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Abstract

In this paper, a nano-metamaterial with the structure of Ag-SiO2-PbTe is 
proposed that has a random arrangement in the host medium of expanded 
polystyrene (foam) for the realization of a broadband negative refractive index 
at the visible spectrum. The negative refractive index for the purposed meta-
material was obtained from the plasmonic resonance in the core and outer 
layer for both electric and magnetic components of light. Here, we use different 
radii for the outer layer of nanoparticles to create the broadband negative 
permeability. In this way, the doped semiconductor nanoparticles are included 
in the host medium to create the broadband negative permittivity. The overlap 
between the spectrum of the negative permittivity and permeability introduces 
the broadband negative refractive index at the visible band. The novel introduced 
structure creates the broadband negative refractive index and it is simple and 
practical for fabrication. For the realization of the proposed material, synthesis 
and characterization of the designed nanocomposite structure are investigated. 
To this end, the absorption and the transmission coefficients of the synthesized 
material are measured and compared with theoretical results. The obtained 
results indicate that the numerical simulations using Mie theory have good 
agreement with the experimental results.
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Introduction
Metamaterials have opened a new area in optical engineering. The 

researches on metamaterials (composite materials) over the last years 
have been unveiled. These composite materials have electromagnetic 
properties that transcend them from naturally occurring media. 
One of the characteristics of the metamaterials is their tunability 
in managing the refractive index in spanning positive, zero, and 
negative values. Based on these properties, metamaterials have 
enabled remarkable advances in invisibility cloaking [1-4], perfect 
optical absorption [5], bandpass filter [6], perfect lens [7], nano-
antenna [8], and seismic metamaterials [9]. For creating the negative 
refractive index, negative permittivity and negative permeability in 
desired wavelength range are needed. Noble metals (such as silver, 
gold, and copper) have negative permittivity under plasma frequency; 
however, in high frequencies, natural materials have permeability 
about one, and negative permeability is limited to the hundreds of 
Gigahertz (GHz). For solving this problem we should create magnetic 
resonance by using artificial structures (metamaterials).

Formerly metamaterials were conceived as periodic arrays of sub-
wavelength split-ring resonators. Operational wavelengths for these 
structures are in microwave frequencies [10,11]. Some metamaterials 
with fishnet, layered and strip structures are in high frequencies 
[12-18], and some structures that have 40nm-50nm bandwidth 
are in optical frequencies [16,17]. In these composites, constituent 
resonators exhibit electric and magnetic resonances based on their 

material compositions. By overlapping these negative resonances 
effective permittivity and permeability, and the negative effective 
refractive index can be achieved. Some of these structures have a 
negative refractive index in the broadband frequencies [12] that 
has a negative refractive index in broadband terahertz frequencies; 
however, these structures need to have high-resolution lithography 
for high frequencies. So, all of the mentioned structures have 
limitations for fabrication in the optical regime.

Plasmonic devices have been developed rapidly in recent years 
[19]. Interaction between metamaterials and plasmonics can exhibit 
some extraordinary phenomena and cause premier applications [20]. 
Notable specific plasmonic structures have been created by Metalo-
dielectric layered structures in spherical nano-particles. These 
structures have been widely studied due to promising applications in 
nano-electronics. Therefore, core-shell structures have been explored 
as alternative metamaterials [21,22]. Recently a simple three-layered 
core-shell structure consisting of metal-core and dielectric shells 
have been found to exhibit some special optical properties [23]. 
This structure shows an electric and magnetic resonance at optical 
frequencies. However, this structure has only 40nm bandwidth in 
visible regime with a fill factor of 0.5, and one of the limitations for 
the fabrication of this structure is applying a vacuum environment 
[23]. So despite the significant progress in composite metamaterials 
and plasmonic devices, the fabrication of spectrally broadband 
negative-index metamaterials at the optical frequencies is one of the 
important challenges.
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All of the above structures have been discussed theoretically in 
the literature and there is no practical result for this purpose; because 
finding a suitable substrate to insert nano-particles in it is very 
difficult. Here we introduce new flexible material as a substrate with 
a refractive index near the vacuum and synthesis of a suitable nano-
composite for this purpose.

In this way, we synthesized a three-dimensional isotropic nano-
composite metamaterial consisting of spherical nano-particles that 
were included in a host medium (foam) (in 552-655 nm). We could 
broaden the bandwidth of the negative refractive index by about 
103 nm in optical frequencies that have not been reported till now 
in optical frequencies with random and isotropic distribution with 
a fill factor of 0.45 [23,24]. The nanocomposite is prepared by Ag, 
SiO2, and PbTe layers as a core, Middle (ML), and Outer Layers (OL) 
respectively and this nanocomposite is inserted in a polymer as the 
host medium which the polymer is expanded polystyrene named 
as foam. This structure has an electric and magnetic resonance at 
optical frequencies. Negative permittivity can be exhibited by the Ag 
core and negative permeability can be provided by the OL shell. To 
create negative permittivity in broadband frequencies, we use doped 
semiconductors. Superposition effect for nanocomposites with 
different diameters investigated to create the negative permeability 
in broadband frequencies. So overlap between negative permittivity 
and negative permeability leads to a negative refractive index in 
the optical regime. The designed flexible metamaterial is a novel 
composite material with a refractive index near the vacuum that has 
not been reported till now.

The electric and magnetic scattering coefficient of this structure 
is calculated using the Mie theory. Effective parameters (εeff and 
µeff) of random distribution for the nano-particles are obtained by 
Lorena-Lorenz theory. So, here, we introduce (theoretically and 
experimentally) a structure with the broadband negative refractive 
index over the visible spectrum regime with 3-D, isotropic, 
homogenous, and flexible nano-composite metamaterial.

Theory and Calculation of Effective 
Parameters

When metamaterials go to the optical regime, the involved 
metal begins to play a crucial role to determine the performance of 
metamaterials. Shen et al. have reported the different metals on the 
electromagnetic responses of metamaterials in optical regime [25]. 
Comparison of the performance of metamaterials made by different 
metals (i.e., gold, copper, silver) shows that silver is the best choice as 
the metal part of optical metamaterials to achieve a negative refractive 
index in optical regime (because silver has low intrinsic loss). In this 
paper, the main goal is to design a nano-composite metamaterial to 
achieve broadband negative refractive index in optical frequencies. 
To fulfill this propose we use the spherical core-shell nano-particles, 
inside the host medium of foam. To analyze this structure, we are 
going to apply Mie’s theory. The extinction efficiency (Qext) can be 
expressed as [16]:
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where y=kR, k is wavenumber and R is the radius of the nano-
particles. an and bn are electric and magnetic scattering coefficients 
respectively. 

Effective permittivity (εeff) and permeability (µeff) of a host 
medium with electric permittivity (εh) and magnetic permeability (µh) 
are calculated by using the Clausius-Mossotti equation:
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where the electric and magnetic polarizabilities, (αE and αM 
respectively), are directly proportional to the scattering coefficients a1 
and b1 by factor i(k3/6π)-1.

Simulation
In this paper, the permittivity of the metallic core is given by the 

Drude model as well as permittivity for ML and OL are constant. 
By analyzing the mutual influence of a metallic core with dielectric 
shells this question may be raised that how magnetic resonance 
is created in this structure. For the answer to this question, at first, 
we considered a metallic core without any shell in the host medium 
(foam). In this case, scattering coefficients of nano-particles, (an and 
bn) for monolayer structure can be obtained from the given reference 
in part [26]. Figure 1 shows εeff, µeff and neff for Ag nano-particles with 
fill-factor 0.45 in the host medium of foam. The radius of the silver 
nano-particles is fixed at 40 nm and the refractive index of the foam 
is fixed in 1.017.

The metallic core has plasmon resonance at near-ultraviolet 
that arises from oscillations of conducted electrons; however, there 
is no magnetic resonance in the structure of Figure 1. To solve this 
problem, we can apply a dielectric shell around the core. Since the 
refractive index of the surrounding medium is smaller than the shell; 
the normal component of the field between the shell and surrounding 
medium causes a rotation and confinement of the electric field 
inside the shell. Since one important point in the characterization of 
metals is to avoid penetration of the field inside the metal; in a small 
metallic core no magnetic response is expected; consequently, the 
shell can manage the magnetic resonance. For two-layer core-shell 
metamaterial structure, expressions by the radius of a and b, an and bn 
are obtained from the following equations [26].
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Figure 1: Effective permittivity, permeability, and refractive index for silver 
nanoparticles in the host medium of foam.
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Here, x=ka, y=kb, and k is wave number. m1 and m2 are relative 
refractive indices of core and shell respectively. Xn(x)=-xyn(x), 
𝜓n(x)=xjn(x) and 𝜉n(x)=xhn(1)(x) are Riccatti-Bessel functions and 
𝘩n(1)(x)= jn(x)+iyn(x) is first class spherical Hankel function. Figure 
2 shows an example for the electric and magnetic scattering of Ag-
core and PbTe–shell in the host medium of foam. Here the radius 
of core and shell are fixed in 15nm and 75nm respectively. In this 
case, the refractive index of PbTe and foam are considered as constant 
numbers in optical frequencies (n3=5.5 and n4=1.017).

Figure 2 shows that the Ag core and PbTe shell have electric and 
magnetic dipole peaks at about 500nm and 800nm respectively. The 
electric resonance created by plasmon resonance in the core and 

magnetic resonance is due to electromagnetic resonance in the PbTe 
shell. However, in this case, electric and magnetic resonances have 
not any overlap on optical wavelength. Figure 3 shows a contour plot 
of electric and magnetic scattering spectra for Ag-PbTe nanoparticles 
as a function of Rout and Rin.

Figure 3c and 3f shows that electric and magnetic resonances 
have not any overlap at optical frequencies for different radii of Rin 
and Rout; because their resonance frequencies are different. We should 
consider that increasing the radius of core and shell causes overlap 
between electric and magnetic resonance in the IR regime. So for 
solving this problem in optical frequencies such as the given reference 
in part [15], a middle layer with a lower refractive index should be 
used in the core-shell structure around the core. Figure 4 shows a 
three-layered core-shell structure. In this structure, we use Ag-SiO2-
PbTe as a core, middle and outer layer respectively. The refractive 
index of the middle layer can be considered as a constant number 
in optical frequencies (n2=1.45). The outer layer acts as a cavity, and 
the middle layer around the core, decreases permittivity around the 
Ag core, and these phenomena increase the density of charge on the 
surface of the metal. The results show that the electrical resonance 
shifts to high frequencies. In this case, an and bn, for three-layer core-
shell structure, are obtained using the following expressions [27].
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where x3=kr3 and m3 is refractive index of outer layer; Dn
(1)=𝜓n’(x)/

𝜓n(x), Dn
(2)=χn’(x)/χn(x), and Dn

(3)=𝜉n’(x)/𝜉n(x) are the logarithmic 
derivatives of Ricatti-Bessel function.

Figure 5a and 5d, and Figure 5b and 5e show the scattering 
spectra of the Ag-SiO2-PbTe nanoparticles as a function of radii of the 
middle layer (r2) and the outer layer (r3) for the electric and magnetic 
contributions respectively. Figure 5c and 5f shows the contour plot 
for the electric and magnetic scattering spectra of the Ag-SiO2-PbTe 
nano-shells as a function of radii of the middle layer (r2), and the 
outer layer (r3) respectively. In Figure 5a-5e the radius of the core is 
fixed at 34nm, but, in Figure 5a-5c the radius of r3 is fixed at 60nm, 
and in Figure 5d-5e the radius of r2 is fixed at 39nm. In Figure 5c the 
electric and magnetic spectra have an overlap at about 600nm and 
430nm. So for creating resonance in these wavelengths the radius of 
the middle layer should be considered as 39nm or 53nm. In Figure 5f 
the electric and magnetic spectra overlap at the wavelength of 600nm. 
In this case, the radius of the outer layer should be taken about 60-70 
nm.

Figure 2: Electric and Magnetic resonances for two-layer structure by Ag 
core and PbTe shell in the host medium of foam.

Figure 3: Contour plots of a) the Electric resonance, b) the Magnetic 
resonance, c) the Electric and Magnetic resonance for the Ag core and PbTe 
shell in the host medium of foam when the radius of core (Rin) is different and 
radius of the shell (Rout) is fixed in 51nm, d) the electric resonance, e) the 
magnetic resonance, f) the electric and magnetic resonance for the Ag core 
and PbTe shell in the host medium of foam when the radius of the shell (Rout) 
is different and radius of core(Rin) is fixed in 24nm.

SiO2 - Layer
Ag - Layer

PbTe - Layer
r3

r1

r2

Figure 4: Schematic of the designed three-layer core-shell structure.
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Result and Discussion
Figure 6 shows the real part (red curve) and imaginary part (blue 

curve) of effective permittivity, permeability, and refractive index 
of the Ag-SiO2-PbTe nano-shells for the random arrangement of 
nano-particles as a function of wavelength. Here the radii of the core, 
middle layer, and outer layer are fixed on r1=34nm, r2=39nm, and 
r3=62nm respectively. The electric and magnetic resonance peaks for 
this structure appear at about 600nm. The filling factor (f) of three-
layer nanoparticles is considered to be 0.45. It is observed that the 
negative real part of the effective permittivity and permeability can be 
created at 608-630 nm and 547-655 nm respectively. So, an effective 
negative refractive index can be found at 600-640 nm.

One of the problems in Figure 6 is the narrowness of the band 
frequencies of the negative refractive index; because it has negative 
permittivity and permeability in narrowband frequencies. So, for 
solving this problem the band frequencies with negative permittivity 
and permeability should be broadened. Since, magnetic resonance is 
under the influence of radii of the outer layer, to broaden the band 
frequency with negative permeability we use different radii of the 

outer layers. In this case, the radii of the outer layer are considered 
to be r3=60, 62, 63nm, and fill fraction of 0.12 [28]. Typically plasma 
frequencies of the metals are in ultra-violate spectra. By adding a 
shell with fixed permittivity, plasma frequencies can be shifted in 
optical spectra. However, in this case (Figure 6), the band frequencies 
with negative permittivity are so narrow. To solve this problem 
doped semiconductor nanoparticles are added to the foam as the 
host medium [18]. The required plasma frequency for metal nano-
particles can be estimated as the following equation [29].

3
1

res
p e f

ω ω=
−

, /100pγ ω=    (9)

where res
eω  is desired resonance frequency of eff

rε  and f is the fill factor. 
So in this paper, we take two types of doped semiconductor nano-
particles with the plasma frequency of 5.525×1015 Hz and 6×1015 Hz, 
with the radii of 20nm and 30nm respectively. The filling factor for 
each particle is 0.05. Figure 7 shows a schematic of the Ag-SiO2-PbTe 
and semiconductor nano-particles with the random arrangement in 
the foam as host medium. Figure 8 shows the real part (red curve) and 
imaginary part (blue curve) of the effective permittivity, permeability, 
and refractive index for the structure showed in Figure 7. By applying 
the mentioned idea we can design broadband negative refractive 
index in optical frequencies.

Experimental Section
Processing the Expanded Polystyrene (EPS)

The 0.1g polystyrene was solved in 20cc benzene under ultra-
sonication. The mixture was heated to 150°C under the protection 
of nitrogen and 20ml H2O added to it at 150⁰C. When the mixture 
demand to dried, the mixture was cooled to room temperature and 
dried on glass [30].

Synthesis of the nano-particles (core-shell structures)
The Ag-SiO2-PbTe core-shell structure as nano-particles in 

fabricated nano-composite metamaterials is synthesized by the 
following method in three steps.

Processing of Ag (core): In a typical process, for the synthesis of 
Ag (core), 0.166g Ag acetate and 10cc diethylene glycol were mixed 
under the protection of nitrogen at 220⁰C and a magnetic stirring rate 
of 400rpm. Then 1cc hydrazine monohydrate was injected in it for 

Figure 5: Contour plot of the, a) electric resonance, b) magnetic resonance, 
c) the electric and magnetic resonance together for the Ag-SiO2-PbTe nano-
shells as a function of the radius of the r2, d) electric resonance, e) magnetic 
resonance, f) the electric and magnetic resonance together for the Ag-SiO2-
PbTe nano-shells as a function of the radius of the r3.

Figure 6: Real and imaginary parts of the effective permittivity, permeability, 
and refractive index of the Ag-SiO2-PbTe for the random arrangement of 
nanoparticles as a function of wavelength with radii of 34nm, 39nm, and 
62nm as core middle layer and outer layer respectively.
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r2
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Figure 7: Schematic the Ag-SiO2-PbTe nano-particles (red-violet and green 
particles) and semiconductor nano-particles (Brown and Pink particles) with 
random arrangement.
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the reconstruction of Ag at 220⁰C for 30min. The obtained material is 
centrifuged with ethanol, acetone, and distilled water 3 times.

Processing of SiO2 (middle layer): 0.02cc Tetraethyl orthosilicate 
and 2cc 2-propanol were mixed and added into the dispersed 
solution of synthesized silver nanoparticles. Then 1cc NH4OH was 
immediately injected into the solution for the formation of SiO2 at 
220⁰C for 10min. The obtained material is centrifuged with ethanol, 
acetone, and distilled water 3 times.

Processing of PbTe (outer layer): 0.2g lead acetate was dispersed 
in 5cc 2-propanol and added into the synthesized Ag/SiO2 (dispersed 
in 20cc diethylene glycol) at 220⁰C for 5min. Then 0.08g Te powder, 
0.18g NaOH, 5cc 2-propanol, 1cc H2O, and 5cc diethylene glycol were 
dissolved inside the laboratory pipe and when all of the Te powder 
was dissolved completely, 0.1g sodium borohydride was added and 
the color of the reaction changed to purple. Then this solution was 
injected into the solution at 220⁰C for 60min. In the end, 50cc H2O 
was injected into it for stopping the reaction. The obtained material 
was centrifuged with ethanol, distilled water, and 2-propanol several 
times.

Processing the nano-composite
In a typical process, 0.059g polystyrene was solved in 5cc 

benzene. Then 0.048g core-shell material dispersed in 5cc H2O and 
the obtained mixture was added to polystyrene solution. Then the 
mixture was heated at 220⁰C under the protection of nitrogen and a 
stirring rate of 400rpm. Finally, when the mixture demands to dry, it 
was cooled to room temperature and dried on glass.

Spectroscopic studies and Structural characterization
The refractive index of the EPS was studied via Ellipsometer 

(SE800). Surface morphology and distribution of the particles were 
studied via a TESCAN model MIR3 Scanning Electron Microscope 
(SEM). The crystal structure of nanoparticles was characterized by 
X-Ray Diffraction (XRD) on a Siemens D500 using Cu- radiation 
(λ=1.541 A⁰). UV-Vis Transmission and absorption spectra were 
recorded using SPEC ORD 250 spectrophotometer.

Experimental results
Figure 9a and 9b show the SEM and optical image of synthesized 

EPS. The size of air bubbles inside the material is different from 
200-500μm. These bubbles result in a decrease of refractive index in 
the polystyrene. With an increase in the size and number of the air 
bubbles, the refractive index can become near to the refractive index 
of the air. The refractive index of synthesized EPS is measured about 
1.02 by an ellipsometer system (SE800).

The purity and crystallinity of the synthesized Ag-SiO2-PbTe 
nanoparticles were examined using powder X-Ray Diffraction 
(XRD). XRD pattern of nanoparticles is shown in Figure 10. The 
peaks appeared at 2θ=19.85⁰, 27.78⁰, 39.52⁰, 49.07⁰, 56.78⁰ are related 
to (211), (200), (220), (222), (400) crystal planes of the synthesized 
PbTe respectively and 2θ=38.27⁰, 44.57⁰, 64.59⁰ are related to (111), 
(200), (220) crystal planes of the Ag core respectively.

Figure 11a and 11b show the SEM images of the synthesized Ag-
SiO2-PbTe nanoparticles inside the air bubbles of EPS. The images 
show that the size of synthesized nanoparticles is about 110nm.

Figure 12 and 13 show absorption and transmission spectrum of 
the synthesized Ag-SiO2-PbTe nanoparticles in the host medium of 

Figure 8: Real and imaginary parts of the effective permittivity, permeability 
and refractive index of the composite structure. The radius of core (r1) and 
middle layer (r2) are fixed in 34nm and 39nm, and the radii of the outer layer 
are fixed r3=60nm, r’3=62nm and r”3=63nm with fill factor of 0.12 for each 
particle. The radius of the semiconductor nano-particles (R) is 20nm and 
30nm with fill factor of 0.05 for each particle.

Figure 9: a) SEM and b) optical Images of the synthesized expanded 
polystyrene (foam).

Figure 10: XRD pattern of the Ag-SiO2-PbTe nanoparticles.

Figure 11: SEM image of Ag-SiO2-PbTe nano-particles with the magnification 
of a) 100kx and b) 30kx.
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foam in broadband frequency. Figure 12 shows absorption spectra 
that demonstrate an intense absorption peak of about 580nm (black 
curve). The simulation result obtained by equation (10) (blue curve) 
has a good agreement with the experimental result. Figure 13 shows 
transmission spectra that demonstrate absorption peak at about 
580nm (black curve). The simulation result (blue curve) obtained via 
equation (11) has good agreement with the experimental result too 
[31].
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where k0 is the free space wave-vector, ? is the refraction index, ? is 
the impedance, and d is the nano-composite thickness (d=125 nm).

In these simulations (For comparing theoretical and simulation 
results) radius of nanoparticles is considered to be 54nm (Figure 12 
and 13) in which the particles have r1=31 nm, r2=36nm, and r3=56nm 
for core, middle and outer layers respectively with filling factor of 
0.38.

Figure 14 shows the effective refractive index of the mentioned 
structure. Comparing this figure with Figure 6 (negative refractive 
index of particles with a radius of 62nm) shows that when we go to 
the shorter wavelengths overlapping between effective permittivity 
and permeability decreases so the band frequency of the negative 
refractive index becomes narrow.

Figure 12: Experimental (black curve) and theoretical (blue curve) absorption 
spectra of the Ag-SiO2-PbTe nanoparticles in the host medium of foam.

Figure 13: Experimental (black curve) and theoretical (blue curve) absorption 
transmission spectra of the Ag-SiO2-PbTe nanoparticles in the host medium 
of foam.

Figure 14: Real and Imaginary parts of the effective refractive index for the 
Ag-SiO2-PbTe nano-shells for the random arrangement of nanoparticles 
in the host medium of foam as a function of wavelength with radius 31nm, 
36nm, and 56nm for core middle layer and outer layer respectively.

Summery
In this paper, a metamaterial based on Ag-SiO2-PbTe nanoparticles 

dispersed in expanded polystyrene (foam) as a host medium for the 
realization of a broadband negative refractive index at the visible 
spectrum is designed and synthesized. The electric and magnetic 
scattering coefficients of this structure have been calculated using 
the Mie theory. The inner core (Ag) induced electric responses while 
the outer layer (PbTe) provides magnetic response and sweeping of 
the middle layer (SiO2) can lead to a blue-shift of electric response. 
Overlapping between electric and magnetic resonance could be 
realized by designing the radii of the nano-shells. Then the negative 
electric and magnetic resonances lead to a negative refractive index 
with a random distribution of nanoparticles in the host medium. 
The superposition effect and doped semiconductor were respectively 
applied to broaden the band frequencies with negative permeability 
and permittivity; so the negative refractive index was broadened 
about 103nm in the visible band. The broadband negative refractive 
index using the random distribution of core-shell nanoparticles 
arises from the proposed metamaterial that has an anisotropic 
structure. For the realization of the designed structure, Ag-SiO2-
PbTe nanomaterials are synthesized and characterized, and dispersed 
in expanded polystyrene (Foam). Characterization of synthesized 
material confirmed the creation of uniform Ag-SiO2-PbTe nanometal 
material. The absorption and transmission spectra of nano-composite 
structures illustrate a good agreement with simulation results at about 
580nm.
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