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Scattering response of Au and Ag nanoparticles with different sizes embedded in
azopolymer matrix
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In this article we analyze the scattering response of a realistic model of thin azopolymer film (synthesized in
Institute of Optical Materials and Technologies) with embedded Au and Ag spheres with mean radius 45 nm and 20 nm.
The refractive index of the polymer matrix at 473 nm is 1.628, as determined by spectrophotometric measurement. This
wavelength is commonly used for recording holographic gratings in such materials. Single particle optical behavior is
analyzed using the exact vector equations of the scattering theory. Computer program was developed for estimation of
scattered fields in terms of expansion coefficients. The particles are considered as ensemble of non-aggregated spheres
with normal distribution of sizes, characterized by the mean radius <r> and its standard deviation which is taken as
o, =<r>/4. We ignore multiple scattering by individual particles. Based on these approximations, the angular
dependences of all the matrix elements describing the optical response of the investigated nanocomposite film are

calculated.
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INTRODUCTION

The problem of light scattering by particles has
attracted the attention of many researchers. In
optical particle characterization, mainly scattering
by some basic particle shapes such as spheres,
spheroids, ellipsoids, cubes and cylinders have been
investigated. In some early works special cases for
certain types of particles have been resolved using
various approximations [1-3]. Pioneering work of
Gustav Mie and Lorenz provides more
comprehensive view of the problem of scattering of
particles [4].

Perhaps the most important, analytically solved
problem in the theory of scattering by small
particles is that of a sphere of arbitrary radius and
refractive index [4, 5]. The Mie solution was
obtained applying Maxwell's electromagnetic
theory to the problem of light scattering from a
homogeneous spherical particle with separation of
variables.

Herein we present a numerical analysis of the
scattering response of thin azopolymer film
(synthesized in Institute of Optical Materials and
Technologies) with embedded Au and Ag spheres
with mean radius 45 nm or 20 nm by calculations
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of the scattering matrix.

This study is related with recently reported
results for the enhanced photoinduced birefringence
in composite materials [6, 7]. One of the suggested
mechanisms that assist the reorientation of the
azomolecules in presence of nanoparticles is
connected with the light scattered from the
nanoparticles at the recording wavelength, namely
473 nm.

THEORY

The scattering of electromagnetic radiation by
any material is related to its heterogeneity. Each
material is in some sense heterogeneous, and for
this reason all materials scatter electromagnetic
radiation.

When a particle is illuminated by light, the
nature of the particle — its shape, size and material —
determine how much light will be scattered, what is
its angular dependence, as well as how much light
will be absorbed by the particle [8]. The process of
scattering from a particle can be described as
follows: A particle with a certain shape, size and
optical properties is illuminated by monochromatic
plane wave with arbitrary polarization. In order to
determine the electromagnetic field inside and
outside the particle, vector Maxwell’s equations are
solved by separation of wvariables, within and
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outside the particle, so that they fulfil the boundary
conditions between the particle and the surrounding
environment. Naturally, these equations are solved
for the various separate areas, namely inside the
particle, near and far from the particle.

The connection between the incident (i) and
scattered (s) electric field is presented in a matrix
form as follows:

EHs _eik(r—z) P2 P3 EHz’
EJ_S - _lkr })4 Pl EJ_i (1)

where the elements Pj( j=123, 4) of the

amplitude scattering matrix are complex variables
and depend in general on the angle of scattering 6
and the azimuth angle ¢ and & is the wave vector.
Eq. (1) is valid for polar coordinate system
(r,@,go) and the z-axis is defined as the direction

of propagation of light ahead (forward direction).
The scattering angle 4 is counted from the centre of
the particle and is equal to zero for backscattering
(i.e. in direction opposite to the incident light) and
180° for forward direction.

The intensity and polarization of light are
usually characterized in terms of the Stokes
vector S = (I ,0,U ,V). The Stokes parameters of

light scattered by a single particle are found from
the electromagnetic field inside and outside the
particle. A scattering matrix with 16 elements
converts the Stokes parameters of the incident light

([ 0.0, Vl) into the Stokes parameters of
scattered light (IS,QS U,V ), as seen below [8]:

I B, R, By B\
o|_ 1 |m B B B0
Us kr’ P, P, P, P, |U,
Vs Py P, Py P,\V,

2

This matrix is also sometimes referred to as
phase matrix. The phase matrix in the case of
spherical isotropic particles has much simpler form,
and it is described by only four parameters — Py,
Plz, P33 and P342

P B, 00
P, By 0 0
0 0 P, P,
0 0 -P, Py

)
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Hence, if we find these four parameters (P,
P15, P33 and Ps,) of the scattering matrix, we will
know the scattering response of the system.

So far we considered a single particle. Recently,
materials composed of several nanosized
components, known as nanocomposite materials,
have attracted considerable attention. They consist
of a matrix in which nanoparticles are embedded.
When we have an ensemble of particles, each
particle in addition to the external field is excited
by the resultant field of the scattered waves from all
other particles. This complex case is usually
simplified by two main approximations. The first is
that the density of particles is small enough and
they are at sufficiently large distance from each
other, so that in the vicinity of each particle the
total scattered field from all the other particles is
less than the external field. Then each particle is
affected only by the external field. The second
approximation assumes an incoherent scattering by
particles in the ensemble.

RESULTS AND DISCUSSION

Our model considers a homogeneous spherical
metal (Au or Ag) particle embedded in azopolymer
matrix. The complex refractive indices of gold and
silver are taken from Ref. 9. The calculations are
made for mean radius of the metal spheres 45 nm
and 20 nm, respectively, the ensemble of particles
having a normal distribution of sizes. The
azopolymer used for the matrix of the
nanocomposite material is synthesized in the
Institute of Optical Materials and Technologies.
The refractive index of the polymer matrix is
estimated to be 1.628 at 473nm based on
spectrophotometric  experimental  data.  This
wavelength corresponds to the one commonly used
for recording holographic gratings in such
materials. Single particle optical behavior is
analyzed using the exact vector equations of the
scattering theory. Far-field scattered and near-field
electromagnetic fields are calculated by the method
of separation of variables.

Computer algorithm was developed for
calculation of the scattered fields in terms of
expansion coefficients. The particles are considered
as ensemble of non-aggregated spheres. Further, we
have ignored multiple scattering by individual
particles. We also assume that the spheres,
incorporated in the azopolymer samples, have
normal distribution of sizes, characterized by the
mean radius <r> and its standard deviation o..
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Fig. 1. Angular dependence of the scattering matrix elements Py, Py, P33 and Ps,.

Calculations were done for Au and Ag
nanoparticles with <r>=45nm and <r>= 20 nm.
In both cases the value of the standard deviation is
taken to be g, = <r>/4.

The angular dependences of all the matrix
elements Py, P, P;; and P;4 describing the
scattering  response of the  investigated
nanocomposite film are calculated and graphically
presented in Fig. 1.

As seen in Fig. 1, the behavior of all four
scattering matrix elements for both the gold and
silver particles with radius 20 nm is similar. This is
because they are within the approximation for small
particles. On the other hand, the angular scattering
dependences of the 45 nm sized gold and silver
particles are different.

CONCLUSION

The scattering matrix elements are calculated
and compared for nanocomposite layers consisting
of Au or Ag nanoparticles with two different sizes
(20 and 45 nm) embedded in dielectric azopolymer
matrix. In such a way, the scattering response of the
system can be defined. The angular dependences of
the four scattering matrix elements in the case of
spherical isotropic particles are presented. It is seen,

that the obtained values for gold and silver particles
with size 20 nm are very close, which is explained
by the approximation for small particles. Hence, for
particles with radius 20 nm or below, the scattering
response does not depend on the composition of the
particle.

For particles with radius 45 nm however, the
scattering of the system is different for gold and
silver, and depending on the desired optical
properties, one of these materials can be selected.
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PA3CEMBAHE OT A3OIIOJIMMEPEH CJIOI C BIPAJIEHU Au Y Ag YACTHILY C PA3JIMYHU
PA3SMEPHU

J. Y. Hazbpoga, JI. JI. Hemendes u I1. C. [llaprmanmkues

HucturyT no Ontrnyeckn Matepuanu un Texnonmorun, beiarapcka Axanemust Ha Haykute, yin. Akan. I
Bonues, 611. 109, 1113 Codus, brrrapus

ITocrbnuna Ha 17 oktomBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 .

(Pesrome)

AHanu3MpaHo € pa3celBaHETO Ha peaJruCTHYeH MOJEN Ha THhHBK a30omojuMepeH cioil (cuutesupan B UOMT) ¢
BrpageHu Au u Ag cepudnu HaHOYacTUIM ¢ paguycH 45 aM u 20 M. [TokasarensaT Ha nmpedynBaHe HA MMOJUMEpHATa
martpura 3a 473 am e 1,628 u e onpezeneH OT CEKTPO(YOTOMETPUYHN €KCTIEpUMEHTAIHN aHHU. Ta3u IbIDKUHA Ha
BbJIHATa € MOAXOAALIA 32 XoJorpad)cku 3amuc B u3cienBaHuTe MaTepuanu. [loBezeHMeTo Ha eJIMHMYHA YacThLA €
aHAJIM3MPAHO TIOCPEJICTBOM TOYHUTE BEKTOPHH ypaBHEHHsI Ha Makcyerl.

Pa3paboTeHn ca KOMITIOTHPHU TIpOrpaMy 3a IpECMsTaHE Ha bIJIOBaTa 3aBUCHMOCT Ha pascesiHaTa CBETJIMHA.
YacTumure ce pasriekaaT KaTo ancaMObJl OT Hearperupaiyu cdepr Kato ce npeHeOpersaT MHOTOKPATHUTE OTPaKEHHS
MeXAy dyacTuiure. [Ipuemame chII0, Y€ YaCTUIMTE MMAT HOPMAJIHO paslpeAeieHre 10 pa3MepH U ce XapaKTepu3upar
CbC CpeIHMs CH paguyc <r> W CTaHJApTHO OTKJIIOHEHHEe o,= <r>/4. HampaBeHure w3umcieHus ca 3a Au u Ag
HaHOYACTHUIH ¢ <r> =45 aM u <r> = 20 um. [IpencraBeHu ca BrIIOBUTE 3aBUCUMOCTH 3a 473 HM Ha YeTUPUTE MAaTPUIHU
€JIEMEHTA, OIPEEIAIIN Pa3ceBAaHETO HA U3CIICIBAHUS HAHOKOMITO3UTEH CIIOM.
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