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MATERIALS FOR FREEZING LIGHT

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims benefit to U.S. Provisional Patent
Application Ser. No. 60/645,292 filed Jan. 20, 2005.

STATEMENT OF GOVERNMENT SPONSORED
RESEARCH

The captioned invention was made with Government sup-
port under N66001-03-1-8900 awarded by the Office of
Naval Research. The Government has certain rights in this
invention

BACKGROUND OF THE INVENTION

Photonic crystals are structures that possess spatial period-
icities in refractive index, which lead to allowed and forbid-
den directions for light of certain energy and polarization to
propagate. They have been the subject of considerable
research and development efforts around the world due to
their potential for controlling light in ways that cannot be
achieved using homogeneous structures. Examples of
extraordinary optical phenomena enabled by photonic crys-
tals include reversed Doppler shifts, divergent-less super-
lenses, negative refraction, and huge Verdet constants, to
name just a few.

Recent theoretical investigations have predicted the exist-
ence of axially frozen modes that arise when light is incident
upon an anisotropic two-dimensional photonic crystal. In
theory, frozen modes can occur when the electromagnetic
dispersion relationship, w(k), exhibits a stationary inflection
point. In this case, the group velocity approaches zero with
negligible (possibly zero) reflections from the structure’s sur-
face and the mode amplitude within the photonic crystal
structure can exceed that of the incident wave by several
orders of magnitude. Such electromagnetic modes are of
interest since they suggest a near-zero group velocity with
extraordinary amplitudes.

Figotin, et al. (U.S. Pat. No. 6,701,048, which is incorpo-
rated herein by reference) discloses unidirectional gyrotropic
photonic media that can allow axially frozen modes. The
media include a sequence of parallel layers of two types of
dielectric materials arranged in an alternating pattern, one
material with an isotropic permittivity and the other with a
permittivity tensor referred to the laboratory system with at
least one non-zero off-diagonal element (i.e., €,, and/or
€,;#0). Unfortunately, few naturally occurring dielectric
materials meet the criteria including having off-diagonal e
elements so as to satisfy the permittivity requirement of the
media disclosed in Figotin, et al. For example, possible natu-
rally occurring materials could include certain crystals in
triclinic or monoclinic classes. The patent discloses that some
generic ferrite materials are available for use with microwave,
millimeter wave, or submillimeter wave ranges, but discloses
no possible materials for other frequency ranges.

In fact, it has been taught that at infrared and optical fre-
quency ranges, finding appropriate materials for use in form-
ing such media is highly problematic, and at frequencies
above 1012 Hz, frozen mode formation has been considered to
be impractical (see, for example, ‘Oblique frozen modes in
periodic layered media’, A. Figotin and 1. Vitebskiy, Physical
Review E, 68, 036609 (2003)).

What is needed in the art are methods and materials for
forming anisotropic one-dimensional photonic crystals
capable of giving rise to axially frozen modes.
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2
SUMMARY OF THE INVENTION

In one embodiment, the present invention is directed to a
method for forming a multi-layered structure. For instance,
the method can include providing a first layer composed of an
isotropic material. This first layer can also define a plane and
a normal that together define an axial system for the multi-
layered structure. The method also includes providing a sec-
ond layer that includes a crystalline material adjacent to the
first layer.

Inaddition, the method for forming the disclosed structures
can include canting the geometric axis of the crystalline mate-
rial with respect to the axial system of the multi-layered
structure. This canting induces the crystalline material to
posses a permittivity tensor or a permeability tensor with at
least one non-zero off-diagonal element and thereby also
induces an anisotropic permittivity in the second layer.

The layers can be formed and located adjacent according to
any suitable method. For instance, in one embodiment, the
crystalline material of the second layer can be grown on a
surface of the first layer. In another embodiment, the crystal-
line material can be a solid crystal, and the crystal can be cut
on a bias during the formation process, in order to cant the
geometric axis of the crystalline material with respect to the
axial system.

The methods of the present invention can also include
applying a force or an energy field to the multi-layered struc-
ture. For example, a mechanical force, an electrical field, a
magnetic field, a thermal field, or a combination thereof can
be applied to the structure. This application of a force or
energy field can alter the permittivity contrast between the
first layer and the second layer. Thus, the application of the
force or energy field can create the canted geometric axis
and/or can alter the geometric axis through alteration of the
permittivity contrast between the two layers, providing tun-
ability to the devices. Moreover, the force and/or energy field
can be dynamic, which can cause the induced anisotropic
permittivity to likewise be dynamic.

In another embodiment, the present invention is directed to
multi-layered structures that can be formed according to the
disclosed methods. In particular, due to the induced canted
geometric axis of the crystalline material of the second layer
with respect to the axial system of the structure, the disclosed
structures can exhibit spectral asymmetry. In one particular
embodiment, the disclosed devices can exhibit a unidirec-
tional axial frozen or nearly frozen mode.

There are multiple crystalline materials that can be utilized
in the disclosed devices. For instance, in addition to solid
synthetic and natural crystals, the crystalline material of the
disclosed devices can also be a liquid crystal, such as, for
instance, a nematic liquid crystal.

The isotropic layer of the device can be any suitable mate-
rial. For instance, the isotropic layer can be composed of a
glass. In one embodiment, the devices can also include a
conductor.

In another embodiment, the present invention is directed to
methods of controlling photonic energy through utilization of
the devices. For instance, the method can include exposing a
multi-layered structure as described herein to a wave packet
of light having a frequency £2, a given velocity and a normal
incidence to the structure. Following entrance of the wave
packet to the structure, the amplitude of the wave packet can
increase and the wave packet can produce a unidirectional
axial frozen or nearly frozen mode in the multi-layered struc-
ture. Accordingly, the devices can be used in one particular
embodiment to trap a quantity of photonic energy of the wave
packet within the structure.
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BRIEF DESCRIPTION OF THE FIGURES

A full and enabling disclosure of the present invention,
including the best mode thereof, to one of ordinary skill in the
art, is set forth more particularly in the remainder of the
specification, including reference to the accompanying fig-
ures in which:

FIG. 1 is a schematic representation of singly and doubly-
rotated cuts with respect to the IEEE standard crystallo-
graphic axes;

FIGS. 2A and 2B show off-axis permittivities for rotated
crystals; and

FIG. 3 shows permittivity tensors upon selected rotations;

FIGS. 4A and 4B illustrates one embodiment of a process
for forming a solid polymer matrix including off-diagonal E
elements; and

FIGS.5A and 5B is a schematic illustration of one embodi-
ment of the multi-layer structures of the present invention.

Repeat use of reference characters in the present specifi-
cation and drawings is intended to represent the same or
analogous features or elements of the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

Reference will now be made in detail to various embodi-
ments of the invention, one or more examples of which are
illustrated in the accompanying Figures. Each example is
provided by way of explanation of the invention, not limita-
tion of the invention. In fact, it will be apparent to those
skilled in the art that various modifications and variations can
be made in the present invention without departing from the
scope or spirit of the invention. For instance, features illus-
trated or described as part of one embodiment, can be used on
another embodiment to yield a still further embodiment.
Thus, it is intended that the present invention cover such
modifications and variations as come within the scope of the
appended claims and their equivalents.

For purposes of this disclosure, it should be understood that
IEEE conventions for specifying crystallographic axes, rota-
tions about the axes, and € as the off-diagonal element for the
monoclinic classes has been utilized. Such conventions are
well understood by one of ordinary skill in the art, and thus are
not described in detail herein.

The present invention is generally directed to the crystal
physics associated with realizing axially frozen modes
(AFM) in media. More specifically, the present invention is
directed to methods and materials suitable for use in devel-
opment of such effects. Disclosed methods include a variety
of modalities whereby materials of higher symmetry, such as
crystals, for instance, may be rotated or otherwise modified
such that they appear in the laboratory system as having
off-diagonal € elements. For instance, methods include spa-
tial and temporal dynamic modification of materials of rhom-
bic, tetragonal, trigonal, or hexagonal crystal classes such that
the e matrix elements in general, and the off-diagonal € ele-
ments in particular, can feature at least one non-zero oft-
diagonal € element. Such materials can then be utilized in
forming media, and in particular, multi-layered structures,
capable of realizing axially frozen modes.

For instance, the present invention discloses examples of
structures capable of realizing such effects based on naturally
occurring crystalline superlattices. Such novel photonic crys-
tal structures could have a profound effect on nonlinear optics
and optical computing. For example, spatial and temporal
modulations of such materials could be used in advanced
signal processing, among other applications. Structures
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4

capable of displaying AFM could have profound effects on
optical memory and buffer elements, optical delay lines,
highly efficient sensors, isolators, frequency converters,
lasers, and amplifiers. Moreover, while much of the following
discussion is directed to structures designed for use with
electromagnetic energy in the infrared and visible spectrum,
i.e., light waves, it should be understood that the disclosed
structures are not limited to such an embodiment, and in
particular, the disclosed methods and devices are equally
suitable for use with electromagnetic waves of longer wave-
length, e.g., radio waves, wavelengths utilized in the cellular/
wireless technologies, etc.

The simplest choice to potentially realize frozen electro-
magnetic modes in a plane-parallel periodic stack of two
materials (i.e., anisotropic material A and isotropic material B
asillustrated in F1G. 5) requires that their respective dielectric

permittivities, € be
ear 0 eans e 0 0 (L
ea=| 0 a2 0 |gp=| 0 e O
caizs 0 eaz 0 0 epn

The more general requirement is as follows:

a1l €a12 Ea13 e 00 2)
ea=|%an2 San €an |pep=| 0 e 0O
SA13 a3 €A 0 0 ey

Therefore, materials that possess an anisotropic dielectric
permittivity can fulfill the AFM symmetry criterion.

In accord with one embodiment of the presently disclosed
invention, provided herein is a materials perspective to guide
the development of practical optical devices based on slowed
light. More specifically, according to one embodiment of the
present invention, disclosed are a variety of modalities
wherein a crystal or other suitable material of higher symme-
try can be rotated such that the material appears in the labo-
ratory system as having off-diagonal € elements, and thus can
have a permittivity tensor with at least one non-zero off-
diagonal element (i.e., €,, and/or €,5=0). In particular, the
methods can include rotating or otherwise modifying the
material such that the natural geometrical axis is canted with
respect to the axial system of a composite structure including
the material so as to display the desired oft-diagonal e ele-
ments in the material.

According to another embodiment of the invention, dis-
closed are a variety of modalities wherein a suitable material
can be modified through application of one or more forces
such that the material appears in the laboratory system as
having off-diagonal e elements, and thus can have a permit-
tivity tensor with at least one non-zero off-diagonal element
(i.e., €,, and/or €,5=0).

According to another embodiment, the invention is
directed to structures including anisotropic materials that can
feature the requisite off-diagonal e elements layered in par-
allel alignment with isotropic materials. In particular, the
structures can include one or more natural and/or synthetic
geometrical materials that can exhibit off-diagonal e ele-
ments in layered combination with one or more materials
having isotropic permittivity.
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In yet another aspect, the present invention is directed to
structures including anisotropic materials wherein the e
matrix elements in general, and the off-diagonal € elements in
particular, can be dynamically modified. The disclosed meth-
ods for dynamically modulating the off-diagonal € elements
can include temporal and/or spatial variation of the materials,
and in particular, those materials utilizing natural or man-
made geometrical structures either alone or in combination,
and optionally with the addition of forces so as to dynamically
modify the off-diagonal € elements in the materials.

One embodiment of the disclosed multi-layered structures
is illustrated in FIGS. 5A and 5B. As can be seen, the structure
can include alternating layers of anisotropic material A and
isotropic material B. The structure can have any number of
layers suitable to the particular application and the character-
istics of the materials forming the individual layers. For
instance, the structure can have, in one embodiment, just a
few layers, for instance, only two or three layers, for instance
where the structure is intended to merely alter the nature of
the impinging light. In other embodiments, the structure can
have many layers, for instancehundreds of layers. In addition,
the composite structure can be bounded by two plane faces,
20 and 21, that are perpendicular to the z-direction of the
structure. The structures of the present invention can exhibit
spectral asymmetry and in one embodiment can exhibit uni-
directional AFM capability. For example, according to one
embodiment of the present invention a first wave packet 22 of
frequency Q and normal incidence to the structure can
impinge upon plane 20 and freely propagate through the
structure as shown at FIG. 5A. In contrast, a second wave
packet 24 of the same frequency Q but opposite direction that
impinges upon face 21 with normal incidence to the structure
can become trapped after entering the structure with its
amplitude increasing sharply, as shown in FIG. 5B. In par-
ticular, wave packet 24 can produce the frozen or nearly
frozen mode, with negligible group velocity, and the wave
packet 24 can slow dramatically after entering the slab.

Materials of the disclosed structures can include natural
crystalline materials as well as man-made (i.e., man-made)
materials. For example, the disclosed structures can include
natural or synthetic solid or liquid crystals in which the
desired oft-diagonal € elements do not originally exist but can
be created. In one embodiment, crystalline materials that can
be prepared in a thin film form can be utilized.

For purposes of the present invention, the term “thin film”
is herein defined to include layers of less than about 100 um
in depth and formed of any material. In certain embodiments,
thin films can be even thinner, for instance on the order of 1
um, or even less, down to and including monolayers, in other
embodiments. Such layer thicknesses may be preferred, for
instance in ‘high-tech’ applications, for instance when con-
sidering applications directed to controlling and/or altering
light in the infrared through the visible spectrum. Thin films
of the invention can be formed according to methods as are
known to those of skill in the art including, without limitation,
vacuum evaporation techniques, pyrolytic decomposition,
sputtering, plasma deposition, and the like.

According to one embodiment, solid crystals capable of
being accurately cut on a bias (i.e., any angle other than that
which defines the crystal axis of the material) and layered
with an isotropic material can be utilized in the multi-layered
structures. Other factors that can be considered in selecting a
suitable crystalline material for the disclosed structures can
include deposition constraints, lattice matching, and orienta-
tion of crystal growth. For example, certain natural materials,
such as ZnO and Mg, 7Zn, O, usually grow with the polar axis
at an angle with respect to the substrate normal, with the
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particular angle depending upon deposition conditions. Such
material formation characteristics should be taken into
account when utilizing a natural crystal material, in particular
in those embodiments wherein the process for forming the
structures includes rotation to obtain the desired off-diagonal
€ elements in the anisotropic materials.

A non-limiting list of natural solid crystals that can be
utilized in the present invention to form the anisotropic layers
of the disclosed structures can include antimony sulfoiodide
(SbSI), barium titanate (BaTiO;), yttrium orthovanadate

(YVO,), members of the langasite family (e.g.,
La;Nb, sGas sO,,, LajTa, Gas0,, La;SbZn;Ge,0,,),
and the like.

Optionally, the disclosed structures capable of displaying
AFM can include one or more synthetic, or man-made mate-
rials. For instance, both synthetic solid crystals and liquid
crystals are encompassed by the present invention. Synthetic
solid crystals of the invention can include, for example, par-
allel, hexagonally close-packed rods imbedded in a polymer
matrix, 3-1 composites, and the like. The concept and num-
bering of composite synthetic dielectrics is further described
by S. M. Pilgrim and R. E. Newnham in “3-0: A New Com-
posite Connectivity,” Proceedings of the ISAF, pp. 314-317
(1986), and by R. E. Newnham and L. E. Cross in “Tailored
Domains in Quartz and Other Peizoelectrics,” Proc. of the
Thirtieth Annual Symposium on Frequency Control, pp.
71-77 (1976), both of which are incorporated herein by ref-
erence.

In one embodiment, the disclosed structures can include
one or more layers of liquid crystals that can be processed so
as to develop the desired off-diagonal e elements. For
example, a synthetic liquid crystal (LC) such as nematic
p-n-pentyl-p'-cyanobiphynyl (5CB), or nematic p-n-meth-
oxy-benzilidene-p'-n-butylanaline (MBBA) can be utilized.

Nematic liquid crystals, the phase of a liquid crystal char-
acterized by arrangement of the long axes of the molecules in
parallel lines but not layers, can be preferred in one embodi-
ment of the invention. In particular, and as described in detail
by P. Klysubun (“Nonlinear Optical Studies of Dye-doped
Nematic Liquid Crystals,” PhD Dissertation (Physics), Vir-
ginia Polytechnic Institute and State University, Blacksburg,
Va., March 2002), nematic L.Cs have only orientational order,
and thus can possess infinite-fold rotational symmetry around
the director as well as 3-D translational order. In addition, the
physical properties of a nematic LC will remain unchanged
under the inversion of the director (termed the nematic sym-
metry) and have no polar axis. In particular, the nematic
symmetry will be present even when the constituent mol-
ecules are polar, because the molecules will form anti-parallel
pairs in order to minimize the intermolecular interaction
energy, such as that originating from Van der Waals forces.
Moreover, as nematic [.Cs are centrosymmetric, they gener-
ally do not exhibit second-order nonlinear optical effects such
as second harmonic generation (SHG) or linear electro-optic
effects, as do some noncentrosymmetric smectic L.Cs. SHG
has been observed in nematic systems, however, due to the
presence of optical field gradient and/or flexoelectric defor-
mation of the system. SHG can also occur in nematic L.Cs at
the interfacial region where the antiparallel pairing of LC
molecules has been broken. The Van Dyke matrix for a nem-
atic L.C is given below:






