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An analysis of aligned nematic liquid crystal cells containing core-shell nanospheres shows that it is possible
to devise a new type of metamaterial whose index of refraction is tunable from negative, through zero, to
positive values. The design parameters for the constituents can be scaled for application in the optical as
well as very long wavelength (e.g., terahertz and microwave) regions. © 2006 Optical Society of America
OCIS codes: 160.3710, 160.4670, 110.2990, 230.3720, 260.5740.

Current research and development in electro-optical
and nonlinear optical materials for photonic applications are largely centered on nanostructured materials that exhibit unique physical and optical
properties.1–16 ln particular, research in negative index
materials6–13
(NIMs)
and
zero
index
materials14–16 (ZIMs) has been very active over the
past few years. In most of these cases, the resulting
structure’s index and other optical properties tend to
be fixed. On the other hand, it is highly desirable that
these properties and functions could be reconfigured
or tuned. In that regard, liquid crystals stand out as
the preferred choice as they possess very broadband
transparency and birefringence17 and easy susceptibilities to applied fields (i.e., large electro-optics and
nonlinear optical responses). They are also compatible with almost all widely used optoelectronic materials, and their fluid nature allows easy incorporation
into various geometries and nanometer-scale pore
sizes.1–6 Recent studies5,6 of liquid crystal infiltrated
three-dimensional inverse opal structures and periodic nanostructured frequency selective surfaces,6 for
example, have demonstrated their exceptionally
large spectral transmission tunability as well as the
capability to exhibit negative index of refraction behavior.
Instead of such nanoscale periodic structures,
which require complex fabrication techniques, others
have reported the possibility of realizing negative index materials by dispersing metallic spheres in the
bulk of some host materials. Wangberg et al.,8 for example, have studied the possibility of left-handed
propagation in a strongly anisotropic liquid crystal
waveguide containing metallic nanospheres. Such a
configuration, however, would encounter large scattering loss and light coupling difficulties at the entrance and exit sides of the waveguide.
In this Letter, we describe a configuration involving “free” propagation of polarized light through
aligned nematic liquid crystal cells in which core0146-9592/06/172592-3/$15.00

shell (coated) nanospheres are dispersed [see Fig.
1(a)]. While the treatment can be applied to various
liquid crystal alignments (planar, homeotropic, cholesteric spiral) and other phases, we limit our attention here to planar aligned nematic liquid crystals
(NLCs). The structure of the coated dielectric (nonmagnetic) spheres is as shown in Fig. 1(b).
The electromagnetic material properties of nanosphere dispersed liquid crystals may be calculated by
employing the Maxwell Garnet mixing rule18,19 for a
medium with three distinct regions: the host liquid
crystal (region 3), the shell (region 2), and the core
(region 1). All three materials are nonmagnetic with
relative permeability equal to 1. It is the combination
of the permittivities at the appropriate resonances, in
conjunction with the field-induced permittivity
change in the liquid crystal host that give rise to the
effective refractive index of nanosphere dispersed liquid crystals (NDLCs) that can vary from negative to
zero to positive values.

Fig. 1. (Color online) Homogeneous or planar aligned
nematic liquid crystal containing a core-shell (coated)
nanospheres sample. An applied ac electric field or a magnetic field can switch the director axis of the liquid crystal
from parallel to perpendicular to the cell windows. (b)
Cross section of the core 关1 , ⑀1兴-shell 关2 , ⑀2兴 nanosphere
with the liquid crystal host 关3 , ⑀3兴.
© 2006 Optical Society of America
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Recent studies have shown that polaritonic materials such as LiTaO3 (Refs. 12 and 20) would be a
good candidate material for the core. Its permittivity
is described by
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where ⑀共⬁兲 is the high-frequency limit of the permittivity,  is the incident frequency, T and L are the
transverse and longitudinal optical phonon frequencies, respectively, and ␥1 is the damping coefficient.
The shell can also be a polaritonic material or a
Drude material with a permittivity of the form
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where p is the plasma frequency and ␥2 is the damping term.
For linearly polarized light incident as an extraordinary wave onto the NLC host, the permittivity is
given by17
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In Eqs. (4a) and (4b), a1 and b1 are the Mie scattering coefficients of the coated dielectric sphere,19 N is
the volume density of the spheres 共N = 3f / 4r23兲, and f
is the filling fraction of the composite. Only the a1
and b1 coefficients, corresponding, respectively, to the
strength of the electric and magnetic dipole responses, are taken into account in the calculation of
the effective permittivity and permeability. Detailed
calculations and limitations of the current approach
will be presented in a longer article elsewhere. Here
we summarize the results pertinent to the optical infrared and terahertz regions.
The results for the real and imaginary parts of ⑀eff
r ,
eff
r , and the refractive index of NDLC for incident
frequency in the optical infrared regime (⬃100 THz;
wavelength  ⬃ 3.0 m) are depicted in Figs.
2(a)–2(c). The parameters that produce the NIM–
ZIM–PlM (positive index material) behavior for this
frequency region are r2 = 0.143 m, r1 = 0.13 m, f
= 0.12, ⑀共⬁兲 = 17, T / 2 = 240 THz, L / 2 = 570 THz,
␥1 / 2 = 2.5 THz, p / 2 = 134 THz, and ␥2 = p / 60.
From Figs. 2(a) and 2(b), one can see that there is a
eff
frequency range where both ⑀eff
r and r are negative,
a condition sufficient to yield a negative refractive index. Figure 2(c) depicts the real and imaginary parts

where ⑀储 and ⑀⬜ are the respective permittivities for
light polarized parallel and perpendicular to the director axis n̂. Note that ⑀3 is dependent on the director axis orientation angle  with respect to the optical
wave vector k0, and does not carry any resonant dependence, unlike ⑀1 and ⑀2. In the optical region,
losses are negligible for typical nematic cell thickness.
The Maxwell Garnet formula18,19 is applied as the
basic mixing rule to determine effective medium parameters for such NDLCs: in particular, the effective
eff
permittivity ⑀eff
r and permeability r are given, respectively, by
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r = ⑀3
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Note that for a fixed incident angle, the director
axis orientation  with respect to the optical wave
vector can be modulated either electrically (by an ac
bias field) or optically (through the optical intensity
dependent director axis reorientation effect).17 In
both cases, the maximum reorientation angle is  / 2,
corresponding to an extraordinary refractive index
change from n⬜ ⬃ 1.4共 = 0兲 to n储 ⬃ 2共 =  / 2兲 [c.f. Fig.
1(a), i.e., permittivity change from ⬃2 to 4].

Fig. 2. Calculated real and imaginary part of the complex
effective (a) permittivity, (b) permeability, and (c) refractive
index of the NDLC as a function of liquid crystal host permittivity in the optical frequency interval between 50 and
150 THz (wavelength between 6 and 2 m).
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of the complex refractive index of NDLC for three
representative permittivity values of the liquid crystal. It clearly shows that at the incident light frequency of 108 THz, the corresponding index of refraction n would change from +1 to 0 to −1. In other
words, the NDLC metamaterial can be tuned to be a
positive, zero, or a negative index material by changing the optical dielectric constant ⑀3 of the nematic
liquid crystal, which can be accomplished by an applied ac electric field, a magnetic field, or by another
polarized optical field, or simply by changing the temperature of the sample.
The design of the material is scalable within a
large dynamic range of operating frequencies. Figure
3, for example, shows the corresponding refractive index around the 3.8 THz resonance, calculated using
the following parameters: r2 = 4.15 m, r1 = 4 m,
f = 0.13, ⑀共⬁兲 = 13.4, T / 2 = 8 THz, L / 2 = 19 THz,
␥1 / 2 = 0.05 THz, p / 2 = 4.2 THz, and ␥2 = p / 60.
Again, it clearly demonstrates that one can obtain a
bulk material of negative, zero, and positive refractive index by varying the permittivity of the liquid
crystal for incident frequencies around 3.8 THz.
In conclusion, we have described an innovative
metamaterial, formed by randomly dispersing coated
core-shell nanospheres in a nematic liquid crystal.
The material will exhibit effective refractive indices
ranging from negative, through zero to positive values as the host liquid crystal’s permittivity is varied.
By scaling the size of the spheres and their dielectric
material properties, we can vary the operating frequency over a very large dynamic range, for example,

Fig. 3. Calculated real and imaginary part of the complex
refractive index of the NDLC as a function of liquid crystal
host permittivity in the terahertz region between 3.33 and
4.29 THz (wavelength between 90 and 70 m).

from visible to the microwave region. Such reconfigurable materials will be very useful for designing
tunable optical “flat” lenses or novel antenna coatings for microwave applications, in view of the broadband birefringence of nematic liquid crystal in the
optical–microwave region.17,21
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