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Abstract

The objective of this study is to propose a methodology for examining how the size of metal
nanoparticles, specifically gold, silver, copper, and titanium dioxide, affects the dielectric
constant of chalcogenide glasses. To achieve this, spherical nanoparticles with a volume
fraction below 0.1, which minimize their interaction, are dispersed within the glasses. By
employing the T-matrix method, the effective dielectric constant (EDC) of the composite
medium is determined as a function of nanoparticle size (radius) and volume fraction at
635 nm wavelength. The corresponding diagrams are plotted to illustrate the outcomes.
Finally, the findings reveal a substantial increase in the EDC of the composite medium
as the radius of the nanoparticles grows, particularly when the volume fraction of the
nanoparticles is increased. For instance, in the case of a 635nm wavelength and a volume
fraction of 0.08, the magnitude of EDC exhibits a pronounced dependence on both the
radius and type of nanoparticles. Specifically, when the nanoparticle radius is 10nm, the
minimal EDC is observed with silver nanoparticles, whereas the maximal EDC is manifested
with gold nanoparticles. Conversely, at a radius of 50nm, the minimal EDC is realized with
gold nanoparticles, while the maximal EDC is attained with silver nanoparticles. Lastly, at
a 100nm radius, the minimal EDC is associated with silver nanoparticles, and the maximal
EDC is elicited by titanium dioxide nanoparticles.
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1. Introduction

Chalcogenide glass (CG) is made from chalcogen elements,
specifically sulfur, selenium, and tellurium. To create this
glass, other elements like germanium, arsenic, antimony,
and gallium are mixed. These glasses have a low phonon
energy and cover a wide range from visible to infrared
light [1].

Experiments have shown that chalcogenide glass can
combine with impurities, leading to improved optical
properties when metallic nanoparticles are distributed
within it [2]. Rare elements like erbium, neodymium,
and praseodymium can also be added to chalcogenide
glass. These glasses find numerous applications in optical
components. They can be utilized to produce ultra-fast
optical switches, sensors, trackers, and distance sensors.
Additionally, they have various applications in optical
industries, communications, electronics, optoelectronics,
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mechatronics, and the military [3]. Maxwell-Grant theory,
also known as the Maxwell-Grant approximation [4], is a
widely recognized method used to study the linear optical
behavior of compound mediums. This approximation
is particularly suitable when one element acts as the
host and the other as the guest. Several techniques are
available to derive the theoretical equations of Maxwell-
Grant, one of which is the local field method.

Recently [5] and other researchers [6,7] examined a
compound medium consisting of metallic nanoparticles
dispersed randomly in a glass matrix. In this system, the
linear and nonlinear dielectric constants of the metallic
nanoparticles, represented by & and &,respectively,
were considered. The compound medium was subjected
to an applied electric field (E,) directed along the z-axis.
The electric field within the nanoparticles was denoted
as E, assuming the nanoparticles had a spherical shape.
By solving Maxwell’s equations and applying appropriate
boundary conditions, the electric field within the
spherical nanoparticles was determined. The T-Matrix
method [8-11] was one of the notable approaches used,
assuming the quasi-static approximation was valid. This
approximation implies that the dimensions of the linear
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inhomogeneities, such as the radius of the nanoparticles,
are much smaller than the wavelengths of radiation. For
simplicity, the dielectric constant was considered scalar.

Additionally, the local field and plasma frequency
were also explored in the analysis.[12] The compound
medium in question consists of a glass matrix serving as
the host and metallic nanoparticles acting as the guest.
By applying an electric field to the compound medium
and solving Maxwell’s equations, the field distribution
within the compound medium can be determined. This
research aims to investigate the effect of the size of
metal nanoparticles and titanium dioxide on increasing
the optical properties of chalcogenide glass using the
T-matrix method.

2. Modeling

The aim of this research is to propose a model that
enhances the optical properties of glass oxides by
incorporating metallic nanoparticles. The T-Matrix
method is adapted for a compound system comprising
metallic nanoparticles (guest) dispersed within silica glass
(host). In this model, the dielectric constants of the host
and guest, denoted as &(@) and &'(w), respectively,
are taken into account [5].

&(w) = &(w) +¢, |E0 ’ 5

i (1)
E

b

g'(w)=¢/(w)+¢,

where &, and &, are the linear and nonlinear parts of
the dielectric constant of the host medium (chalcogenide
glass), respectively, and 51' ,8£ are the linear and
nonlinear parts of the dielectric constant of the guest
medium. Moreover, EO and £ are respectively the
applied electric field on the host medium and the electric
field in the guest nanoparticles.

Examining the T-matrix method [5,7,8] and relevant prior
research [12,13], this study explores the influence of
nanoparticle size on the nonlinear optical properties of
the compound medium. The expression for the electric
field within the nanoparticles is provided as follows:

F-—3%_F 2)
2¢,+¢,

where ¢ is the renormalized dielectric constant of the
metal [10], which is defined as
_ 2F(k,a) 1 cotx

—g Y R =— , (3)
& gml—F(kma) ) ¥ x

where , is the metal dielectric constant, k,n:km
, k=w/c is the wave vector in a free space, i, is the
magnetic permeability of metallic nanoparticles, a is
the radius of nanoparticles, and &, is the EDC of the
compound medium given by:

. (1+2/)z, +20- /e, @
(=1, +(f +2e,
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where f is the nanoparticles volume fraction, and ¢, is
the dielectric constant of the host medium (glass) given
by:

£,=6,+6, |E|2 , (5)

where &,,, &£,, are the linear and nonlinear parts of
the dielectric constant of glass, respectively.

In this research, since the dielectric constant of metallic
nanoparticles is assumed to be nonlinear, ¢ in Eq. (3) is
corrected as

El

&, =&1,Y 6,

s

1 cot(k,a) |, (6)
Yo (kma)2 k,a
- | cot(k,a)
[(kma)2 k,a :|

where &, &,,, are the linear and nonlinear parts of the
dielectric constant of metal nanoparticles, respectively.

As shown in Appendix A, the electric field vector and
the electric displacement can be obtained as

E=xE,+x(a~ )i |E[ E,
+x(a—px)(a" - f'x" +a— px) )
' |E)[ B

Were
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B
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and the electric displacement vector is obtained by p-zE.
Using T-matrix method [5], the average of electric field
and electric displacement can be written as

(E)=(1+(GT") ) E, +4m(GT ) |E [ E,
+4r(GT)E,[ B, (10)
and,

(D) = [, (1+(GT ") +(T)]E,

+47(6,(GT®) + (T)|E,[ E, (11)
+47(6,(GT®) +(TON|E,| E,.

where G is the Green’s function, and 7”’s are T-matrices.
As shown in Appendix B, EDC can be obtained after
derivation of the T-matrices.

g=¢, RACR ST (12)
14/ (x - 1)

Shahmirzaee et al



By utilizing Eq. (12) and incorporating the properties
of chalcogenide glass [14,15], silver from [16-19], gold
from [15-24], copper from [24], and titanium dioxide from
[25], the dielectric constant of the compound consisting
of metallic nanoparticles and glass can be determined
[26]. Table 1 presents the magnitude of the EDC H
for chalcogenide glass and metallic nanoparticles and
titanium dioxide with 0.08 volume fraction at 635 nm
wavelength for three sample radii (obtained using Eq.
(12)).

As can be seen in Table 1, at a wavelength of 635
nm and a volume fraction of 0.08, the magnitude of
the EDC is strongly dependent on the radius and type
of nanoparticles. At 10 nm radius, the smallest EDC is
obtained with silver nanoparticles, whereas the largest
EDC is obtained with gold nanoparticles. In contrast, at
50 nm radius, the smallest EDC is obtained with gold
nanoparticles, whereas the largest EDC is obtained
with silver nanoparticles. Finally, at a radius of 100 nm,
the smallest EDC is obtained from silver nanoparticles,
whereas the largest EDC is obtained from titanium dioxide
nanoparticles.

It can be seen in Table 2 that at 635 nm wavelength,
the real part of the EDC of chalcogenide glass, when
combined with 0.08 volume fraction nanoparticles,
is strongly dependent on the type and radius of
nanoparticles, such that at 10 nm radius, copper and
silver nanoparticles respectively yield the greatest and
smallest real part of the EDC. On the other hand, at 50 nm
radius, the relationship is reversed, that is, copper and
silver nanoparticles respectively yield the smallest and
greatest real part of the EDC. Finally, at 100 nm radius,
titanium dioxide and silver yield the greatest and smallest
real part of the EDC when combined with CG (which is a
measure for comparing dispersion).

Similarly, Table 3 presents the imaginary part of the

Table 1. Comparison of magnitude of the EDC for chalcogenide glass,
metallic nanoparticles, and Titanium dioxide with 0.08 volume fraction
at 635 nm wavelength for three sample radii

Compound ‘E‘ ‘E‘ ‘E‘
a=100nm a=50nm a=10nm
As,Se, ~TiO, 10.160 9.133 9.026
AszSe3 -Ag 5.045 10.980 7.751
AszSe3 — Au 6.266 6.376 10.940
A4s,Se, — Cu 6.101 8.432 10.770

Table 2. The real part of the EDC (&) for chalcogenide glass and
metallic nanoparticles(4s,Se;) and Titanium dioxide with 0.08 volume
fraction at 635 nm wavelength for 10, 50, and 100 nm radii (which
implies dispersion).

EDC for CG and metallic nanoparticles and Titanium
dioxide with 0.08 volume fraction at 635 nm wavelength
for 10, 50, and 100 nm radii (which implies the amount of
dissipation).

It can be seen in Table 3 that at 635 nm wavelength,
the imaginary part of the EDC of chalcogenide glass,
when combined with 0.08 volume fraction nanoparticles,
is strongly dependent on the type and radius of
nanoparticles, such that at all three radii, 10, 50, 100
nm, titanium dioxide nanoparticles yield the smallest
imaginary part of the EDC. On the other hand, the
situation is different for the greatest imaginary part of
the EDC, such that at 10 nm radius gold nanoparticles,
at 50 nm copper nanoparticles, and 100 nm radius silver
nanoparticles yield the maximum imaginary part.

According to Table 3, the minimum loss in all three
sample radii belongs to titanium dioxide, but the
maximum loss in different radii is associated with different
materials.

In a dielectric function [27-29], the real part
underscores the material’s ability to store electrical
energy (electronic polarizability) and its refractive index,
while the imaginary part incorporates the material’s
energy loss or light absorption.

The dielectric constant is associated with specific
materials, such as those used in cable insulation,
capacitors, and printed circuit board substrates. It is a
complex number with the imaginary part associated with
dielectric losses and the real part an indication of the
degree to which a material can be polarized [27-29].

Figure 1 shows the EDC of the compound medium
versus the nanoparticles radius (a) for five sample
volume fractions (f) for silyer nanoparticles in CG at
635 nm wavelength, whereTg , Real & , and Imag &
are the magnitude, real part, and imaginary part of the
compound’s EDC, respectively.

As can be seen in Fig. 1, the EDC of the compound
medium reaches its maximum at 71 nm radius by
increasing the nanoparticles volume fraction to 0.1.

Figure 2 shows the magnitude, real part, and
imaginary part of the EDC of the compound of CG and
copper nanoparticles versus their radius for five volume
fractions at 635 nm wavelength.

As shown in Figure 2, the EDC of the compound
medium reaches its maximum at 47 nm radius by
increasing the nanoparticles volume fraction to 0.1.

In Figure 3, the magnitude, real part, and imaginary
part of the EDC of the compound of CG (As;5e;) and
gold nanoparticles versus their radius (a) at the 635 nm

Table 3. Comparison of the imaginary part of the EDC for CG 4s,Se;,
metallic nanoparticles, and Titanium dioxide with 0.08 volume fraction
at 635 nm wavelength for three sample radii.

3 | UNN, 2025, 1, 1-9

Compound Ereu Erea Erea Compound Eimag Fimag Eimas
a=100nm a =50nm a=10nm a=100nm a=50nm a=10nm

As,Se; —TiO, 10.150 9.120 9.014 As,Se, - Ag 1.2450 2.8720 1.4370

As,Se, — Ag 4.889 10.600 7.616 As,Se; — Au 0.7624 5.1320 4.0330

As,Se; — Au 6.219 3.783 10.170 As,Se, —Cu 0.7624 7.7060 2.8130

As,Se, - Cu 6.058 3.423 10.401 As,Se; —TiO, 0.4968 0.4736 0.4726
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wavelength for five sample volume fractions (f) is plotted.
In Figure 3, it can be seen that as the radius of
gold nanoparticles approaches 39 nm, EDC reaches its
maximum.
Figure 4 shows the magnitude, real part, and
imaginary part of the EDC of the compound of CG and

a Magnitude of Effective Permittivity vs Ag Nanoparticles Radius
16 _

—of=0.100

0 10 20 30 40 50 60 70 80 90 100

Real €

—of=0.100

Im e

Figure 1. EDC of the compound medium ( £ ) versus the nanoparticles
radius (a) at five different volume fractions (f) for silver nanoparticles
in CG at 635 nanometer wavelength, where,|z|, Real( £ ) and Imag(
£ ) (in parts a, b, c) are the magnitude, real part, and imaginary part

of the compound’s EDC, respectively.

4 | NN, 2025, 1, 1-9

titanium dioxide nanoparticles versus their radius for five
sample volume fraction.

In Figure 4, it can be seen that by increasing the
radius of titanium dioxide nanoparticles and their volume
fraction, the EDC increases steeply but, considering plots
1 to 4 and Tables 1 to 3, in the interval 1 to 100 nm the

a Magnitude of Effective Permittivity vs Cu Nanoparticles Radius
16

——f=0010

Real €

particles Radius

Im e

0 10 20 30 40 50 60 70 80 920 100

a (nm)

Figure 2. EDC of the compound medium ( £ ) versus the radius (a)
at five different volume fractions for copper nanoparticles in CG
at 635 nanometer wavelength, where|g|, Real( £ ), Imag( £ ) (in
parts a, b, c) are the magnitude, real part, and imaginary part of the
compound’s EDC, respectively
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EDC of CG cannot be increased using titanium dioxide
nanoparticles, as well as it can using metallic nanoparticles
(silver, copper, and gold). On the other hand, the maximum

a Magnitude of Effective Permittivity vs Au Nanoparticles Radius
13

b Real Part of Effective Permittivity vs Au Nanoparticles Radius
1"

Real €

0 10 20 30 40 50 60 70 80 90 100

a(nm)

c Imaginary Part of Effective Permittivity vs Au Nanoparticles Radius
9

Im e

0 10 20 30 40 50 60 70 80 90 100

a (nm)

Figure 3. EDC of the compound medium (& ) versus the nanoparticles

volume radius (a) at five sample fractions (f) for gold nanoparticles in

CG at 635 nanometer wavelength, where, |g|, Real (£ ), Imag( £ )

are the magnitude, real part, and imaginary part of the compound’s
EDC & , respectively.
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value of the EDC for these compounds decreases with
silver, copper, gold, and titanium dioxide nanoparticles,
similarly for the minimum values in an increasing manner.

a Magnitude of Effective Permittivity vs TiO2 Nanoparticles Radius
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Figure 4. EDC of the compound medium ( £ ) versus their radius (a) for
titanium dioxide nanoparticles in CG for five sample volume fractions
(f) at 635 nanometer wavelength, where, ||, Real (£ ), Imag (£
) are the magnitude, real part, and imaginary part of the compound’s
EDC, respectively
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3. Discussion

Even at low volume fractions, specific nanoparticle
sizes can resonate with the electromagnetic field,
leading to enhanced or diminished EDC due to localized
surface plasmon effects [30]. This indicates significant
interaction between the nanoparticles and the incident
electromagnetic waves, despite the low concentration
[30]. The observed maxima and minima likely arise
from constructive and destructive interference of light
scattered by the nanoparticles [31]. At specific sizes, the
scattering cross-section may be optimized, resulting in
enhanced EDC (maxima), while at other sizes, destructive
interference could lead to reduced EDC (minima). The
contrastingdielectric properties of the metal nanoparticles
and the host material (chalcogenide or silica glass) can
create significant local field enhancements [32-34]. The
EDC can peak at nanoparticle sizes where this contrast is
most effectively utilized, while at other sizes, it may not
contribute positively to the overall dielectric response.
At specific radii, the nanoparticles may induce localized
electric fields that enhance the local dielectric response.
This effect is potentially more pronounced in smaller
nanoparticles, where surface effects dominate, possibly
leading to maxima in EDC [35]. As the nanoparticle
size changes, a transition between different scattering
regimes (e.g., Rayleigh scattering for small particles, Mie
scattering for intermediate sizes) can occur [36]. This
transition can influence how effectively the nanoparticles
contribute to the overall permittivity. Nonlinear optical
effects might also play a role, even at low concentrations,
especially if the electric fields are strong enough to
induce polarization changes in the nanoparticles or the
surrounding medium [37]. While percolation effects
are typically associated with higher volume fractions,
critical sizes may exist even at low concentrations where
connectivity effects begin to influence the EDC [38]. The
T-matrix method was employed to model the EDC of the
composite media. Calculations using this model for CG
compounds with silver, gold, and copper nanoparticles
revealed a significant increase in the EDC with increasing
nanoparticle radius, particularly at higher volume
fractions. Insummary, the presence of maximaand minima
in EDC at low nanoparticle volume fractions highlights
the complex interactions between the nanoparticles and
the host medium. These interactions are influenced by
resonance effects, scattering dynamics, and dielectric
constant, emphasizing the intricate nature of these
composite materials even at low filler concentrations
[39]. Further investigation, potentially through numerical
modeling or experimental validation, is recommended to
gain deeper insights into these phenomena.

4. Conclusion

Consequently, it can be inferred that the material’s
dielectric losses and dispersion also lack a well-defined
monotonic trend, mirroring the fluctuations observed in
Figures 1-3. Specifically, the EDC (or its real and imaginary
parts) of the medium composed of glasses and silver,
copper, and gold nanoparticles does not show a consistent
upward or downward trend. The observed fluctuations

6 | NN, 2025, 1, 1-9

and the increasing trend in Figure 4 can be explained by
several interacting phenomena [1,40-43].

These results are consistent with previous studies [44-
46].

5. APPENDICES

5.1. Appendix A: Calculating the Electric Field Vector and
the Electric Displacement

The 5,,, is the renormalized dielectric constant of metal,
which is defined as,

g g 2P0 1 @)y
1-F(k,a) x

Note that using Eq. (A.1), it follows that

Flk.a)= 1 - cot(k, a) (A2)
(k,a) k,a
5 s X(z[ L _cot(kma)]j / A3)
(kma) kma

Er

,[1_[ 1 2 —COt(kma)]j+52m
(k,a) k a

m

Since the first term in Eq. (A.3) (fractional part) is
independent of the electric field, using a change of
variable, it follows that

Y+e Ez, (A.4)

gm =¢ 2m

Im

Y:[Z[ 1 2 _cot(kma)]]/[l_[ 1 2 _cot(kma)]]
(k,a) k,a (k,a) k,a

Using substitution, we can write

(1 + zf)[gle + g2m

d .
(1 - f)[gImY + &

E[1+20- e,
E[1+(f +2)e,

(A.5)

On the other hand, the host medium also has nonlinear
properties, and its dielectric constant is related to the
electric field as

-2
&) =86, T &y ‘Eo‘ (A.6)

g, = (&, +86y |E0|2) (A7)

(+2/)le, Y +6,, B[ 1+20- /)&, +6,, |E])
A= )ler, Y+, |[E[ 1+ (f 4261 + 600 [Eo|)

The expression for the electric field within the
nanoparticles is provided as follows:
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Fo_% f, (AS8)

Substituting Eq. (A.3) and Eq. (A.7) into Eq. (A.8) yields

Fo 3¢, = (A.9)
- _ 0
2¢,+ &, 2Fk,a) +&,, ‘E‘z
1-F(k,a)
Foxp,Bau0+208,04D] e p

36,(1+2/)e,,Y + 66, (1- )
_X[Sm(5f+4)82,,,(Y+1)+(1—f)(28.mY82m)(Y+1)]‘E‘ZE

3e,,(1+2 /)¢, Y +6e,(1- f) (A.10)
_ x(1= )&, (Y +1)° ‘E“‘E
36, (1+2 /)&, Y +6e5,(1- )T
36, (1+21)e,,Y +6&5,(1- f) (A.11)

x =
€14 (Sf + 4)51mY + (1 - f)(4812d + glszz)

4

=12 oDt - . .
Now, by evaluating ‘E‘ (=E-E’) and ‘E , and ignoring
terms with order greater than 5, we can write

- - =12 = =12 - -4 =
E=xE,~xa|E| E,~xp|E] E-xy|E[ E, 12

where @, ff and y are defined as,

_ 3g,(1+2f)e,, (Y +1)
T 36,(0+2f)g, Y +655,(1- f)
_8uf+Bs, XV +D)+(0-)(2¢,,Ye,, )T +1)

ﬁ 3‘9]:[(1+2f)glmy+6glzd(17f) (A13)
_ (- /)&, (¥ +1)°
T 3g,(1+2f)e, Y +655,(1— f)
— ~ - ~ 2= 2 Wl 2= 2] =2
E = xE, + x(aE, - BEY|x[ |E,| +a'|x['|E,[ |E]
| 2lER s = 2= 2=
- || ‘E‘ (E, E")+alx] ‘EO‘ ‘E‘ (A.14)

2z, 5 =+ 4=
= B[ |E[ (B-E; =y ||| E.
Using Eq. (A-12), if £ is approximately replaced by
xE, in Eq. (A-14), it follows that

- - 2= 12 =
E = xE,+x(a- po) |E,| E,

Hx(a - px)(a - fx +a-fx)- (A.15)
4= |4 =

' [E | E,,

and the electric displacement vector is given by

D=g - (A.16)

5.2. Appendix B: Derivation of the T-matrices and
Obtaining EDC
Using the average Eq. (10) and equating it with the same
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order terms in Eq. (A.15), it follows that

2

14+(GT"y =x, 47(GT™) =x(a—px)|x[ ,
4m(GTOy = x[(a— )@ — f'x" +a— fx)—xy]|a|' (8.1)

Furthermore, using the average D (Eqg. (11)) and equating
it with the same order terms in Eq. (A.16), it follows that

&, (1+(GTMY) +(T")

= &, Yxdr(e,,(GT®) +(T®))

=[&,, (@~ BX)Y +&,, (¥ + DIx|x| 47(6, (GTD) +(T®))  (B.2)
={&,Y[x(a-px)a - f'x +a-fx)-xy]

+&,, (Y +Dx(a— fx)} MA

Next, Eq (B-1) can be expressed as

(GTVy=x-1,
(GT =L x@-po)if. (B.3)
4z
(GT®) = %x[(a ~px)e X +a—px)—xyla
T
and it follows from Eq. (B.1) and Eq. (B.3) that
(T = (g, Y —&,)x,
(T = o @ = Bx)(&,Y — &)+ &, (Y +1)],
Y4
(1€)== {(&,,Y — &,,) x[(cr — ) (B.4)
4z

(@ - B'x +a-px)-xyl+e,, (Y +)(a-Bx)}

In the compound medium, the outcomes can be
generalized by removing factors such as overlapping.
This implies that the T-matrix of the compound medium
is assumed to be the sum of the T-matrices of each
guest particle. Considering the volume fraction of the
nanoparticles /*, Eq. (B.3) can be expressed in a revised
form.

(GT"y = f(x-1), (B.5-a)
(GT™) =£x(a—ﬁx)\x2, (B.5-2)
(GT®) = %x[(a -p)a - fx va-pr)-xyll (B5-a)
T
Similarly, Eq. (B.4) can be expressed as
(TV) = f(&,Y —&,)x (B.6-a)
(T = %x‘x‘z [(a—Bx)e,Y —&,)+&, (Y +1)] (B.6-a)
T

(T =L x| (Y - el - )

4z " (B.6-a)

(a' —,B*x* +oa—px)-xyl+s,, ¥ +D)(a- px)}

Using the T-matrix method, the EDC can be obtained as
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=g, +t—————
1H(GTY)Y

() (8.7)

By substituting Eq. (B.5.a) and Eq. (B.6.a) into Eq. (B.7), it
follows that

Foe +/Ewl 280X (B.8)

€l
I+ f(x=1)
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