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We have used a new class of left-handed materials, which uses 3D nanospheres distributed in loops in the dielectric host material.
These 3D nanospheres loops give rise to negative effective permeability and permeability at Terahertz (optical) frequencies. The
modal dispersion relation for Terahertz TE surface waves has been derived for a slab waveguide constructed from a dielectric
material slab sandwiched between two thick layers of Terahertz left-handed material (LHM). The modal dispersion relation and
the power flowwere numerically solved for a given set of parameters: dielectric slab thickness, the operating frequency, mode order,
and the power flow and extinction in the structure. The real part of the effective refractive index exhibits near-zero values, with
small extinction coefficient values. Besides that, the power flow in the dielectric core increased with slab thickness increase and the
power attenuation decreased with thickness increase.

1. Introduction

In 1986, Victor G. Veselago, in his pioneer paper, proposed
the electromagnetic propagation in an isotropic medium
with negative dielectric permittivity 𝜀(𝜔) < 0 and negative
permeability 𝜇(𝜔) < 0 [1]. Prior year 2000 no such mat-
erials hold these characteristics and index of refraction with
negative values. In the year 2000 a group of researchers
at the University of San Diego were able to synthesize an
artificial dielectric medium (metamaterial). They were able
to demonstrate that those materials exhibit both negative
dielectric permittivity and magnetic permeability simulta-
neously over a certain range of frequencies (in Gigahertz)
[2, 3].They impeded split ring resonators (SRRs), which have
many shapes and structures based on the range of the fre-
quencies in interest [4–6], to induce desired magnetic effects
to have negative effective permeability in the host material.
Besides that, they embedded arrays of long metallic nano-
wires (ALMWs) to induce negative effective permittivity [7].
The early negative index of refraction has been realized in
microwave and infrared. Since this realization, metamaterials
gained momentum and the attention of many researchers
in physics and engineering realm. It is used in fabricating

transmission lines [8, 9], microstrip resonators [10], cou-
plers [11], resonators [12], and antennas [13]. Besides that,
subdiffraction imaging [14], invisibility cloaks [15], chemical
and biomolecular sensing [16], and communication and
information processing [17] are some of the applications that
have generated enormous interest in metamaterials over a
relatively short time span. However, there are many appli-
cations that demand class of metamaterials, which operate at
optical frequency, that is, integrated metamaterial modulator
on optical fiber [18, 19], which was the driving force to
realize such metamaterials that operate at optical frequen-
cies. Alù et al. [20] had proposed metamaterials structure
which operate at optical frequencies. They used spherical
sliver nanoparticles embedded in dielectric host material.
Other researchers have incorporated nanowires [21], and
other classes of nanospheres to achieve the negative index
of refraction at optical frequencies was employed using
semiconductor and metal’s nanoparticles [22]. Chaturvedi
demonstrated a novel class of metamaterials that can be
used in super-lensing andwith fiber-integratedmodulator for
telecommunication applications [23]. Most recently, interest
has shifted towards the realization of materials that exhibit
zero or near-zero refractive index [24–27]. In this class of
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materials a zero phase delay is achievable, which implies that
light enters a state of quasi-infinite phase velocity and infinite
wavelength [28]. Thus, every point within the metamaterial
experiences a quasi-uniform phase, as though all the dipoles
inside the metamaterial are oscillating in unison [28]. Thus,
the shape of the wavefronts leaving themetamaterial depends
solely on the shape of the exit surfaces of the metamaterial,
which provides high flexibility in the design of phase patterns
[28]. Alù et al. and others have [26, 29, 30] investigated
the response of epsilon-near-zero metamaterials and plas-
monic materials to electromagnetic source excitation, and
in 2011 zero-refractive-index metamaterial at IR wavelength
was engineered at Columbia University [26]. Low values of
permittivity and permeability gave rise to a new class of
metamaterials, which is near-zero-index materials (NZIM).
In the near-zero-index regime, the electromagnetic field is
static in the spatial domain (the phase difference between
any two arbitrary points is equal to zero) while remaining
dynamic in the time domain, thus allowing energy trans-
port [28, 29]. Besides that, near-zero-index materials have
potential applications such as microstrip technology [27, 31],
beam self-collimation [32], and strong field enhancement
[33]. Tiny values of the refractive index of near-zero-index
materials can reshape electromagnetic phase fronts emitted
by optical antennas [34] or, for highly directive antennas,
transfer near-field phase information into the far-field. Per-
haps the most important application of near-zero-index
materials is in optical links in lumped nanophotonic circuits
[35].

Dielectric layers acting as waveguide are well suited for
use in integrated optics. These waveguides structures can be
integrated with solid-state laser sources and with electronics
that can process light signals [36]. These advancement and
potentially important class of applications motivated us to
seek for a structure that has two important features, namely,
near-zero index of refraction at Terahertz frequency, and it
is easy to fabricate with potential applications. This paper is
organized as follow. In Section 2, we outline the Terahertz
left-handed material using nanospheres inclusion in the host
material. In Section 3, we derived the modal dispersion
relation of the proposed structure, the power flow, and the
confinement factor. In Section 4, we numerically solve the
dispersion relation for several guiding layer thickness and for
the certain range of frequencies. Section 5 is solely devoted to
the conclusions of this study.

2. Terahertz Left-Handed Material

In 2006, Alù et al. [20] had proposed a nonconventional class
of left-handed material. The new class is unlike the usual
left-handed material which depends on split ring resonator,
SRR, and embedded parallel nanowires or nanoplates in
the host material. They achieved left-handed properties at
optical frequencies, in Terahertz, by inserting a circular
array of equispaced sliver nanospheres in a host dielectric
material as in Figure 1. The new design idea depends on the
collective resonance of a circular pattern array of plasmonic
nanoparticles. In this ring, the plasmonic resonant feature
of every nanoparticle induces a circulating “displacement”
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Figure 1: A circular array with 𝑁 = 8 equispaced nanospheres in
the 𝑥-𝑦, with circle’s radius 𝑅.

current around this loop [20]. Unlike the case of the con-
ventional metallic loops or SRRs at the microwave frequen-
cies, plasmonic resonant frequency of the nanoparticle is
the main determining factor for this resonance to happen
[20].

The magnetic permeability constant of the terahertz left-
handed material is given by [20, 37–40]
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where 𝜀 is the permittivity of a single isolated nano-sphere,
and the effective permittivity is given by
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where 𝑁
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is number density of the loop inclusions per

unit volume, 𝛼
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is electric polarizability of the loop, and
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Figure 2: Geometrical structure of the slab waveguide. The upper
and lower layers (cladding and substrate) are made from Terahertz
left-handed metamaterial, and the core is dielectric material (BaF

2

glass).

𝑅 ≪ 𝜆
𝑏
. The material exhibited both negative effective

permeability and negative permittivity, in the frequency
range from 630THz to 634 THz, at optical frequency for the
following parameters: 𝑅 = 40 nm, 𝑎 = 16 nm, 𝑁 = 6,
𝑁
𝑑

= (108 nm)
−3, and 𝜀

𝑏
= 2.2𝜀

0
. These values would

give rise to both effective permittivity and permeability
which have negative real parts simultaneously at 630–634
terahertz.

3. Theory

3.1. TE Modes Dispersion Relation. We briefly outline the
derivation of the dispersion relation for TE surface waves in
the proposed waveguide structure [41, 42]. The dispersion
relation for TEmodes propagation in the 𝑧-axis with complex
propagation wave constant 𝛽 is represented in the form
𝑒
𝑖(𝜔𝑡−𝛽𝑧), where 𝛽 = 𝑘/𝑘

0
, 𝑘 is the effective wave index, and

𝑘
0
is the free space wave number which equals 𝜔/𝑐, where 𝑐

is the velocity of light and 𝜔 is the applied angular frequency.
Figure 2 shows the geometry and coordinates of the structure
under investigation. The structure, shown in Figure 2, is
an isotropic dielectric material core, −𝑎 < 𝑦 < 𝑎, sur-
rounded by thick cladding and substrate layers of Terahertz
left-handed material. The electromagnetic field components
are

𝐸 = 𝐸 (𝑥, 𝑦) exp (𝑖 (𝜔𝑡 − 𝛽𝑧)) ,

�̃� = 𝐻 (𝑥, 𝑦) exp (𝑖 (𝜔𝑡 − 𝛽𝑧)) .

(5)

Substitution of (5) into Maxwell’s equation yields the follow-
ing linear differential equations for the core and cladding,
respectively, which are given by
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are the wavenumbers in the core and cladding, respectively,

where 𝐸
𝑦1

is the electric field in the guiding core and 𝜀
𝑟
(𝜔)

is the frequency-dependent electric permittivity, which can
be obtained from Sellmeier dispersion relationship, which is
given by [43]
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The magnetic field components are
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We consider the slab waveguide with uniform refractive-
index profile in the core. We use the fact that the guided elec-
tromagnetic fields are confined in the core and exponentially
decay in the cladding; the electric field distribution in the core
and cladding is

𝐸
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Eliminating 𝐴 from (13a) and (13b) and then rearranging we
have the dispersion relation for TE modes; that is,
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2

+ tan−1 (𝑤
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) , (14)

where 𝑢 = 𝜅𝑎, 𝑤 = 𝜎𝑎, and𝑚 is the order of the TE mode.

3.2. Confinement Factor. The power flow is the real part of
the integral of the complex Poyting vector over the waveguide
cross section, that is
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For TE wave we rewrite (15) using (10), as
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Substituting (11a), (11b), and (11c) in (16), we have the power
flow in each layer; that is,

𝑃core =

𝛽𝑎𝐴
2

2𝜔𝜇
0
𝜇eff

{1 +

sin2 (𝑢 + 𝜙)

2𝑤

+

sin2 (𝑢 − 𝜙)

2𝑤

} , (17a)

𝑃clad =

𝛽𝑎𝐴
2

2𝜔𝜇
0
𝜇eff

cos2 (𝑢 − 𝜙)

2𝑤

, (17b)

𝑃sub =

𝛽𝑎𝐴
2

2𝜔𝜇
0
𝜇eff

cos2 (𝑢 + 𝜙)

2𝑤

, (17c)

where𝑃core,𝑃clad, and𝑃sub are the power in the core, cladding,
core, and substrate.The power confinement factor in the core
is defined by the power flow in the core to the total power flow
in the waveguide. Thus, the power confinement factor can be
calculated using (17a), (17b), and (17c); that is,

Γ =

𝑃core
𝑃
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1 + (sin2 (𝑢 + 𝜙) /2𝑤) + (sin2 (𝑢 − 𝜙) /2𝑤)

1 + (1/𝑤)

,

(18)

where 𝑃 = 𝑃core + 𝑃clad + 𝑃sub is the total power flow in the
structure.

4. Numerical Results and Discussion

In this section, we explored the numerical solutions of the
dispersion relation, (14), for TE

0
. We found the effective wave

index 𝛽 = 𝑛 − 𝑖𝛾 as a function of the electromagnetic wave
at Terahertz frequency spectrum that lies between 630 and
634 Terahertz for a set of dielectric core thicknesses (𝑡 = 30,

40, 50, and 60 nm). Moreover, the power confinement factor
and power attenuation were investigated for this waveguide
structure. The parameters of the Terahertz LHM have been
adjusted to have negative effective permittivity and negative
effective permeability over the previously mentioned fre-
quency spectrum; these parameters are given in Section 2. In
Figure 3, we plotted the real part of the effective refractive
index, 𝑛, versus the allowed frequency range at different
dielectric core thicknesses, with dielectric constant for BaF

2

glass calculated using (7). Figures 3(a) to 3(d) shows the real
part of the effective refractive index, 𝑛, for a set of core’s
thickness of this structure. The real refractive index is almost
zero over the specified frequency spectrum. In Figure 3(a),
for example, at 𝑡 = 30 nm, the real part of the effective refrac-
tive index decreases with frequency increase with negative
slope, which means the waveguide behaves like a left-handed
material. The slope of the dispersion relation represents
the group velocity [44, 45]. When the slope has a positive
gradient this means that the group velocity is positive, and
the structure behaves like RHM(right-handedmaterial).This
behavior continues with core’s thickness 40 nm (Figure 3(b)).
In Figures 3(c) and 3(d), the behavior starts to change for
the thicknesses 50 nm and 60 nm; the structure behaves like
left-handed material and then flips and behaves like a right-
handed material. The common feature for these curves is
that the real part of the effective refractive index in close
to zero, with small variation across the allowed frequency
spectrum.

In Figure 4, we plot the imaginary part of the effective
refractive index,which is called the extinction (or absorption)
coefficient, 𝛾, of the structure versus the allowed frequency
range. It can be noticed that the values of the extinction
coefficient are small and decrease with the cores thickness
increase. Moreover, small values of the extinction coefficient
indicate that the structure is relatively transparent. At
𝑡 = 30 nm (the dashed curve in Figure 4) the extinction coef-
ficient decreases with frequency increase and dips down at
almost 𝑓 = 632THz, and then it increases. This happens
for almost all the core’s thicknesses investigated in this
paper, with small and negative extinction coefficient
values.

In Figure 5, we plot the power confinement factor (18)
versus the allowed frequency range for different core’s thick-
nesses. Figure 5 shows that the power confinement factor
gets higher values when the core thickness increases, which
means we have better power confinement in the core when
the core thickness increases.This implies the structure guides
the optical power through the coremore thanwasting it in the
cladding and substrate.

In Figure 6, we plotted the power attenuation (the
imaginary part of (16)) versus frequency for different slab
thicknesses. The power attenuation increases with dielectric
core thickness increase; more power guidance leads to more
power attenuation in the core, as concluded from Figure 5.
In Figure 6, at lower frequencies the power attenuation is
low and increases with frequency and thickness increase and
peaks to the maximum at 𝑓 = 632THz.

In Figure 7(a), we explored the modal dispersion in the
structure TE

𝑚
, 𝑚 = 0, 1, 2, 3, for core’s thickness 40 nm.
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Figure 3: The real part of the effective refractive index, 𝑛, versus the frequency for different dielectric core thicknesses. In (a), 𝑡 = 30 nm, (b)
40 nm, (c) 50 nm, and (d) 60 nm.

The real part of the effective refractive index increases with
the mode order increase. Despite this increase the structure
still holds near-zero effective refractive index values for all
modes order. For each mode the effective refractive index
variations in the allowed frequency spectrum are very small
with negative slope. In Figure 7(b), we plot the imaginary part
of the effective refractive index, the extinction coefficient for
the same set of modes. The dashed curve for 𝑚 = 0, which

shows highest values of the extinction coefficient and other
curves decrease as the mode order increase.

In Figure 8(a), we plot the power confinement factor and
the power attenuation for the same set of modes. The lowest
mode, 𝑚 = 0, has the lowest power confinement, and the
highest mode 𝑚 = 3 has the highest power confinement.
However, power guiding through this structure is still good
enough to be used in a wide variety of applications. In
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Figure 4: The imaginary part of the effective refractive index (the extinction coefficient), 𝛾, versus the frequency for different dielectric core
thicknesses. The core thicknesses are 30 nm (dashed), 40 nm (dot-dashed), 50 nm (dotted), and 60 nm (solid).
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(dashed), 40 nm (dot-dashed), 50 nm (dotted), and 60 nm (solid).
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Figure 8: (a) The power confinement factor versus the operating frequency for mode orders 𝑚 = 0, 1, 2, and 3. (b) The power attenuation
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Figure 8(b), we plot the power attenuation for the first three
modes, 𝑚 = 1, 2, 3, and omitted the lowest mode for
clarity reasons. The power attenuation decreases with mode
order increase, and this attenuation gets the highest values at
632THz.

5. Conclusion

In this paper, we have used a new class of left-handed
materials, which uses 3D nanospheres distributed in loops
in the dielectric host material. These 3D nanospheres loops
give rise to negative effective permeability and permeability
at Terahertz (optical) frequencies. We analytically studied

the TE surface waves modes in a slab waveguide at opti-
cal frequencies. The structure has a dielectric film (BaF

2
)

between two thick layers of terahertz left-handed material. A
dispersion relation for TE surface waves has been derived and
numerically investigated. We found near-zero real effective
refractive index for the allowed frequency range and at differ-
ent dielectric slab thickness and modes orders. Besides that,
we found the extinction coefficient of the structure claims
small negative values, which means the structure is transpar-
ent in the allowed frequency range. The power confinement
increases with core’s thickness increase and with mode order
increase. Besides that the power attenuation claims small
values for different core’s thicknesses and modes order. This
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class of waveguide structure could be used in transmission
lines, microstrip resonators, couplers, and antennas.
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