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Liquid Crystal Nonlinear Optical Meta-Materials

I. C. Khoo, A. Diaz, J. Liou, D. Werner,
J. H. Park, Y. Ma, and J. Huang
Department of Electrical Engineering, The Pennsylvania State
University, University Park, PA, USA

We present an overview of metamaterials comprising nematic liquid crystals and
nano-particulates or nano-structures. These metamaterials possess emergent
properties such as electro-optically and all-optically tunable sub-unity, zero and
negative refractive indices, and other properties not possible with conventional
chemical synthesis methods. Optical wave mixing and self-action effects conducted
with nano-particulate doped nematic liquid crystals have demonstrated fast opti-
cal field induced index modulation in micron- and sub-micron thin nematic films.

Keywords: enhanced birefringence; liquid crystals; metamaterials; nano-particulates;
nano-structures; nonlinear optics; optical switching; sub-unity and negative index

1. INTRODUCTION

In both isotropic and ordered phases, liquid crystals possess
extraordinarily large optical nonlinearities originating from a variety
of individual and collective molecular processes. Among the ordered
phases, nematic liquid crystals are perhaps the most widely studied
ones as a result of their broadband birefringence and extreme sensitiv-
ity to perturbation by external fields. Optical nonlinearities such as
laser induced refractive index change coefficients n2 ranging from
10�4 to 103 cm2=W have been observed; almost all nonlinear optical
processes have been demonstrated, including self-focusing, phase con-
jugation, stimulated scattering, solitons, photorefractivity, bistability
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and instability, nonlinear optical processing . . . etc [1–19]. Recent
studies have centered on the use of nano-dopants and specialized
structures to fashion new liquid crystalline metamaterials with emer-
gent properties such as tunable sub-unity refractive indices ranging
from positive through zero to the negative regimes, and photonic
crystals in which light propagates in unconventional directions and
velocities [20–26]. In comparison with other meta-material systems
that tend to be passive and non-reconfigurable once they are
fabricated, the presence of electro-optics and nonlinear optical materi-
als such as liquid crystals enable tremendous tuning flexibility and
new forms=shapes enabled by their dual (fluid=crystalline) physical
properties.

In this paper, we present a quick review of two approaches to realiz-
ing liquid crystalline metamaterials and some recent preliminary
experiments pointing to the feasibility of realizing these tunable mate-
rials in practice. The introduction of nano-dopants into the nematic
bulk also enable new mechanisms leading to ultrafast optical switch-
ing possibilities and nonlinear optics in very thin films otherwise
impossible in pure nematics.

2. LIQUID CRYSTALLINE NONLINEAR
OPTICAL METAMATERIALS

As demonstrated in [25], the refractive index of a material n is
defined by

n ¼ sign cos
he � hl

2

� �
cos

he þ hl
2

� �� � ffiffiffiffiffiffiffiffi
erlr

p ¼ sign cos he þ cos hl
� � ffiffiffiffiffiffiffiffi

erlr
p

ð1aÞ

where it is understood the positive square root is to be taken and he
and hl are defined in the interval (�p, p] by:

e0N þ ie00N ¼ e0r
erj j þ i

e00r
erj j � cos he þ i sin he ð1bÞ

l0N þ il00N ¼ l0r
lrj j þ i

l00r
lrj j � cos hl þ i sin hl ð1cÞ

The sign of the refractive index is given by sign(cos heþ cos hl).
Figures 1a–b show respectively the 3-D plots of the real and imaginary
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part of the refractive index in the phase-space spanned by he and hl.
Clearly, for a particular value of the real part of the refractive index n,
there are very many combination possibilities of he and hl, correspond-
ing to a wide ranging positive (loss) or negative (gain) values for the
imaginary part of n. Also, there are vast regions in the he� hl phase
space where the real-part of refractive index can be zero or negative.

The central issue in the development of a metamaterial is the
‘engineering’ of the permittivity and permeability of the metamaterial

FIGURE 1 Plot of the (a) real part and (b) imaginary part of the normalized
complex refractive index on the he� hl phase space. Note that in the conven-
tion used, a positive (>0) imaginary part corresponds to loss.
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constituents in conjunction with specialized structures in order to
access a desired value of the refractive index.We have pursued two pro-
mising approaches to realize thesemetamaterials: (A) Periodic metallo-
dielectric nanostructures containing nematic liquids and (B) Random
distribution of nano-particulates in bulk aligned liquid crystal cells.

2.1. Liquid Crystals in Periodic Metallo-Dielectric
Nano-Structures

Metallo-dielectric planar periodic structures, often termed frequency
selective surfaces [FSS] have been employed for very long wavelength
(e.g. microwave and RF) electromagnetic applications for decades
[21,22,26,27]. An example of such FSS-like metamaterial [21,22,26]
structure is depicted in Figure 2. The unit cell consists of two aligned
nematic liquid crystal layers sandwiching a metallo-dielectric nanos-
tructure that is made up of a magnetic resonator (two strips of silver
of thickness 30nm separated by a thin layer of alumina of thickness
20nm) surrounded by a negative permittivity material [thin silver
films]. The space between neighboring magnetic resonators is filled
with silica. A rigorous full-wave electromagnetic scattering analysis
of the structure [21,22,26] showed that in some frequency interval,

FIGURE 2 The ‘unit cell’ makeup of a periodic metallo-dielectric nano-
structure containing magnetic resonator and negative permittivity material
with tunable liquid crystal layers and exemplary results for the dependence
of the complex refractive index on the liquid crystal dielectric constant for
two optical wavelengths [after Ref. 22]. All dimensions are in nm. Note: Figure
not drawn to scale in order to show details of the magnetic resonator.
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the effective refractive index can assume unconventional values
ranging from positive through zero and into the negative domain.
Figure 2 shows the complex refractive index n¼n0 þn00 for two differ-
ent incident light wavelengths as a function of the liquid crystal dielec-
tric constant eLC. As a result of the tunable birefringence of the liquid
crystal layers, the effective refractive index of this metamaterial can
be varied over a wide range. For a typical nematic birefringence
Dnnlc� 0.2 (ne¼ 1.7 and no¼ 1.5), the lower right solid curve for
incident light wavelength k¼ 1.45 mm shows that the effective index
can be varied from �1 to 0.3, i.e. an effective refractive index change
Dneff of 1.3. Such enhanced birefringence obviously will lead to
enhanced optical nonlinearities as well as electro-optics responses [18].

The major problems confronting these approaches stem from the
precise nanometer-scale fabrication requirements, and large absorp-
tion losses associated with the metals or ‘plasmonic’ material constitu-
ents. Also, the strong anchoring of the liquid crystal molecules in such
highly confined geometries would require prohibitively large electric
fields. As demonstrated in section 3, nonlinear all-optical means pro-
vide an ‘electrode-less’ and more flexible means of creating index
changes and the desired optical properties=functions. Moreover, as a
result of the extraordinarily large optical nonlinearity of nematics,
these index changes can be induced at low power and high speed.

2.2. Nano-Particulate Suspensions in Bulk Liquid Crystals

An alternative approach to realizing tunable index materials is to
employ well established bottom-up methods for synthesizing mono-
dispersed spheres, core-shell nanostructures, and nanorods that
contain plasmonic metals or other appropriate dielectric components,

FIGURE 3 Schematic of core-shell nano-spheres dispersed in aligned nematic
liquid crystal layer.
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and disperse them in a host medium. Figure 3 shows a schematic of an
aligned nematic liquid crystal doped with randomly dispersed core-
shell nano-spheres. The liquid crystal host provides the tunable per-
mittivity, while the nano-particulates provide the desired permittivity
and permeability to create the desired effective refractive indices. The
complex effective refractive index of such metamaterial is calculated
through the Clausius-Mosotti relations from Mie scattering coeffi-
cients a1 and b1 (these are the dipole terms of the scattered magnetic
fields), according to the expressions [28–30]:

eeffr ¼ ehost
k3host þ i4pNa1

k3host � i2pNa1

 !
ð2aÞ

leffr ¼
k3host þ i4pNb1

k3host � i2pNb1

ð2bÞ

where khost is the optical wave vector in the host fluid, ehost is the
permittivity of the host, andN is the volume density of the nanospheres.

We have studied several cases involving gold and silver nano-
spheres and gold- or silver- coated silica spheres of diameter in the
order of a few nm’s. A Lorentz-Drude model [31] is used to describe
the complex dielectric functions of gold and silver. In such nanoparti-
cles (diameter <10nm), the small dimension limits the mean free path
of free electrons resulting in increased surface scattering. This
effect can be modeled by adding a surface scattering rate xS ¼Avf=r
to the damping constant c0 in the free-electron Drude model [32–35],
resulting in:

e x; rð Þ ¼ ebulk xð Þ þ
x2

p

x2 þ ixc0
�

x2
p

x2 þ ix c0 þ AvF=rð Þ ð3Þ

This model has been shown to be effective in describing the optical
characteristics of gold- and silver-dispersed nanoparticles at different
concentrations when compared to previously reported measurements
using spectroscopic ellipsometry in the visible and near-infrared
region [36].
The optical permittivity of the host nematic liquid crystal (NLC) for a
linearly polarized light incident at an oblique angle h is given by [18]

ehost ¼
eeeo

ee cos2 hþ eo sin
2 h

ð4Þ
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where ee and eo are the respective permittivities for light polarized
parallel and perpendicular to the director axis n̂n and h is the angle
made by the director axis with the optical wave vector k0. Note that
ehost does not carry any resonant dependence except for some small
variation over the optical- infrared wavelength regime of interest here.

We have studied a variety of nano-spheres [solid or core-shell] in
various combinations and liquid crystal alignments. Some exemplary
results for the effective refractive indices are shown in Figures 4
and 5, calculated using various plasmonic frequencies, damping con-
stants . . . etc for Au and Ag [28,31]. Figures 4a–b shows respectively,
the calculated real (n) and imaginary (k) part of refractive index for
2 nm radius gold and silver nano-particles while Figures 5a–b show
the results for the case of Au- or Ag-coated silica spheres [the radius
for the silica core is 10nm with a permittivity of 3.8, and the thickness

FIGURE 4 Calculated real (n) and imaginary (k) part of the effective refrac-
tive index of liquid crystal with nano-particles dispersion as the permittivity of
the liquid crystal is varied from 2.0 to 4.0 in steps of 0.5. (a) 2nm solid gold
nano-spheres (b) 2nm solid silver nano-spheres.
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for the shell (gold or silver) is 5 nm]. The filling fraction is 0.25. The
permittivity of the host medium (NLC) is varied from 2.0 to 4.0 in
step of 0.5.

It is interesting to note that, besides enhanced birefringence, in
some cases [Ag nano-spheres in Fig. 4b and Au- and Ag- core-shell
nano-spheres in Figs. 5a–b], the effective refractive index of the LC
metamaterial can be unity (1) or sub-unity (<1), a region not possible
to access with conventional chemical synthesis methods. Some of these
theoretical results have been shown to agree very well with experi-
mental measurements of Au- nanospheres dispersed in polymer
matrix [36]. Work is underway in dispersing Au- and Ag-nanospheres
in nematic liquid crystals.

FIGURE 5 Calculated real (n) and imaginary (k) part of the effective refrac-
tive index of liquid crystal with core-shell nano-particles dispersion as the
permittivity of the liquid crystal is varied from 2.0 to 4.0 in steps of 0.5 for
(a) 5 nm thick gold shell and (b) 5nm thick silver shell. The silica core radius
is 10nm.
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3. NONLINEAR OPTICAL RESPONSES OF VERY
THIN NEMATIC LAYER

The tunability of the optical properties of these metamaterials is
hinged on the electro-optical and nonlinear optical response of the bire-
fringent nematic liquid crystal constituent. In the case of metallo-
dielectric nanostructures discussed in section 2.1, the sub-micron thin
nematic layer would require a prohibitively enormous electric field for
electro-optical modulation, since the molecules adjacent to the bound-
ary surfaces are strongly anchored. On the other hand, optical field
induced thermal and order parameter changes in dye doped nematic
offer a viable mechanism for creating the required refractive index
[dielectric permittivity] changes in the NLC. This was indeed demon-
strated in a recent optical wave-mixing experiment involving very thin
nematic liquid crystal films ranging from 250nm to �1 micron.

Figure 6 shows an optical wave-mixing experimental set up used. A
linearly polarized CW 532nm laser is divided into two coherent beams
which are then overlapped onto a nematic liquid crystal cell at a small
crossing angle of about 0.01radian. The beam diameter on the sample
is �5mm. The homeotropically aligned liquid crystal cells are
made with methyl-red doped 5CB (Pentyl-Cyano-Biphenyl) with
thicknesses ranging from�250nm to 1.7mm asmeasured by Fabry-Perot
interferometry before the cell is filled. The methyl-red dye concentra-
tion used is 2.5% by weight which is needed to yield visible self-
diffraction from such thin samples under milliwatts laser power.
Visible self-diffraction from these thin nematic films are manifested
at an input laser power of 50mW (intensity of � 200mW=cm2). In
Table 1 we list some of the typical results obtained. Note that in
general, the optical nonlinearity n2 [defined by index change Dn¼n2I,

FIGURE 6 Schematic of the optical wave mixing experiment set up to
measure self-diffraction efficiency from aligned nematic liquid crystal cells.
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where I is the optical intensity] of these samples are quite large,
ranging from 2� 10�2� 9� 10�2 cm2=W.

For linearly polarized input lasers incident on the sample in the
normal direction, the index changing mechanism is due to optically
induced thermal effect and order parameter change. The maximum
refractive index change possible from this mechanism is on the order
of (niso – no)� (1.62� 1.52)� 0.1 using 5CB. It is noteworthy that a
nematic layer as thin as 250nm exhibits a significant optically
induced index modulation Dn on the order of 0.015 with an input opti-
cal intensity of 0.2W=cm2 in the un-optimized geometry=sample. With
optimization by using larger birefringence nematics and initial direc-
tor axis alignment and laser polarization direction, much higher index
modulation could be achieved.

These preliminary studies have demonstrated the feasibility of all-
optical index modulation of nanostructures containing very thin layers
of nematic liquid crystal. In contrast to previous studies of ac field
induced index tuning in photonic crystals, however, all-optical tuning
in this case is electrode-free and the applied field direction can be quite
flexible. Furthermore, optical field induced index modulation is a much
faster process. As demonstrated in a recent study, the response time
can be as short as 50 ms in a 20 mm thick cell with CW laser [37,38];
sub-microsecond and nanosecond response times can be expected with
short pulsed lasers [3,10,18]. Work is currently underway in realizing
such ultrafast (for nematics) all-optical switching processes.
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