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Abstract: Plasmonic fishnet structures are proposed to realize dual-band terahertz (THz) left-handed
metamaterials (LHMs). The calculated permittivity ¢ and permeability p of single-layer LHMs
show that ¢ < 0 and y < 0 can be simultaneously satisfied in two frequency bands, resulting in
dual-band LHMs. The electric and magnetic field distributions are consistent with the current
distributions and confirm the physical mechanism of negative permeability. Furthermore, the
existence of negative refraction is validated by a stacked LHMs prism with an angle of 1.79°. It
is shown that at 2.04-2.42 THz and 3.12-3.28 THz bands, negative refractive indices of the prism
can be obtained, facilitating the practical application of LHMs in THz image, sensor, detection,
communication, and so on.
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1. Introduction

Left-handed metamaterials (LHMs) are artificial composite structures with both nega-
tive permittivity and negative permeability [1,2]. Since the first theoretical prediction by
Veselago in 1968 [1] and the first experimental investigation by Smith in 2000 [2], it has
become one of the most attractive subjects in many scientific fields due to its potential
in electromagnetic wave absorbing and shielding, communicating and imaging, sensing
and detecting, information security, etc. [3,4]. In recent years, with the development of
experimental technology and theory, many different types of LHMs structures, including
open rings [5-8], fishnet type [9], composed silver slabs with parallel nanorods [10], S
type [11], spiral type [12], H type [13], and L type [14], have been designed. However, most
of these designs only performed a single negative refraction frequency band, in which the
permittivity and permeability are both negative, and one primary resonance is offered. To
promote LHMs engineering application [15], it is necessary to improve their electromag-
netic properties and realize broad bandwidth [16], dual-band [17], multi-band [18], and
active control [19] LHMs. For example, high sensitivity can be achieved in a multi-band
LHMs sensor by comparing the variation of each other band [20].

On the other hand, terahertz (THz) wave is one of the least-explored areas in the
spectrum and has received rapidly growing attention due to its great potential in fields, such
as communication [21,22], imaging [23], biological non-destructive testing [24], security
check [25], sensor [26], and radar [27]. So far, although some THz functional devices have
been developed, THz components based on new concepts, including THz lenses, are still
critically needed.

In terms of these, plasmonic fishnet structures are proposed to realize dual-band THz
LHMs. Particularly, the stacked LHMs consist of multiplying single-layer LHMs and are
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investigated for THz dual-band negative refraction. The calculated permittivity & and
permeability u of single-layer LHMs show that a dual-band’s negative refraction can be
obtained. The stacked LHMs prism with an angle of 1.79° is designed to verify the negative
refraction, and it shows that negative refractive indices are provided in 2.04-2.42 THz and
3.12-3.28 THz bands.

2. Design

The schematic diagram of the proposed THz LHMs unit cell is shown in Figure 1 from
(a) front and (b) perspective views, which is a metal-dielectric-metal fishnet structure. Specif-
ically, the metal is set as gold (Au) with an electrical conductivity of o, = 4.561 x 107 S/m
and a thickness of 100 nm; the dielectric is taken as silicon dioxide (SiO,), with a dielectric
constant of & = 3.9 and a thickness of t; = 5 um. The unit cell repeats periodically in x-
and y-directions with a periodicity of ay = a, = 64 pm to form single-layer LHMs, and
then to construct stacked LHMs with periodicity along z-direction p = 6 pm. The other
parameters in Figure 1 are w =7.6 um, [; = 22 um, h; = 30 pm, ay = 64 pm, and hy = 16 pm.
Generally, this fishnet structure can be excited by the external magnetic field of incidence
to produce LC oscillation and form a loop current, regarded as a magnetic dipole and
providing negative permeability [28].
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Figure 1. (a) Scheme of left-handed metamaterials’ (LHMSs) unit cell from (a) front and (b) perspective
views. In which, w = 7.6 um, I; =22 pum, iy =30 um, hy = 16 um, ay = a, = 64 um, and 5 = 5 um.
3. Simulation and Results

Typically, the effective refractive index n, impedance z, permittivity ¢ and permeability
y of the LHMs can be calculated by using the S parameter retrieval method [17,29,30]. In
specific, the n can be written as:

1 1—r511)] . [ (1—V511>}}
n=-—<Iml|ln + 2mm — iRe|In , 1
kod{ { ( 51 Sn @)

withr=(z—-1)/(z+1)and z = j:\/[(l +511)> = S41/1(1 = $11)> — S%,]. Then, the per-
mittivity and permeability can be obtained by:

e=n/z,u=nz 2)

In the above equations, ky is the vacuum wave vector, d is the effective medium
thickness, and m is the integer number. Sj; and Sp; are the reflection coefficient and
transmission coefficient, respectively.

To investigate 1, e and y, S11 and Sp1 should be firstly offered. Here, they are provided
by performing CST microwave studio. For TM, THz wave (the electric field parallel to
the x-axis) incident along the z-axis on the single-layer LHMs structure, Sp; is shown in
Figure 2a, in which the peaks transmission coefficients of —8.94 dB and —10.73 dB appear
near 2.35 THz and 3.06 THz, respectively. Subsequently, the effective refractive index n,
permittivity € and permeability u are calculated according to Equations (1) and (2) and
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demonstrated in Figure 2b-d, respectively. Figure 2c shows that the real part of ¢ is negative
in whole 2.0-3.4 THz, while Figure 2d shows that the real part of y is negative in frequency
ranges of 2.336-2.448 THz and 3.041-3.108 THz. That is, ¢ < 0 and y < 0 are simultaneously
satisfied in two frequency ranges, resulting in the dual-band’s negative refraction of LHMs
in Figure 2b. We note that in the calculation, m in Equation (1) is taken as 0 due to the
thickness of single-layer LHMs is far less than incident wavelength [17,29,30].
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Figure 2. The (a) transmission coefficient Sy1, (b) effective refraction index n, (c) permittivity € and

(d) permeability u of single-layer LHMs. In (b,c), the real and imaginary parts are depicted by solid

and dashed curves, respectively.

The physical mechanism can be explained by the external magnetic field of incidence
that produces LC oscillation and forms a loop current in LHMs, and then the magnetic
dipole is excited, and negative permeability is provided. Those principles can be demon-
strated from the distributions of surface currents and the electric and magnetic fields shown
in Figure 3. Specifically, the first peak of transmission coefficient in Figure 2a appears
at 2.35 THz, and the surface current distributions for LHMs in Figure 1b at the inner
(facing each other) metallic surfaces of the front and back slabs are shown in Figure 3(ai,aii),
respectively. From Figure 3(ai,aii), we can know the surface current on the h; regions is
anti-paralleled to that on the k; regions. Furthermore, the surface currents on the front slab
(Figure 3(ai)) is opposite to those on the back (Figure 3(aii)). Thus, the surface currents
form an equivalent current loop, which can be regarded as a magnetic dipole and exhibits
magnetic resonance under the incident wave. To verify the surface current distributions,
E; and Hy, fields at the xy-plane, which is located in the middle dielectric between the
front and back metal slabs, are separately demonstrated in Figure 3(aiii,aiv). We can see
that E; and H,, distributions are both consistent with the current distributions shown in
Figure 3(ai,aii). As we know, the permittivity of the metamaterial can be theoretically
expressed as eq(/) = 1 — wg/ (w? 4 iw7y) where 7 and wy, are plasma dissipation and
frequency, respectively. The permeability is peg(w) = 1 — Fw?/(w? — w32, + iwl) with
wm = 1/vLC. Here, wy, is the magnetic resonance frequency; L, C and I are loop in-
ductance, capacitance of magnetic resonance region, and LC loss factor, respectively; F
is the volume factor. For our proposed fishnet structure, wy, is determined by geometry
parameters, which have been specially set as in Figure 1a, providing negative permittivity
(Figure 2c). wp, is related to LC resonances demonstrated by the formation of current loops
in Figure 3(ai,aii), and the induced Hy, of &, region in (iv) is opposite to that of incidence,
implying negative permeability.



Photonics 2021, 8, 116

40f7

(b)

Figure 3. Surface current distributions on the (i) front and (ii) back metal slabs, and field distributions
(iii) E; and (iv) Hy at xy-plane located in the middle dielectric between the front and back metal slabs
of LHMs’ unit cell for (a) 2.35 terahertz (THz) and (b) 3.06 THz.

For the second peak of transmission coefficient in Figure 2a, which appears at 3.06 THz,
the front/back surface current distributions, E; and H,, is demonstrated in Figure 3(bi-biv).
Similar to the results of 2.35 THz of Figure 3a, the current loop and magnetic resonance can
be offered. However, the details of the distributions in Figure 3b are different than those in
Figure 3a, and the surface currents on the 11 regions and the corners of the h, regions are
anti-paralleled to those on the other regions, indicating different LHMs occurrence.
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4. Discussion

The existence of negative refraction is validated by the electric field of a stacked
LHMs prism. As shown in Figure 4, the stacked LHMs consist of multiplying single-layer
LHMs with the period (p = 6 um) along the z-direction, and 13 layers of single-layer LHMs
gradually decreasing to 7 layers, from the left to right side, is set to form prism with an
angle of 1.79°. A 2.37 THz wave (the electric field along x-direction) is a normal incident
from the bottom, and the E, distribution is shown in Figure 4a. Figure 4b is the local area
in a magnified view of Figure 4a. From Figure 4b, we can see that the negative refraction
with an angle of a; = —3.37° is provided. The effective refractive index #n of the LHMs’
prism can be deduced from relations of incidence and refraction angles by Snell’s law,
here n = —2.08. In the same way, the effective refractive indices for 2.04-2.42 THz are
calculated and demonstrated in Figure 4c (blue line), which show that negative refraction
can be realized in this frequency band. Similarly, the electric field distribution for 3.17 THz
is illustrated in Figure 5a,b, in which angle of ap = —3.21° and effective refractive index
n = —1.79 are provided. Meanwhile, the effective refractive indices for 3.12-3.28 THz are
shown in Figure 5c (blue line), indicating the second negative refraction band. Comparing
to the dual bands of single-layer LHMs at 2.336-2.448 THz and 3.041-3.108 THz, the bands
of stacked LHMs vary to 2.04-2.42 THz and 3.12-3.28 THz. The shift and expanding of
bands in stacked LHMs are mainly due to the strong coupling between adjacent layers of
single-layer LHMs, which results in plasmonic hybridization [16].

-single-layer LHMs
-8t [stacked LHMs
-10L . ) . . ) . .
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Frequency (THz)

Figure 4. (a) Ey distribution and (b) the local area in a magnified view for a 2.37 THz normal incident
wave (the electric field along the x-direction) from the bottom. (c) The calculated refractive indices of
stacked LHMs (blue line) and single-layer LHMs (black line).
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Figure 5. (a) Ey distribution and (b) the local area magnified view for a 3.17 THz normal incident
wave (the electric field along the x-direction) from the bottom. (c) The calculated refractive indices of
stacked LHMs (blue line) and single-layer LHMs (black line).

5. Conclusions

THz LHMSs constructed by plasmonic fishnet structures are designed. Calculated
permittivity e and permeability u of single-layer LHMs show that ¢ < 0 and p < 0 can
be simultaneously achieved in 2.336-2.448 THz and 3.041-3.108 THz ranges, realizing
dual-band LHMSs. The distribution of surface current and the electric and magnetic fields at
2.35 THz and 3.06 THz verify the prediction. Moreover, the existence of negative refraction
is validated by the electric field of stacked LHMSs’ prism. It shows that in 2.04-2.42 THz
and 3.12-3.28 THz, negative refractive indices of the prism can be obtained. The results
facilitate LHMSs' practical application in THz image, sensor, detection, communication, and
SO on.
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