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Designing Liquid Crystalline Nonlinear Optical
Meta-materials with Large Birefringence
and Sub-unity Refractive Index

I. C. Khoo, D. H. Werner, D. H. Kwon, and A. Diaz
Electrical Engineering Department, The Pennsylvania State
University, University Park, PA, USA

We describe here two types of liquid crystalline meta-materials which exhibit large
birefringence and sub-unity or negative refractive index. The conditions on the
constituents’ complex permittivity and permeability for producing effective refrac-
tive indices in this unconventional range are explicitly illustrated with two exemp-
lary liquid crystalline meta-materials: (i) core-shell nano-spheres randomly
dispersed in a nematic liquid crystal and (it) planar nano-structures juxtaposed
with a layer of liquid crystal. Both systems also exhibit enhanced electro-optical
and nonlinear optical responses. These meta-materials may find applications in
the next generation reflective, transmissive, modulation and switching elements
and devices in the visible-infrared-Terahertz and microwave regimes.

Keywords: electro-optics; nonlinear optics; large birefringence; liquid crystal meta-
materials; sub-unity and negative refractive index

I. INTRODUCTION

Nematic liquid crystals (NLC) are widely studied in the last two
decades for their extraordinary nonlinear and electro-optical respon-
ses, as a result of their large birefringence and the easy susceptibility
of the crystalline axis to reorientation by external fields [1-25]. By
considering the free energy involved in the reorientation [1], it has
been shown that the director axis deformation/reorientation induced
refractive index change experienced by an extraordinary-polarized
light is An ~ n(n. — n,) It «A?/K, where K is the LC elastic constant,
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A is the characteristic length for the distortion, 5 is conversion
éfficiency of light energy to reorientation, t the response time of the
reorientation process, I the optical intensity and « is the loss coefficient
due to the transfer of energy from light to nematic reorientation per
unit length. Writing An = nyl yields the nonlinear index coefficient
ng, which is often also referred to as the optical nonlinearity:

ng ~ n(ne —ny)t aA? /Kn2. (1)

From (1), and using ny = 0.105y 4} /n? [cm?/Watt] [1], where %® is the
third order nonlinear susceptibility, we can define a Figure of Merit
(FOM) for the optical nonlinearity

FOM = ® /za ~ n(n, — n,) n? n?A%/K (2)

For nematic liquid crystals [1], typical 7 is ~10~2 s for A ~ 20 pm.
Using K ~ 10~ erg/cm, (n, — n,) ~ 0.2, ~ 100cm™!, we have ng ~
1cm?/W [3,13,18]. To date, ny values approaching 1000 cm?/W have
been observed [10]. In contrast to what used to be regarded as a highly
nonlinear anisotropic fluid such as CS, which possesses a nonlinearity
on the order of 107 '°cm?/W, these supra nonlinear nematic liquid
crystalline (NLC) systems have ushered in the era of nonlinear optics
with W and nW threshold powers [25] and compact device size and
dimensions.

These NLC nonlinearities and the Figure of Merit [3(®) /70 are listed
in Tables 1 and 2 together with other classes of materials [semiconduc-
tors and polymers] in which large optical nonlinearities have also been
observed [17-22]. In contrast to other material nonlinearities that are
generally narrow-band (centered around some electronic resonances),
an unique feature of NLC nonlinearity is that it is extremely broad-
band, as the underpinning mechanism of laser induced director axis

TABLE 1 Refractive Index Coefficients of Some Nonlinear Optical Materials

Materials Order of magnitude of 7y (cm?/W)

Nematic Liquid Crystal
Photorefractive -C60 doped [13] 1072
Photorefractive-methyl-red doped [3] >1
C60/nanotube doped nematic [13] ~1071

GaAs bulk [26] 10°°

GaAs MQW [27] 1073

GaAs MQW [27] 1073

Photorefractive crystals/polymers [28] 1074

Bacteriorhodopsin [29] 1072
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TABLE 2 Switching Efficiency y® /ar of Various Materials

Materials 1@ Jar (1070 m3V—2g71)
Methyl-red doped LC film 200
C60/nanotube doped film ~ 500

GaAs bulk 30

GaAs MQW 300
Bacteriorhodopsin 0.05

Note: ny = 0.105 x 75, /n? [em?/Watt]; 3® [in m%/V2) = 1.39x 108 45
[in esu]. For MRNLC, « = 150cm ™!, response time t = 10ms, 8 = 3.13 x
106 (m2/V?), so @ /ar =209 (10-°0m3V-2g-1).

reorientation is a non-resonant process dictated mostly by the birefrin-
gence (n,—n,). For nematic liquid crystals, (n,—n,)~0.2 to 0.6, which
ranks as the largest of all known materials and more importantly,
the large birefringence spans the entire visible, through the infrared
IR to longer wavelengths [1]. We discuss here two approaches to rea-
lize liquid crystalline materials possessing large birefringence, and
therefore enhanced nonlinear optical responses: (a) random distri-
bution of nano-particulates in aligned NLC host and (b) juxtaposition
a layer of NLC to planar nano-structures. In both cases, the method
involves judicious choice of the constituents’ permittivity ¢ and per-
meability p to create meta-materials of desired effective complex
dielectric constants e [and therefore the complex refractive indices
and birefringence].

Il. SUB-UNITY AND NEGATIVE REFRACTIVE INDEX DESIGN
GUIDELINES - PERMITTIVITY AND PERMEABILITY
PARAMTERS

Considering the fact that the refractive index of vacuum is unity, one
can envision from basic electromagnetic considerations that materials
that possess sub-unity (n < 1), zero (n = 0) or negative (n < 0) refrac-
tive index will have many reflective and transmissive properties other-
wise not possible with conventional materials (n > 1). In recent years,
these so-called meta-materials have received intense interests and
many actual demonstrations of materials with sub-unity and negative
index have been reported [22—24,30-35]. Nevertheless, the conditions
for achieving such unconventional refractive indices in meta-materials
are not very well documented. We present here explicit expressions
and illustrations based on basic electromagnetic considerations.
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The derivation of the conditions and the analysis of the material beha-
vior as a function of a given parameter (such as the refractive index of
the nematic liquid crystal constituent) are simplified by defining a nor-
malized permittivity and permeability (and associated angles) in
terms of the relative permittivity and permeability ¢ and p, as:

/ /"

: CA .
ey +icy = +i—=cosf,+isinb, (3a)
& l&r|
‘Ltl //t”
Wy +iy = ——+i—"=cos0,+isin0, (3b)
IZA BT

The angles 0, and 0, are defined in the interval (—=, n]. The normalized
refractive index is similarly defined as:

0,4+ 0, . .
L+”+Lmn> =ny +iny

ny = t./enpiy = Lt exp (LHL—;G“) = exp <i
(3¢)

If we consider a wave propagating in the positive z direction, the
appropriate sign (or value of m equal to zero or one) is chosen so that
power flow in the +z direction is positive. This condition implies
choosing the sign so that

+cos (06_20”) >0 (4)

If the wave propagates in the —z direction, the opposite root should be
taken. The power flow requirement implies also that the impedance
n="%n, is always positive. Hence the impedance can always be
defined as (the positive square root) n = \/ZE The refractive index n

can then be expressed as:

0, —0 0.+ 0
n = sign (cos (T“> cos (%) > N
= sign(cos 0, + cos 0,) /&1, (5)

where it is understood the positive square root is to be taken. The sign
of the refractive index is therefore given by sign(cos 0, + cos0,).

It is now useful to consider the real and imaginary parts of the
normalized refractive index as a function of the permittivity and
permeability angles 0, and 0,. The real and imaginary parts of the nor-
malized refractive index are plotted below in Figure 1. Negative index
behavior (Re{n} < 0) is shown in black in Figure 1la and correspond to
negative values in the adjacent 3D plot. The condition for negative
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lossy (white) or exhibits gain (black) and 3-D plot of the imaginary part of

refractive index (nj). (b) Regions in phase space 0,0, where the material is
the normalized refractive index (nf;).

FIGURE 1 (a) Regions in phase space 0,0, of positive index (white) and nega-
tive index (black) behavior and 3-D plot of the real part of the normalized

210z snbny 60 OT:¥T ® [AreiqiTeleH jo Aisiealun] Ag pspeojumoq

+ cos(0,) < 0) is commonly found in the literature as the

equivalent expression: ¢|u| + t/|¢| < 0. This expression is totally gen-
eral and works even if the material exhibits gain. Figure 1b shows
the regions where the material is lossy (in white) or where it exhibits

gain (in black).

)

0

index (cos(

We now apply these conditions on the complex material permittivity
and permeability to design liquid crystalline meta-materials of desired

refractive indices in the sub-unity to negative range.
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lll. A. DISPERSION OF NANOPARTICLES IN NEMATIC
LIQUID CRYSTALS

In approach I, nano-spheres [core-shell or single constituent made of
metals (Drude-type or plasmonic) or semiconductors are dispersed in
aligned nematic liquid crystals as depicted in Figure 2. The size of
the nano-spheres is much smaller than the optical wavelength, and
therefore the incident light ‘sees’ an effective refractive index which
can be calculated using the effective medium theory [36]. We have per-
formed several calculations for a variety of nano-spheres in various
combinations and liquid crystal alignments, including (i) Polaritonic-
Drude (core-shell) nano-spheres and (ii) Gold-coated silica spheres.
Consider the case of core-shell nano-spheres, for example. The
permittivity of a polaritonic core [22,37-39] is of the form

&1 = &(00) (1 + %
the permittivity, o is the incident frequency, wr is the transverse
optical phonon frequency, wy, is the longitudinal optical phonon fre-
quency, and y; is the damping coefficient. On the other hand, the

2
U)p

) where ¢(co) is the high-frequency limit of

Drude [39] shell’s permittivity is given by & =1 — there wp is

w2 +iwy
the plasma frequency and y, is the damping term. The optical permit-
tivity of the host nematic liquid crystal (NLC) for a linearly polarized
light incident at an oblique angle 0 is given by ¢35 = m where
& and ¢, are the respective permittivities for light polarized parallel
and perpendicular to the director axis 7, and 0 is the angle made by

the director axis with the optical wave vector k.

Liquid Crystal
Director Ais

Laser
liquid crystal

€3 My

FIGURE 2 Schematic depiction of a aligned nematic liquid crystal containing
core-shell nano-spheres and a magnified view of the core-shell structure.
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Using the Maxwell Garnet mixing rule [22], the effective permit-
tivity and permeability ¢/ and p for NDLC can be calculated to give
respectively by:

k3 + janNa,
eff _ 3 6
K (kg - j21tNa1> ©

T k3 —j2nNby

where
e 1/2

k3 = \/esko = e k 8
3 = Vesho <se cos? 0 + ¢, sin” 0> 0 (8)

and a; and b; are the MIE scattering coefficients of the coated dielec-
tric sphere [31], N is the volume density of the spheres (N = 3f /4nr3)
and fis the filling fraction of the composite.

Figure 3 shows an exemplary results for a filling fraction f= 0.1,
r1= 0.13pm, rg = 0.143 pm and the following parameters for the con-
stituent  core, shell and host: ¢(o0) =17, wr /27 =570
THz, wr/2n =240THz, y,/2n =25THz, puy =py =pu3 =1, y5 =,/
60, w,/2n=134.0THz and the LC birefringence Anpc =n.—
n, ~ 0.6, corresponding to the nematic host dielectric anisotropy of
g — & = 2; & ~ 4 and gy ~ 2. Such liquid crystalline meta-materials,
by virtue of having these high-dielectric-constant constituent
nano-spheres, generally possess larger effective birefringence than
the liquid crystal ‘host’, although in general they are also more absorp-
tive due to the larger value of the imaginary part of the n.s. Neverthe-
less, there are regions where the absorption is low, e.g. around
50-70 THz region. In this regime the effective birefringence An.y is
~0.75 [at 50THz] or 0.9 [at 70THz], compared to Anyc =n.—
n, ~ 0.6. At 80 THz, where the loss is still low, the effective birefrin-
gence is as large as ~1.1. An even more interesting property of such
core-shell nano-sphere doped liquid crystal is that in some frequency
interval [around 107 THz], the effective refractive index can assume
sub-unity (< 1), zero or negative (<0) values as the dielectric constant
of the host nematic liquid crystal is changed, but accompanied by rela-
tively high loss (larger values of the imaginary part of n.y. The chal-
lenge in the material design, therefore, is to search and identify
regions in the effective u-¢ space, c.f. Figure 1 whereby the desired
index value [both real and imaginary part] can be attained.
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FIGURE 3 Real part Re{n.s} and Imaginary part Im{n.} of the complex
effective refractive index {n.gs} of the nano-spheres-dispersed NLC in the
50-150tHz region. The dimensions and composition of the spheres can be
scaled up/down for applications in other spectral region.

lll.B. PLANAR NANOSTRUCTURES CONTAINING A NEMATIC
LIQUID CRYSTAL LAYER

The other meta-material approach we employed is to infiltrate liquid
crystal in nano-structures such as such as frequency selective surfaces
[19,23-24,40—41], some of which also exhibit tunable refractive indices
from negative through zero to positive values. Frequency selective
surfaces are 2D periodic arrays of cells, where each cell consists of
metallic patches or apertures (in metallo-dielectric FSSs) or in a
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patterned configuration of two dielectrics with different optical proper-
ties (in the case of all-dielectric FSSs). Their use in the visible-IR
region stems from the FSS concept in the microwave regime, since
frequency response scales with element dimensions. Depending on
the cell pattern, size, and constituent materials, these F'SS could func-
tion as total reflection or transmission devices, low-pass, band-pass,

25
~
ol N D A= 1.45pm
o "\ g e
X
\ /< -,
y a -
4 A T
Y 3
= 1 -~
T 1 e o R
TN ¥ ';« 7.{—'
g 05 \\ 4 2
NS X e
T/ AN
0
n’ N\ \
<
=1 A=1.40pm

FIGURE 4 Schematic depiction of a unit cell in the liquid crystal clad
metallo-dielectric nano-structured meta-material (upper figure) and plots
of the effective real [n'] and imaginary [n"] part of the complex refractive
index for various values of the liquid crystal dielectric constant and two laser
wavelengths.
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notch-, high-pass, and multi-band- filters. By incorporating a tunable
material constituent such as liquid crystals, one can impart tunability
in these FSS’s as demonstrated in recent articles [19,23-24].

We have recently reported another liquid crystal meta-material
nanostructure formed by periodic arrays of unit cells which are made
up of magnetic resonator and negative dielectric constant material in
juxtaposition with aligned nematic liquid crystal. An exemplary nano-
structure is depicted in Figure 4. It consists of two aligned nematic
liquid crystal layers sandwiching a FSS-like metallo-dielectric nanos-
tructure. The unit cell of the FSS nano-structure comprises a magnetic
resonator made of two strips of silver of thickness 30 nm separated by
a thin layer of alumina of thickness 20nm. Negative permittivity
needed for negative-index behavior is provided by thin silver films
bounding the periodic array of magnetic resonators. The space
between neighboring magnetic resonators is filled with silica. Figure
4 also shows some exemplary plots of the effective refractive indices
of these meta-materials as a function of the liquid crystal’s dielectric
constant for two optical wavelengths (1.40 pm and 1.45 pm). The lower
right solid curve for incident light wavelength 2= 1.45um, for
instance, shows that the real part of the effective refractive index
changes by a substantial amount of 1.3 [from —1 to 0.3] as the LC
dielectric constant is tuned from 2.5 to 2.75 (index change of 0.07 from
1.58 to 1.65). Similar dramatic changes also arise for the 1 = 1.40 um
case; the real part of the nanostructure’s refractive index changes by
~1.1 (from —1 to 0.1) as the LC dielectric constant is (optically) tuned
from 2 to 2.5 [LLC index change of from 1.41 to 1.58]. In other words,
these liquid crystalline nano-structured metamaterials, similar to
the nano-sphere doped liquid crystals discussed in the preceding
sections, possess much higher birefringence than the nematic con-
stituent, and also exhibit unconventional refractive index values in
the sub-unity to negative range.

IV. CONCLUSION

In conclusion, we have provided a brief overview of progresses in the
studies of liquid crystal nonlinear optics response due to director axis
reorientation, and recent efforts to develop liquid crystalline materials
having large birefringence and unconventional refractive indices in
the sub-unity and below-zero ranges. We presented the design guide-
lines for realizing such meta-materials with unconventional refractive
index and described two examples of liquid crystalline meta-materials
with such properties. Both approaches have their advantages and
limitations. In the case of nano-dispersions, the large filling factor
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(~10%) requirement may cause serious order parameter perturbation
on the liquid crystalline host, whereas the planar nano-structures
would require complex nano-fabrication procedures [42,43]. In both
cases, nevertheless, the meta-material designs can be scaled for appli-
cation over a very broad spectral range [from visible through infrared
to the Terahertz regimes]. By virtue of the nematic constituents, the
effective refractive indices of these meta-materials can also be tuned
by electrical, optical or temperature means.
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