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Self-aligned liquid crystals containing randomly dispersed nanoparticles are proposed to realise hyperbolic meta-

materials at visible spectrum. Opposite signs for anisotropic permittivity tensors originated from the scattering of
metallic nanoparticles in liquid crystals are achieved. Tunable effective wavelength properties are also demonstrated

by choosing dielectric-metal core-shell nanoparticles.

Keywords: metamaterials; resonance; liquid crystals; nanoparticle

1. Introduction

Hyperbolic metamaterials (HMs) which are regarded
as promising artificial engineered structures for real-
ising negative refraction have been focused on by
many researchers [1-7]. The signs of dielectric tensors
along different principal axis are opposite. Unlike
negative index materials that require both negative
permittivity and permeability, there is no requirement
for negative permeability in HMs, and therefore,
it is easier to realise broad band all-angle negative
refraction. Although one cannot use a single slab of
HMs as a super lens like negative index metamaterials,
HMs have the ability to realise hyperlens [8—10] due
to the fact that evanescent waves can be converted to
propagating waves in HMs. Besides, there are many
exotic potential applications, such as subwavelength
imaging, nanoscale waveguiding, biosensing and
nonlinear switching [11].

So far, researches mainly focus on two kinds of
HMs structures consisting of metallic nanowire arrays
embedding in dielectric matrix and metal-dielectric
alternating multilayer films. Experimental works have
been realised in the structure Al,Os/silver in opti-
cal frequency range [2,12,13] and Ings3Gag47As/
Aly4gIng s0As semiconductor film in mid-infrared
range [14]. Recently, low loss HMs based on Al/ZnO
film at near-infrared wavelength is also demonstrated
experimentally [7]. However, all such HMs mentioned
above need very complex and expensive fabrication
craft. Hence, there is a growing interest in exploiting
easily prepared new structured HMs with additional
novel properties, such as tunable and flexible.

Mie resonances of dielectric and metal spheres
have been investigated extensively in metamaterials
[15-20]. Dielectric with high permittivity either sin-
gle constituent spheres or core-shell spheres are used
to obtain negative permeability and negative refrac-
tive index. In this paper, we propose an alternative
approach to design HMs based on Mie resonance of
metallic nanoparticle in visible frequency range. The
structure is composed of self-aligned liquid crystals
(LCs) and randomly dispersed metallic nanoparticles.
In long wavelength limit conditions, the effective per-
mittivities of metallic nanoparticle doped LCs can
be described as anisotropic dielectric tensors. Due to
opposite signs of dielectric tensors along different axis
of LCs molecule, hyperbolic dispersion relations are
achieved near 500 nm wavelength range. HMs can also
be extended to other wavelength range through the
core-shell nanoparticles doping. Unlike HMs based on
medium mixing rules, HMs we proposed in this paper
is based on Mie theory and Lorentz—Lorenz formula.

2. Effective medium theory

When the incident plane wave with wavelength A goes
to subwavelength metallic sphere with radius R, in
long wavelength limit condition A >> R, the single
metallic sphere is equivalent to an electric dipole. The
effective electric polarisability «, is derived from [21]

Qe = 67ria1/k]3_c (1)

where ki ¢ is wave number in LCs. The Mie scattering
coefficient is given as follows:
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where v, and &, are the Riccati-Bessel functions and
m is the index term. The primes indicate differentiation
with respect to the argument. The relative refractive
index # is the ratio of index of metal sphere to the LCs.
The size parameter x is k; cR.

The corresponding efficiency factor Oy, of scatter-
ing cross section is as follows:

Qsca = % Z (Zm + 1)|am|2 (3)

m=1

In the long wavelength condition, the first order term
dominates the scattering. So, high order terms can
be ignored in the calculations. The efficiency factor is
simplified as follows:

6
Qsca ~ _2|al|2 (4)
X

Using Lorentz—Lorenz formula, the effective
permittivity tensors of metallic nanoparticle doped
LCs can be described as follows:

3+ 2Na,

- 5
R ®)

/ —_
Elc=¢

where N =3f/47R3, f is the volume fraction of
metallic nanoparticles. e ¢ is the permittivity of LCs.
The nanoparticle incorporation does not change the
anisotropic property and only changes the values of
permittivity tensors.

3. Results and discussions

The alignment of LC molecule is schematically shown
in Figure 1(a). The director axis is perpendicular to
substrates. The permittivity tensors are described as
g and e, along and perpendicular to director axis,
respectively. Large anisotropic LCs with ¢; =4 and

(a)

(]

Metal nanoparticle

&1 = 2 [22] were selected to perform metallic nanopar-
ticle doping. Owing to small energy dissipation among
noble metals, silver is chosen as the doped nanoparti-
cles. For nanometer-sized metallic nanoparticles, con-
finement effect drastically increases the scattering rate
for the surface of the particle. This confinement effect
is due to the modulation of damping constant yy which
results from the adding the surface scattering rate
ws; = Avy/R, where vy is the Fermi velocity (e.g., 1.4 x
103¢cm/s for silver), R is the radius of the nanoparticle
and A is a proportionality factor (0.25 for silver). So,
the permittivity of nanometer-sized silver particles can
be expressed as [23-26]

2
foo?
w? 4+ iwl

foa?
@?* + iw(Ty + Avp/R)

e(w, R) = epu(w) +
(6)

where the bulk permittivity gy, is given by

Sbulk(w) = Efree_electron ((1)) ~+ Einterband (a))

I B S
N o(w + iTy) = wjz — w? —iol)
(7

where w, is the plasma frequency, fo and I'y are the
oscillator strength and damping frequency associated
with interband transitions, and f; and T'; are the oscil-
lator strengths and damping frequency of the j oscil-
lators modelling interband transitions. The values of
these parameters for silver are taken from literature
[26].

The incorporation of silver nanoparticles strongly
affects the effective electric polarisability along differ-
ent directions of LCs. When the volume fraction of
silver nanoparticles is big enough, permittivity tensor
along one direction of LC molecule will vary from pos-
itive to negative. In contrast, tensors along the other

(b)

LC molecule

SiO, substrates

Figure 1. (colour online) (a) Schematic representation of homeotropic aligned liquid crystal molecule with randomly dispersed
metallic nanoparticles. (b) The hyperbolic dispersion contour results in all-angle negative refraction in the interface between the

air and HMs.
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Figure 2. (colour online) (a) Real part and (b) imaginary part of effective anisotropic permittivities for liquid crystals with

randomly dispersed silver nanoparticles.

directions remain positive. The appearance of nega-
tive permittivity tensor leads to hyperbolic dispersion
relation as shown in Figure 1(b). The hyperbolic dis-
persion is given as k2 /s, — k2/e| = kj. When a beam
with magnetic field polarised along Y direction inci-
dents from air to such materials, all-angle negative
refraction will occur at the interface.

3.1 Permittivity tensors with opposite signs

The results for real and imaginary parts of anisotropic
permittivity tensors are shown in Figures 2(a) and
2(b). The radius of silver nanoparticle is R = 10 nm
and volume fraction is /= 0.1. It is seen that neg-
ative Re(el") appears in approximately 480-540 nm,
but Re(e’) ) remains positive. For transverse magnetic
(TM) polarised light (magnetic field polarises along
Y direction as shown in Figure 1(a)) in such material
would obey hyperbolic dispersion relation which pro-
duces all-angle negative refraction. From Figure 2(b),
there are two peaks for imaginary parts of anisotropic
permittivity tensors. Between the peaks, the two imag-
inary parts both are small, HMs could work in this
wavelength range with low energy dissipation. The
imaginary part of &) increases drastically in the long
wavelength side which means strong energy dispassion
for this HM.

The efficiency factor Qs is plotted as a func-
tion of wavelength A as shown in Figure 3. We can
see that scattering are different along different direc-
tions. The scattering peaks locate on different wave-
length positions and the scattering strength for paral-
lel direction is stronger than perpendicular direction.
Adequate metallic nanoparticles doping in LC will
change the dielectric properties, as a result negative
permittivity tensors appear. When a TM light prop-
agates in the composite structure, negative refraction
appears. The working wavelength for such materi-
als depends on anisotropic permittivity of LCs host.

8
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6
ol
=
S 4
Q
2 .
0
400 450 500 550 600
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Figure 3. (colour online) Efficiency factor Qs., for per-
pendicular (-Perp) and parallel (-Para) directions to liquid
crystal alignment.

For larger anisotropic LCs, wavelength range realising
negative refraction is wider.

In addition, as shown in Figure 2 there is a wave-
length range near 420 nm in which ¢/ > 0 and It is
because the scattering peak for perpendicular direction
is just in this wavelength range, but parallel direction
is not as shown in Figure 3. The analysis for this
range is the same as mentioned above and the only
difference is the exchange of the role for transverse
electric (TE) and TM light. In other words, negative
refraction can be achieved for TE polarised light in
this range.

Anisotropic permittivity tensors in doped LC
strongly depend on the volume fraction f of metal-
lic nanoparticles. Although negative permittivity is
obtained easily for large volume fraction, large vol-
ume fraction will cause big imaginary part and the
forming of LC phase will be more difficult. In exper-
iment, we should choose reasonable volume frac-
tion to deal with the contradiction. In Figure 4, we
plot the effective permittivity tensors as the function
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Figure 4. (colour online) (a) Real part and (b) imaginary part of effective permittivity tensor as a function of volume fraction f

at 500 nm. The radius is 10 nm.

of the volume fraction f at A = 500 nm. Real part
of ¢ changes from positive to negative when f

_ YWY p(m2y) — Ay (m29)] — m2 D) Wm(12y) — A xm(n2)]

coefficient of core-shell spherical particle is modified
as follows [27]:

= Em(y)[llf/m(nzy) - AmX/m(nZy)] - ”25’;110’)[1/%(’12)/) - Ame(n2y)]

increases more than 0.06 and the imaginary part is
approximately 2 in this fraction range. Real part of
¢, varies from 2 to 4 as f increasing from 0 to
0.1 and the imaginary part is smaller than 0.5 all
the time. From these analyses, we can see that large
volume fraction f can help us to realise negative
permittivity tensor, but the imaginary part increases
correspondingly which leads to much stronger energy
dissipation.

3.2 Tunable wavelength range

Due to the limitation of scattering property of sil-
ver nanoparticles, the working wavelength for HMs is
difficult to be extended to other visible range. As an
approach, we can choose core-shell nanoparticles
instead of the silver particle. The related Mie scattering

()

15
_— Re(a’ l)
10 p = RC(E/”)
& 5
0
-5
400 500 600 700 800
Wavelength A (nm)

®)

where  Yi,(2) = Zju(2) n(2) = 2l (2) and xu(2) =
—zyu(z) are Ricatti-Bessel functions, hfyl,)(z) =
Jm(2) + iym(2) is the spherical Hankel function of the
first class. The coefficient A, is

_ mYm(mx)Y’, (mx) — m ', (n2y)Ym(nix)

A I 1130 = () )

where x = k;R; and y = k;, Ry. ny and n; are the ratios
of the refractive indices of core and shell material to
the index of LC host.

By adjusting the inner and outer radius, the work-
ing wavelength range for such materials can be tuned
to other visible spectrum. For example, core-shell
nanoparticles used in this paragraph are silicon oxide
(Si0O,) cores and silver coatings. The permittivity of
SiO, is assumed to be 2. It is shown in Figure 5(a)

(b)
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Figure 5. (colour online) (a) Calculated real parts of effective permittivity tensors for doped liquid crystals. Volume fraction is
0.1. (b) The scattering sections for SiO,/Ag core-shell nanoparticles with R; = 10 nm and R, = 20 nm.
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that wavelength range achieving negative |, is approx-
imately 560-610 nm. As shown in Figure 5(b),
the peaks of efficient factor for SiO,/Ag core-shell
nanoparticles shift to long wavelength side which
directly leads to the shifting of negative permittivity
tensors to other wavelength. The position of scatter-
ing peak depends on the radius of core and shell, so
that we can achieve such materials for different work-
ing wavelength by adjusting the radius of core-shell
nanoparticles. In addition, the permittivity of core
material also influences the position of the scatter-
ing peak. By changing the core materials, such kind
of HMs can be achieved from visible to near-infrared
wavelength range.

4. Loss compensation

Due to the surface plasmon resonance, such kind of
HMs suffers strong energy losses. As a result, loss
compensation becomes very important. The energy
loss could be compensated by incorporating gain
materials into the metamaterial structures [28] and
the experimental works have already been done in
metal-dielectric fishnet structures [29]. In contrast
to the difficult gain incorporation in other artificial
metamaterials, it is very convenient to compensate the

4.1 T T
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energy absorption by distributing active medium such
as dye molecule into LCs [19].

Consider the compensation process of dye
molecule as a two-level model. The system contains
LC, silver nanoparticles and dye medium. The suscep-
tibility of the dye medium is characterised by the form
x = x' +ix”, where the real part x’ and imaginary
part x” are described as follows [19]:

2(v — vg)/Av
1+ 4(v — vg)*/ Av?

!/

X = Xmax

(10)
1

1+ 4(v — v)*/ Av?

"

X = Xmax

The parameter ypmax is the maximum imaginary value
and v is the incident frequency. The centre frequency
vp = 6 x 10'*Hz and the frequency linewidth Av =
6 x 1012 Hz.

The permittivity of the combined material
changes from epc to ehost = €Lc + x 1n the effective
permittivity calculations. The calculation parameters
are same as in Section 3.1. The susceptibility of gain
dye molecule depends on xmax When vy Av are fixed.
Figure 6 shows the real and imaginary parts of effec-
tive permittivity of the dye medium and nanoparticle
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Figure 6. (colour online) (a) (c) Real and (b) (d) imaginary parts of the effective permittivities of silver nanoparticles dispersed

dye-doped nematic liquid crystal.
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dispersed LC. The ymax of dye medium is 0, —0.1 and
—0.16. We can see that from Figure 6 the gain medium
not only changes the imaginary part but also the
real part. At the resonance frequency, the imaginary
part of ¢ is reduced as shown in Figure 6(b) and
the real part of el" also becomes smaller as shown
in Figure 6(c). Smaller Im(¢’) means lower energy
losses. The energy losses and the real part of effective
permittivity both can be reduced by increasing the
Xmax- The core-shell HM mentioned in Section 3.2 has
the similar effects with dye medium.

5. Conclusions

In this work, a novel approach using self-aligned LC
containing randomly dispersed nanoparticles is pro-
posed for designing optical HMs. Due to the Mie scat-
tering of spherical nanoparticle, permittivity tensors
with opposite signs are achieved. By using core-shell
nanoparticles, operating wavelength can be adjusted
from visible to near-infrared. Gain medium can be
introduced to reduce the energy losses. It also should
be noted that the proposed material can be used to
develop the flexible and tunable optical HMs because
of the flexibility and easily controlled molecule direc-
tion of LCs.
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