use the relation for the absorption coefpcient of a composite with ellipsoidal metal inclu-
sions

Eii' &Wl
e Ll e T ILe !

@)

Bm\m

héw' ;

Wl
°|§

3
s

where b is the content of nanoparticles in the composite; Em is matrix permittivity; c is the speed
of light; w is the frequency; Li is the depolarization factors along the axes x, y, z (i ; X, ¥, Z
). The real and imaginary parts of the dielectric function E éw' and E,&w" in the Drude model are
presented in the form .
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In these formulae, E¢ is the contribution of the ionic core to the permittivity; w, is the frequency
of bulk plasmons; geff is the diagonal component of the tensor of the effective relaxation rate deter-
mined by the following relation for nanoscale objects [18]
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where g, is the relaxation rate in a 3d-metal; gf is the surface relaxation rate; grad is the radia-
tion damping rate.

Let us consider nanocomposites with particles-inclusions of such shapes as the strongly prolate
and strongly oblate ellipsoids of revolution, as well as with particles of limiting shapes & rods, discs
and spheres.

In the case of spheroidal, cylindrical and disk nanoparticles-inclusions, due to anisotropy, the
permittivity is a diagonal tensor of the second rank

, (4)
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and the effective relaxation rate
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The ratios for the rates of radiation damping and surface relaxation in nanoparticles having the
shape of an ellipsoid of revolution can be represented as [19, 20]
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where E, is the electric constant; R ~ are respectively, semi-axes of the ellipsoids
of revolution, the depolarization factors and the a&agonal components of the conductivity tensor,
which correspond to the directions across and along the symmetry axes of a spheroid.

The frequency dependencies for the diagonal components of the conductivity tensor for spher-
oids have the form
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In formulae (9) and (10), x is the integration variable; the designations for the frequencies of
the individual oscillations along the axes of spheroids are [19]:
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where v, is the Fermi speed of electrons.
Let us concretize the expressions (9) and (10) and write down the expressions for depolarization
factors in the case of oblate eIIipsoids of revolution:
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where e, ; 1I&R\/RC +1 is the eccentricity of the oblate spheroid.

The expressions for the depolarization factors and formulae (9) and (10) in the case of the prolate
ellipsoids of revolution have the form
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where e, ; J1+&R\/RC * is the eccentricity of the prolate spheroid.
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3 A composite with inclusions of the spherical form

Let us concretize now the form of the expression for the absorption coefpcient of a composite
with inclusions of limited shape. In the case of spherical inclusions LX ; |_y ; LZ ; 1/3 and
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and surface and radiation components of the relaxation rate can be represented in the form [12]
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n, 5 V. /2R is the frequency of individual oscillations, V, ; 4pR®/3 is the ball volume.

4 A composite with 1D-inclusions
The absorption coefpcient for the nanocomposite with 1D-inclusions has the form
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The expressions for the absorption coefpcients of composites with metallic inclusions of cylindri-
cal and disc shapes can be obtained after passing to the limit from the corresponding relations for
composites with inclusions in the form of oblong and oblate ellipsoids of revolution.

Note that since the properties of 1D-systems are described by relations for equivalent spheroids,
it is convenient to use the effective aspect ratio of equivalent spheroids as a dimensional parameter
instead of eccentricity. The aspect ratio, according to [21], can be determined from the condition of
equality of the axial moments of inertia of a cylinder (spherocylinder) and a prolate spheroid or a
disc and an oblate spheroid.

The axial moments of inertia for the cylinder, spheroid and oblong ellipsoid of revolution have
the form
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where r and | are, respectively, the radius and the length of the cylinder (spherocylinder), and

m,,, is the mass of the cylinder; r, ., is the density of the material of the spherocylinder;
el - &&az yb2', 1 2m,, b2 (24)
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where m,, is the mass of the ellipsoid.

Using the relation
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and introducing the designations
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where E is the aspect ratio for the cylinder and spherocylinder, one obtains
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In the case of a disc and an oblong ellipsoid of revolution, the prst relation (27) is also true, but

the expressions for E,. and E have the form:
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where D and H is the diameter and the height of the disc.

Calculating integrals (9) and (10) for both cases without taking into account the oscillating
terms in comparison with the term in parentheses, we obtain the expressions for the diagonal com-
ponents of the conductivity tensor.

U for a prolate spheroid equivalent to the cylinder (spherocylinder)
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U for an oblate spheroid equivalent to a disc, s,;. has the form (29), but F,. §E..." is deter-
mined by formulas
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Substituting expressions (29) into formulae (7) and (8), we obtain general expressions for the
rates of surface relaxation and radiation damping
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We will use the latter relations to calculate the frequency dependencies for the absorption coef-
pcient of a composite with metallic 1D-inclusions using formula (22).
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