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Enhancement of Nonlinear Optical Properties of Silica Glass by Using Metallic
Nanoparticle Compounds

Abdolrasoul Gharaati, Abdoreza Kamaldar

Department of Physics, Payame Noor University, Tehran, Iran

Abstract- Current paper is aimed at introducing a method for enhancing the nonlinear optical properties in silica glass by using
metallic nanoparticles. First, the T-matrix method is developed in order to calculate the effective dielectric constant as well as the
compound of silica glass and metallic nanoparticles, both of which possessing nonlinear dielectric constants. In second step, the
Maxwell-Garnett theory is exploited to replace the spherical nanoparticles with cylindrical and ellipsoidal ones, facilitating the
calculation of the third-order nonlinear effective susceptibility for a degenerate four-wave mixing case. The results are followed by
numerical computations for silver, copper and gold as nanoparticles. It is shown, graphically, that the maximum and minimum of the
real part of the reflection coefficient for nanoparticles of silver occurs in smaller wavelengths in comparison to that of copper and
gold. Further, it is found that the nanoparticles of spherical shape exhibit greater figure of merit in comparison to those with
cylindrical or ellipsoidal geometries.
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1 Introduction

The linear optics of heterogeneous media has been
extensively studied, e.g., in Refs. [1-5]. By
utilizing appropriate approximations, various
methods for the calculation of effective dielectric
constant can be found [6-10].

In this paper, in the parallel of Refs. [11, 12], we
calculate degenerate four-wave mixing in silica
glass and nanoparticles compound for a compound
heterogeneous medium consisting of silica glass
(host) and ellipsoidal gold, silver or copper
metallic nanoparticle (guest), Finally, this research
investigates the nonlinear properties of spherical,
cylindrical and ellipsoidal metallic nanoparticles in
silica glass for the case of degenerate four-wave
mixing. Moreover, it shows how these parameters
can be enhanced.

2  Modeling

The electric field components in an ellipsoidal
along X, y and z axes are as follow:
EOk

Ei = non non non ’k =Xy and Z, (1)
Cl+L (e - e

where | represents interior of the guest medium

and the term Efkon(k=X, Y,Z) is the nonlinear

effective dielectric constant of the host and
non

&y (K=X,Y,Z) for guest. The nonlinear
effective  dielectric constant of ellipsoidal
nanoparticles of the guest is:

non ’ ' 2
&y () =¢&{(w) + &, |Eik| , k=xy,z. (2)

! ! . R
where &, and &, are linear and nonlinear parts of

guest nanoparticles effective dielectric constant
respectively. Then, the nonlinear effective
dielectric constant of host medium will be:

glnfn(a)):gl(a’)+52|E0k|zv k=xY,2, 3)

where &; and €, are linear and nonlinear parts of
host nanoparticles effective dielectric constant
respectively. E, is the component of guest’s

electric field and E;, is the same one for the

exerting field. Calculations and simplifications in
the X direction show that

e
L+ F ¢ L+ f (%~

=03 _ )
This = Xaro- 1

(4)

Experiments and calculations show that the
nonlinear refractive index will increase after the
addition of metallic nanoparticles and in
conclusion the 2-photon absorption coefficient will
increase too [14]. Thus, the figure of merit will not
change due to the following equation.

(3)
FOM :‘l—‘g. (5)
477|m(;(( ))

In tables 1 and 2, the influence of the addition of
different nanoparticles with different shapes is
shown. They are for the case of small volume
fractions (0.06 and 0.08) in a degenerate four-wave
mixing at A =532nm [15- 17]

Table 1. Variations of figure of merit in silica glass after
addition of different cylindrical metallic nanoparticles

for a degenerate four-wave mixing at A =532nm

Q 3 6 © g
— = = 3

g f Reysn | Imysn | (X e
Z. (esu) (esu) (esu) 3
3"&3 0.08 | -249x107 | 4.10x107 | 4.80x107 | 0.93
5 "CCS 008 | -1.09x10° | 133x10° | 172x10° | 003
E'XS 008 | 493x10™ | 1.11x10™ | 493x10™ | 3.25
2%3 0.06 | -1.45x107 | 2.72x107 | 3.09x107 | 0.90
2 "Ccﬁ 006 | -7.07x10° | 9.09x10° | 1.15x10° | 1.08
E'XS 0.06 | 3.37x10% | 7.59x10™ | 3.37x10%2 | 3.34

Table 2. Variations of figure of merit in silica glass after
addition of different spherical metallic nanoparticles for
a degenerate four-wave mixing at 532 nm wavelength

@] é
3 ic) —(3) _® 5
3 i | Refon | 1My | [Xan| | &
= (esu) (esu) (esu) g
Silica . . .
& Au 0.08 -2.71x10 -2.05x10 3.39x10 0.32
Silica 5 . .
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zlﬁg 0.08 2.99x10 7.07x108 299x10 | 369
zlxﬁ 006 | 21310° | -120x10° | 249x10° | 0.54
zlgﬁ 006 | 845%10° | 207x10° | 870x10° | 0.35
zlﬁg 006 | 208x10% | 479x10% | 203x10% | 338

Figures land 2 respectively show the variations of
the magnitude of effective third-order nonlinear

susceptibility  coefficient }?1(133 after adding
ellipsoidal nanoparticles of gold and silver for a
degenerate four-wave mixing at A =532nm on
the basis of L & f . Here, the values of effective

third-order nonlinear susceptibility coefficient are
expressed in terms of esu.

Conclusions

In this research, the physics of enhancement of
nonlinear properties of silica glass MNPs has been
investigated. Increasing the intensity of the
external field causes an increase in the medium.
The models presented in this paper describe the
effects of the nanoparticles investigated for silica-
gold, silica-silver and silica-copper, and it is shown
that the ETNSC and FOM for spherical
nanoparticles is larger than those of cylindrical
ones. Considering the tables 1 and 2 and the
information gathered, because of high values of
nonlinear properties

Fig. 1. Variations of the effective third-order nonlinear
susceptibility coefficient (7%)) after addition of gold
ellipsoidal nanoparticles for a degenerate four-wave mixing at
532 nm wavelength on the basis of L and f

Fig. 2. The Same as Fig. 1, but for the silver ellipsoidal
nanoparticles

200 -

Fig. 3. Variations of the figure of merit after addition of
silver ellipsoidal nanoparticles for a degenerate four-wave
mixing at 532 nm wavelength on the basis of L and f
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