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Reverse hexagonal lyotropic liquid crystal template is proposed to achieve optical hyperbolic
metamaterial composed of silver nanowire arrays. All angle negative refraction is obtained during
the wide wavelength range from near-infrared to visible light. Hyperbolic metamaterial incorporated
with gain dye molecules is calculated to show the possibility of eliminating energy losses and the
transmittance can be enhanced in the selected wavelength range.
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1. Introduction

There has been enormous interest in exploiting extraordinary
properties of negative index metamaterial with negative permit-
tivity and negative permeability simultaneously, which was
originally proposed by Veselago [1]. Negative index metamaterial
has been realized in the structure consisting of metallic wire
arrays and split-ring resonators in the microwave regime [2,3]
and metal-dielectric fishnet nanostructures in near-infrared
wavelength range [4-6].

Compared with negative index metamaterial, hyperbolic meta-
material which has opposite signs of permittivity tensors could be
used to realize negative refraction easily in optical frequency range.
There are many advantages of hyperbolic metamaterial, such as
needless negative permeability which leads to simplified design and
broad band all-angle negative refraction [7]. Negative refraction from
near-infrared to visible spectrum in hyperbolic metamaterial com-
posed of silver nanowires embedding anodization aluminum oxide
(AAO) template has been demonstrated experimentally [8-10].
However, negative refraction in silver-AAO metamaterial cannot be
achieved in short wavelength due to the limitation of dielectric
permittivity for aluminum oxide. So, one alternative approach is to
select nano-size matrix template with small dielectric permittivity to
fabricate hyperbolic metamaterial. In addition, silver-AAO metama-
terial suffers inevitable strong energy dissipation due to plasmon
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resonance in the interface between metallic nanowires and alumi-
num oxide template. Low loss characteristic of hyperbolic metama-
terial in optical frequency is critical for enabling its numerous
potential applications, such as hyperlens [11]. Up to now, the way
through improving the material geometric designs to reduce energy
loss appears to reach its limitations. The most promising approach is
to incorporate gain media into metamaterial [12]. Recently, the loss
compensation in fishnet metamaterial with organic dyes incorporated
in metal-dielectric spacer layers has been demonstrated experimen-
tally [13]. The effect of loss compensation arises from the local field
enhancement of the structures with gain media. For silver-AAO
metamaterial, because AAO is a solid template, it is impossible to
add gain medium into the structures.

Liquid crystals acting as tunable material have been exten-
sively used in metamaterial structures [14-16] and are also
proposed to achieve loss compensation by incorporating gain
dye molecules [17,18]. In this paper, we use an alternative
approach in which reverse hexagonal lyotropic liquid crystal
(RHLLC) is used to reconfigure hyperbolic metamaterial. Proposed
hyperbolic metamaterial is made up of metallic nanowires
embedded in RHLLC.

2. Negative refraction

The RHLLC template is schematically shown in Fig. 1, and the
structure parameters are in tens of nanometers scale [19,20]. By the
self-assembly process hexagonal structure is formed utilizing water
and amphiphilic molecule dissolved into solvent in an appropriate
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concentration ratio at given a temperature. Silver nanowire arrays
with uniform wire diameters, high aspect ratio and high wire
density in RHLLC have been fabricated experimentally by electro-
chemical deposition [21]. The RHLLC are composed of ternary
mixture p-xylene/AOT/water in restricted concentration ratio.

In the long wavelength limit (1»a), the structure of RHLLC and
embedded silver nanowires is equivalent to an effective medium
which can be described by macroscopic anisotropic dielectric
tensor g and ¢, (parallel and perpendicular to metallic nano-
wires respectively). The effective medium theory is adopted for
anisotropic nanowires system as follows [22]:

& =& =fem+(1-feuc
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where f=2nr?/+/3a? is the volume filling ratio of silver nano-
wires in the composite structure. &, and ¢;;¢ are the permittivities
of silver and RHLLC respectively. Permittivity of silver obeys the
drude model which can be written as &n :ax—wg/(w2+iwy),
where the angular frequency w=2nc/A, the high frequency
permittivity &, =6, the plasma frequency w,=1.5 x 10'®rad/s
and the damping frequency 7 =7.73 x 10'*rad/s are taken from
the literature [23]. The refractive index of RHLLC is 1.46 deter-
mined by experimental measurement in which component frac-
tions with 1.4M AOT in p-xylene and molar ratio [H,O0]/
[AOT]=10 are adopted.

Effective anisotropic permittivities calculated are shown in Fig. 2.
Typical sizes of a=40 nm and r=10 nm derived from experimental
values in Ref. [21] (corresponding filling ratio f = 0.227) are used to
make a comparison with AAO whose permittivity is assumed to be
2.7889 [24]. Hyperbolic dispersion curves of metamaterial produce
all-angle negative refraction for TM polarized light (magnetic field
normal to the plane of incidence, i.e. x-z plane as shown in Fig. 1(b)).
Although the condition of hyperbolic dispersion relation with
Re(e) <0 and Re(¢, ) > 0 is satisfied in the whole visible wavelength
range, the resonant peaks of ¢, would result in extremely large
energy losses which severely destroy the validity of negative refrac-
tion. Thus, we have to choose a wavelength range far away from the
resonant peak to ensure energy transmission for negative refraction.
In this paper, the criterion Im(¢;) < 0.1 is chosen to determine the
shortest wavelength for available negative refraction. As shown in
Fig. 2(c) and (d), in silver-RHLLC metamaterial, the shortest wave-
length satisfying the criterion is approximately 470 nm, almost 40 nm
is enhanced compared to the silver-AAO metamaterial. We can see
that ¢ is almost the same in two kinds of metamaterial, shown in
Fig. 2(a) and (b). The resonant peaks appear when Re(¢, ) = 0. Due to
the smaller permittivity of RHLLC, resonant peak shifts to shorter
wavelength which is the reason why silver-RHLLC can realize
negative refraction in a shorter wavelength range. Thus, negative
refraction for silver-RHLLC metamaterial covers the spectrum from
approximately 470 nm up to near-infrared wavelength range.
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Fig. 1. (a) Schematic diagram of amphiphilic molecule hexagonal structure.
(b) The RHLLC template structure. a is the distance of adjacent nanoholes and r
is the radius of nanoholes.

The working spectrum range for hyperbolic metamaterial
mainly depends on two parameters, nanoholes distance and
nanowire radius. In actual experimental operations, nanoholes
distance is approximately unchangeable, but the nanowire radius
can be adjusted by changing the component concentration. Here,
we focus on the effect of radius for the working spectrum of
hyperbolic metamaterial. Nanoholes distance is fixed (40 nm); we
choose different radii r=6 nm, 8 nm, 10 nm, 12 nm and 14 nm,
which correspond to volume filling ratios f=0.082, 0.145, 0.227,
0.326 and 0.444 respectively. As shown in Fig. 3, the working
wavelength for Re(g) <0 is blue shifted as the radius increases;
on the contrary the wavelength satisfying Im(e;)<0.1 is red
shifted. The working spectrum range must satisfy both the
criterions Re(g)) <0 and Im(e;) <0.1. According to the figure,
optimized radius is 10 nm and the wavelengths satisfying the two
criterions are almost the same. The corresponding working
wavelength is approximately started from 470 nm. The optimiza-
tion for working wavelength range of silver-RHLLC hyperbolic
metamaterial is achieved through calculations.

3. Loss compensation
Because of the existence of silver nanowires the proposed

metamaterial suffers strong energy losses. Here, we also investi-
gate the loss compensation in the silver-RHLLC metamaterial.
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Fig. 2. Effective anisotropic permittivities for silver-RHLLC metamaterial and
silver-AAO metamaterial. (a) and (b) Real part and imaginary part of g (c) and
(d) Real part and imaginary part of ¢, . The inset in (d) is the magnified part in the
range 4 =400-600 nm.
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Fig. 3. Real parts of g and imaginary parts of &, for different radii of silver
nanowires.



X. Li et al. / Optics Communications 298-299 (2013) 141-144 143

Due to the RHLLC which is a liquid template, the gain media can
be incorporated conveniently into the metamaterial structures,
such as fluorescent dyes. Here, the dielectric susceptibility of gain
dye molecules described as the four-level system model is
characterized by the form y =y’ +iy”, where the real part ' and
imaginary part y” are written as follows [25]:

xr =% 1 2(v—vp)/Av
max 1+1Io/Is 1 4 4(v-vg)? /Av?

)]
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where [ is the saturation intensity and Iy is the pump intensity.
Amax 1S the maximum imaginary value at low intensities (Ig«l;)
and v is the incident frequency. The parameters are chosen as
follows: the center frequency vo = 5.639 x 10'“Hz and the transi-
tion linewidth Av =5.639 x 10'2Hz. The structure parameters are
the same as mentioned above in part 2. From formula (2), when vq
and Av are fixed, the dielectric susceptibility of gain dye mole-
cules depends on ¥, and Io/I.

When gain dye molecules are incorporated into RHLLC, the
permittivity of the host RHLLC template &}, = &;c+ y is modified
slightly and is substituted into effective medium calculations
based on formula (1). In calculations, j,,, = —0.03 is assumed
and the g[; - is only associated with Iy /Is. As indicated in Fig. 4 the
values of Im(e)) and Im(e,) for gain incorporation decrease
remarkably compared to without gain. For small Iy/I5, smaller
imaginary part value can be obtained. With the value Iy/Is
increasing, the imaginary part gets closer to the value of no gain.
In addition, the shapes for Re(g))) and Re(e¢;) (not shown) only
have slight change between metamaterial with gain and without
gain. Highly decreased imaginary values of 8| and ¢, lead to the
reduction of energy losses in metamaterial.

Energy compensation in metamaterial originates from optical
amplification in the RHLLC matrix and loss compensation for
plasmonic resonance of nanowires at gain pumping wavelengths.
Using the finite element method, the transmittance is simulated
for without and with gain metamaterial as shown in Fig. 5.
Amax = —0.03 is assumed and we mainly consider the effect of
incident intensity for transmittance. From Fig. 5, we can see that
the transmittance around wavelength 532 nm for gain metama-
terial increases compared with no gain, which means optical
energy compensation in the constituent metamaterial. The simu-
lation illustrates that the gain incorporation can improve the
transmittance remarkably. In addition, simulations also show that
larger transmittance could be obtained when incident intensity is
far away from the saturation intensity.

Ymax 1S Proportional to the real and imaginary part of suscept-
ibility of the gain dye molecule. From formula (2), different gain
materials with different y,,,, values would impact the transmit-
tance of metamaterial. Incident intensity ratio Iy/I; = 0.1 is fixed.
Fig. 6 shows the simulated transmittance for different gain
materials. We can see that transmittance increases remarkably
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Fig. 4. The imaginary parts of g and ¢, for the sample without and with gain
(Xmax =—0.03) around center frequency vo=5.639 x 10'“Hz (wavelength
4=532nm).

as Ymax Changes from —0.03 to —0.09. Central peak transmit-
tances are 0.88, 1.00 and 1.22 respectively for y,,,, = —0.03,—0.06,
—0.09. Transmittance equal to 1 for y,,,=—0.06 means that
energy dissipation is completely compensated by gain materials.
When j,,.x=-—0.09 the transmittance is more than 1 which
means optical amplifications are due to the gain materials. Larger
transmittance could also be obtained by taking other gain
materials with larger y,,, for much stronger energy compensa-
tion. Actually the gain dye molecule is only functional at the
specific working spectrum, so loss compensation for other wave-
length can be realized by choosing the appropriate gain dyes. The
bandwidth of transmittance enhancement is highly related to the
linewidth Av.

4. Conclusions

In conclusion, we propose an alternative approach for optical
hyperbolic metamaterial consisting of silver nanowire arrays
embedded in RHLLC template. Negative refraction at visible
spectrum up to approximately 470 nm can be achieved through
silver-RHLLC metamaterial. Incorporating gain media into RHLLC
metamaterial is a very convenient and effective route for
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Fig. 5. (a) Basic structural unit in simulation. The slice thickness is 500 nm.
Periodic boundary condition is used. (b) The transmittance for without and with
gain (), = —0.03). Structure parameters are a=40 nm, r=10 nm.
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Fig. 6. The transmittance for different y,,,, values.



144 X. Li et al. / Optics Communications 298-299 (2013) 141-144

compensating energy dissipation. Transmittance of designed
silver-RHLLC metamaterial with gain can be improved at selected
wavelength. The fabrication of the proposed silver-RHLLC meta-
material can be accomplished easily with an inexpensive self-
assemble process and electrochemical deposition method [21].
Finally, the flexible RHLLC template can also be used for other
structure fabrications with potential applications such as hyper-
lens and cloaking [26].
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