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Nano-Dispersed Liquid Crystal with Tunable 
Negative-Zero-Positive Refractive Indices 
I.C. Khoo, D.H. Werner and A. Diaz

P erhaps the most important optical 
property of a material is its refractive 

index, with the real part of it aff ecting 
the phase of an optical wave and the 
imaginary part controlling the amplitude. 
Until a few years ago, the conventional 
wisdom in most optics books had been 
that the real part of the refractive index 
should be positive and greater than unity. 

A fl urry of theoretical and experimen-
tal studies have confi rmed the idea fi rst 
proposed almost three decades ago, that 
the refractive index could be any values 
from negative to positive. Material sys-
tems that exhibit such amazing properties 

give rise to the eff ective refractive index 
that can vary from negative through zero 
to positive values.

For a given set of core and shell 
material parameters, the real part of the 
eff ective refractive index of the nano-
spheres dispersed liquid crystal (NDLC) 
for three representative values of the 
optical dielectric constant ε3 of the 
liquid crystal can be computed using the 
Maxwell Garnet mixing rule. Th e results 
for the near-infrared regime [wavelength 
l ~ 2.8 µm; frequency around 110 THz] 
are depicted in the fi gure, part (c). 

Th e latter process may be accom-
plished by an applied AC electric fi eld, a 
magnetic fi eld, another polarized optical 
fi eld or simply by changing the tempera-
ture of the sample. By scaling the size of 
the spheres and their dielectric material 
properties, one can vary the operating 
frequency over a very large dynamic 
range—for example, from visible to the 
terahertz and microwave region. For 
example, part (d) of the fi gure shows the 
corresponding tunable refractive index 
around the 3.8 THz resonance. 

Such reconfi gurable materials will be 
very useful for designing tunable “fl at” 
lenses operating in the optical domain, as 
well as novel antenna coatings for micro-
wave applications, in view of the broad-
band large birefringence of nematic liquid 
crystal in the optical microwave region. t 

[ I.C. Khoo (ick1@psu.edu), D.H. Werner and A. Diaz 
are with the electrical engineering department, Penn-
sylvania State University, University Park, Pa.  ]
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include periodic structures1,2,3 as well as 
bulk metamaterials containing random 
distribution of nano-particulates.4 

Recently, researchers at Pennsylvania 
State University have demonstrated that 
nematic liquid crystals containing core-
shell nano-spheres could form a new type 
of metamaterial whose index of refraction 
is tunable from negative through zero to 
positive values,5 as shown in part (a) of 
the fi gure. Th e core-shell nano-spheres 
shown in (b) may be made of polari-
tonic or semiconductor materials, and 
the liquid crystal host could be in any of 
the nematic, ferroelectric or cholesteric 

phases in which 
the director axis, 
and therefore the 
dielectric constant 
as seen by polar-
ized lights, can be 
reoriented by an 
applied fi eld. 

Usually, in 
order to achieve 
negative index, 
both the permittiv-
ity ε and perme-
ability  must be 
negative. In this 
case, although 
the constitu-
ent materials are 
non-magnetic with 
relative perme-
ability equal to 1, 
the combination of 
the permittivities 
at the appropri-
ate resonances, in 
conjunction with 
the fi eld-induced 
permittivity change 
in the LC host, 

(a) A planar aligned nematic liquid crystal containing core-shell 
nano-spheres. (b) Cross-section of the core [1, ε1]-shell [2, ε2] 
nanosphere with the liquid crystal host [3, ε3]. (c) Tunable refrac-
tive index of the nano-sphere dispersed liquid crystal as a function 
of liquid crystal host permittivity in the optical region. (d) Tunable 
refractive index as a function of liquid crystal host permittivity in 
the terahertz region.

(a) (b)

Eop

(c) (d)

k0

n^

εr
eff y

eff 

ε3, 3

1  2  3

Liquid 
crystal

ε2, 2

ε1, 1

Shell

Core

r2

r1

Wavelength [m] Wavelength [m]
2 3 4 5 6 70 75 80 85 90

Frequency [THz] Frequency [THz]
150 100 75 60 50 4.29 4 3.75 3.53 3.33
5

4

3

2

1

0

–1

–2

5

4

3

2

1

0

–1

–2

R
e{

n}

R
e{

n}

ε3=2
ε3=3
ε3=4

ε3=2
ε3=3
ε3=4



34 | OPN December 2006 www.osa-opn.org

M
E

TA
M

A
T

E
R

IA
L

S

Metallic Metamaterials with a  
High Index of Refraction 
Peter B. Catrysse, J.-T. Shen, Georgios Veronis,  
Hocheol Shin and Shanhui Fan

There is great interest in exploiting 
subwavelength resonances in metallic 

structures to create artificial materials 
with unusual effective electromagnetic 
responses. The most notable example is 
the creation of negative refractive index 
metamaterials.1 Recently, we described a 
method for designing metamaterials that 
feature arbitrary high, positive indices.2  
Such a capability is potentially important 
for miniaturizing optical or electromag-
netic devices, improving imaging resolu-
tion and slowing down light. 

In our design, the effective index is 
controlled by geometry. Since refractive 
index is commonly regarded as an intrin-
sic material property directly related to 
the underlying electronic states, this work 
carries fundamental implications as well. 
In particular, it adds evidence to the im-
portant potential of replacing electronic 
states with subwavelength electromagnetic 
resonances—which could open up a new 
world of possibilities in optical physics.

We showed that a metallic film with a 
periodic arrangement of cut-through slits 
can be regarded as a dielectric slab with a 
frequency-independent effective refractive 
index. The key to creating the desired ef-
fective index behavior lies in the existence 
of subwavelength propagating modes. In 
slits, regardless of how small their width 
is, there always exists a propagating trans-
verse electromagnetic mode (electric field 
perpendicular to the slits).  

We showed that the properties of a 
perfect metal film for transverse-mag-
netic (TM, magnetic field parallel to the 
slits) polarization—i.e., transmission and 
waveguiding—asymptotically approach 
those of a dielectric slab with a uniquely 
defined refractive index n = d/a and a 
width L/n, where L is film thickness, d 
is periodicity and a is slit width. In the 
figure, (a) and (b) depict the fundamental 
waveguide modes in the metal film and 

the corresponding effective dielectric slab. 
Identical spatial periodicity, indicated by 
arrows, clearly demonstrates the equiva-
lence of the two systems.

The surprising waveguiding properties 
are directly applicable from microwave to 
far-infrared wavelengths, where loss and 
plasmonic effects in metals can be largely 
neglected. In the optical wavelength 
range, however, the presence of the 
plasmonic response leads to additional 
subwavelength propagating modes, which 
may also be exploited in creating novel 
optical materials. In fact, we confirmed 
the presence of two distinct types of TM 
guided modes propagating in a direction 
perpendicular to the slits. In the figure, 
(c) shows the band diagram for those 
guided modes at optical frequencies. The 
first type is a well-known surface plasmon 
mode [red curves and inset (i)].  

The second type originates from a 
subwavelength electromagnetic state 
supported by the slits and gives rise to 
guided modes [blue curves and inset (ii)], 
which closely resemble waveguide modes 
in a dielectric slab.3 This finding indicates 
the possibility of extending our method 
for designing high-index metamaterials 
all the way into the optical regime.

Since the structure considered is two-
dimensional, its behavior is strongly polar-
ization dependent. However, the mecha-
nism of creating effective high refractive 
index dielectric structures is not restricted 
to two dimensions. Subwavelength propa-
gating modes exist in many geometries 
and may be used to create high-index 
materials in three dimensions. t

[ P.B. Catrysse, J.-T. Shen, G. Veronis, H. Shin and 
S. Fan are with the Edward L. Ginzton Laboratory, 
Stanford University, Stanford, Calif. ]
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(a)

Magnetic field distributions for the 
fundamental waveguide modes of (a), 
a perfect metal film, and (b) the cor-
responding effective dielectric slab for 
n = d/a = 4, L/d = 25/4, and v = d/l = 
0.0516.  Red and blue indicate positive 
and negative amplitude, respectively. 
White lines outline the film in (a) and the 
slab in (b). Arrows indicate the identical 
periodicity of the fields. (c) Guided-mode 
band diagram for a metal film at optical 
frequencies (TM polarization, first Bril-
louin zone) when L = 256 nm, d = 80 nm, 
a = 20 nm. Shown are two degenerate 
surface modes (red curves) and a series 
of effective dielectric slab modes (blue 
curves). The dashed line is the light line 
in vacuum. Insets show magnetic field 
distributions for (i) one of the degenerate 
surface modes and (ii) the fundamental 
effective dielectric slab mode.
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