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Calcite (Iceland spar, CaCO,)
Refractive Indices | Birefringence Wa&ﬁfﬁﬁ;ﬂﬁ; grees
n, n deltan=n -n tho (1)
1.6557 | 1.4852 -0.1705 0.63
1.6629 | 1.4885 -0.1744 1.30
Yttrium Vanadate (YVO,)
Refractive Indices | Birefringence deﬁinﬂzr?nft;; grees
n, n, detan=n_-n tho (1)
1.9929 | 2.2154 0.2225 r=6.04° at 0.63um
1.9500 | 2.1554 0.2054 r=>5.72°at 1.30um
1.9447 | 2.1486 0.2039 r=>5.69°at 1.55um
BBO (a - BaB,O)
Refractive Indices | Birefringence Wﬁ;ﬁfﬁ;?ﬂ;ﬁ; grees
n, n deltan=n_-n, rho (1)
1.58462 | 1.65790 -0.073282 -4.9532° at 1.0642um
1.60206 | 1.67755 -0.075491 -5.0407° at 0.5321um
1.67190 | 1.76171 -0.089805 -5.6926° at 0.2660um

FIG. 4C
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SYSTEMS AND METHODS FOR
TRANSMITTING ELECTROMAGNETIC
ENERGY IN A PHOTONIC DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is based on U.S. provisional application
Ser. No. 60/467,492, filed May 1, 2003, which is fully
incorporated by reference herein.

This invention was made with Government support under
Contract No. F49620-01-1-0567, awarded by Air Force
Office of Scientific Research. The Government has certain
rights to this invention.

FIELD OF THE INVENTION

The invention relates generally to the field of photonic
devices, and more particularly to systems and methods for
transmitting an electromagnetic wave in a photonic device.

BACKGROUND INFORMATION

Electromagnetic properties of photonic devices, such as
photonic crystals, have been a subject of research for
decades. Of particular interest have been periodic stacks of
dielectric layers. These stacked devices are typically com-
posed of multiple repeating segments each having two or
more dielectric layers with varying refractive indices. The
segments are arranged in periodic manner to form a periodic
stack. The spatial heterogeneity of these devices can result
in qualitatively new electromagpetic properties such as
strong dispersion of the group velocity of light propagating
through the stack, as well as in the development of fre-
quency gaps in the electromagnetic spectrum. These devices
have found numerous applications in microwave and optical
technologies.

The effects that occur when a plane electromagnetic wave
is incident upon the surface of a typical semi-infinite iso-
tropic periodic stack are well known. First, there is the
possibility of omnidirectional reflection when the incident
wave is totally reflected by the stack, regardless of the
direction of incidence upon the stack. Second, there is the
possibility of negative refraction when a tangential compo-
nent of the energy flux of the transmitted wave is antiparallel
to that of the incident wave. Third, there is the dramatic
slowdown of the transmitted wave near a photonic band
edge frequency when the normal component of the trans-
mitted wave group velocity vanishes along with the respec-
tive component of the energy flux. All of the above effects
can occur even in the simplest case of a semi-infinite
periodic stack, for instance, a stack where each segment is
composed of two isotropic layers, such as glass and air.

More recently, research has extended to the phenomena of
electromagnetic unidirectionality in non-reciprocal mag-
netic photonic crystals, for instance, as discussed in A.
Figotin et al.,, U.S. Pat. No. 6,701,048, entitled “Unidirec-
tional Gyrotropic Photonic Crystal and Applications for the
Same,” which is incorporated by reference herein as if set
out in its entirety. A photonic crystal capable of electromag-
netic unidirectionality is typically a periodic stack that
displays strong bulk spectral asymmetry. An electromag-
netic wave traveling with a given frequency in a given
direction will be transmitted through the crystal, while a
wave of the same frequency propagating in the opposite
direction will be frozen, or will at least have a reduced or
negligible group velocity. The electromagnetic wave inci-

15

20

25

40

2

dent on the surface of a unidirectional photonic slab gets
trapped inside the magnetic photonic crystal in the form of
the frozen mode with greatly reduced group velocity and
greatly enhanced amplitude. These stacks are typically com-
posed of multi-layer segments. But here, one of the layers
must be made of a magnetic material with low losses and a
very strong circular birefringence, or Faraday rotation. Such
magnetic materials are readily available for applications at
radio and microwave frequencies below 100 Gigahertz
(GHz). But at higher frequencies, the magnetic materials
displaying the required properties become rare, costly and
problematic. In addition, all magnetic materials with suffi-
ciently strong circular birefringence also display a very
strong temporal dispersion, which may not be acceptable in
a number of applications.

SUMMARY

The present invention is directed to systems and methods
that allow for the high efficiency transmission of an incident
electromagnetic wave into or through a periodic multilay-
ered photonic device with significantly reduced velocity of
wave propagation. In one embodiment, the photonic device
includes a body having a front surface and a plurality of
periodic segments physically coupled together along a first
direction normal to the surface. The device can be receptive
to an electromagnetic wave having a first frequency and
incident at a direction oblique to the first direction. Each
segment can include a first anisotropic dielectric layer
having an anisotropic axis at an angle oblique to the first
direction, and a second layer. The device can be configured
such that the received wave is transmitted within the device
in the form of an axially frozen mode with a significantly
reduced normal component of the group velocity, signifi-
cantly increased amplitude, and increased tangential com-
ponent of electromagnetic energy flux. In another embodi-
ment, the device can be configured such that the received
wave is transmitted within the device in the form of a full
frozen mode, which is the axially frozen mode further
characterized by a significantly reduced group velocity in
the tangential direction.

The device can also be configured such that the incident
wave is almost completely converted into the frozen elec-
tromagnetic mode with little reflection or absorption. The
device can be further configured to receive the wave over a
desired frequency range, each frequency within the range
corresponding to an oblique direction to the first direction.
The range of operable frequencies can include the radio,
microwave, infrared, optical and ultraviolet spectrums. The
geometry of the device and the materials of the constituent
components can be configured to achieve the desired opera-
tional frequency range. Furthermore, the device can be
configured as a stack of layers with one dimensional peri-
odicity, or as a periodic array of the constitutive components
with two or three dimensional periodicity. The device can
also include a deflection device located adjacent to the front
surface of the body and configured to deflect a plurality of
spectral components of an incident wave at different angles
based on the respective frequencies of the spectral compo-
nents. The device is also preferably oriented to deflect the
plurality of spectral components towards the front surface in
different incident directions oblique to the first direction,
where each incident direction allows for the respective
spectral component to be transmitted through the device in
the axially frozen mode.

Other systems, methods, features and advantages of the
invention will be or will become apparent to one with skill
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in the art upon examination of the following figures and
detailed description. It is intended that all such additional
systems, methods, features and advantages be included
within this description, be within the scope of the invention,
and be protected by the accompanying claims.

BRIEF DESCRIPTION OF THE FIGURES

The details of the invention, including fabrication, struc-
ture and operation, may be gleaned in part by study of the
accompanying figures, in which like reference numerals
refer to like parts. The components in the figures are not
necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention. Moreover, all
illustrations are intended to convey concepts, where relative
sizes, shapes and other detailed attributes may be illustrated
schematically rather than literally or precisely.

FIG. 1 depicts a schematic view of a one dimensional
exemplary embodiment of a photonic device, in which
anisotropic dielectric layers with oblique orientation of the
anisotropy axis are alternated with isotropic layers.

FIG. 2 depicts a schematic view of an exemplary embodi-
ment of the frozen mode regime involving an abnormal
grazing mode inside the photonic device.

FIG. 3A depicts a plot of the amplitude of the slow light
within one exemplary embodiment of the photonic device.

FIG. 3B depicts a plot of the extended component of the
electromagnetic field within one exemplary embodiment of
the photonic device.

FIG. 3C depicts a plot of the evanescent component of the
electromagnetic field within one exemplary embodiment of
the photonic device.

FIG. 4A depicts a plot of the transmittance versus the
frequency of an electromagnetic wave incident upon the
surface of one exemplary embodiment of the photonic
device.

FIG. 4B depicts a plot of the dispersion relation of the
electromagnetic wave incident upon the surface of one
exemplary embodiment of the photonic device.

FIG. 4C depicts a non-exhaustive table of various dielec-
tric materials suitable for use in an exemplary embodiment
of the anisotropic layer.

FIG. 5 depicts a schematic view of an exemplary embodi-
ment of a photonic device with a deflection device.

FIG. 6 depicts a schematic view of incident and trans-
mitted waves in the vicinity of the axially frozen mode
(AFM) regime in an exemplary embodiment of the photonic
device.

FIG. 7A depicts a plot of the axial dispersion relation of
the photonic device of FIG. 1, for fixed values of tangential
components k. and k, of the wave vector.

" FIG. 7B depicts a plot of the axial dispersion relation of
the photonic device of FIG. 1, for fixed values of n, and n,,.

FIGS. 8A-D depict plots of the axial dispersion relation
of the photonic device of FIG. 1, at various values of n,_ and
n, defining the direction of electromagnetic wave incidence.

DETAILED DESCRIPTION

The systems and methods described herein provide for a
photonic device capable of transmission of electromagnetic
radiation with a greatly reduced group velocity at frequen-
cies up to and including the ultraviolet range. More specifi-
cally, the photonic device is capable of electromagnetic
transmission in at least two different reduced velocity
modes, referred to herein as the axially frozen mode and the
full frozen mode. The photonic device is preferably a
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periodic stack, or periodic layered array, of similar multi-
layered segments. The photonic device can also have the
geometry of a two or three dimensional photonic crystal.
Preferably, at least one layer of each segment of the periodic
stack is an anisotropic dielectric layer. In the axially frozen
mode regime, a substantial portion of an electromagnetic
wave, incident upon the surface of the photonic device, can
be transmitted within the device and completely converted
into a grazing mode with greatly reduced group velocity in
the direction normal to the surface, greatly increased ampli-
tude, and greatly increased tangential component of the
energy flux. In the full frozen mode regime, a substantial
portion of an electromagnetic wave, incident upon the
surface of the photonic device, can be transmitted within the
device and completely converted into the axially frozen
mode further characterized by a significantly reduced group
velocity in the tangential direction.

FIG. 1 depicts a preferred embodiment of photonic device
100, including a photonic body 102. In this embodiment, the
body 102 is a periodic stack or slab having multiple seg-
ments 104. The segments 104 preferably have planar bound-
aries physically coupled together and arranged in a periodic
stack along the axial dimension 110, which is normal to the
surface 118 and, for ease of discussion, corresponds to the Z
axis. The tangential directions 112 and 114 correspond to the
X and Y axes, respectively. Here, each segment 104 includes
two alternating layers 106 and 108. The segment 104 is not
necessarily limited to two layers and can include more than
two layers depending on the needs of the application. The
layer 106 has a moderate to strong dielectric anisotropy with
an anisotropic axis 116 oriented at an angle oblique to the
axial direction 110.

The layer 108 can be either anisotropic or isotropic
according to the needs of the application. However, if both
layers 106 and 108 are the anisotropic layers of the device
100, the layer 108 cannot be a mirror image of the layer 106
in order for the photonic device 100 to operate properly. The
layer 108 is preferably an active layer in order to provide
added functionality to the device 100, while the role of
anisotropic layers 106 is preferably reduced to the formation
of the frozen mode regimes. For instance, in embodiments
implementing non-linear applications, the layer 108 can be
composed of a non-linear material.

The anisotropic axis 116 is one of the principle axes of the
dielectric permittivity tensor € of amisotropic layer 106.
Preferably, any anisotropic layer 106 within the photonic
device 100 includes a non-zero off-diagonal component €,,
and/or €, of the dielectric permittivity tensor. This implies
an oblique orientation of at least one of the principle axes of
the dielectric permittivity tensor € with respect to the axial
direction 110. Below are representations of two exemplary
embodiments of the dielectric permittivity tensors for each
of the layers 106 and 108. In these examples the layer 108
is preferably isotropic.

ex 0 &y g8 0 0 (A)
£106 =[ 0 &, 0| sm= l 0 &5 0

g 0 &y 0 0 e

S Sxy S g 00 (B)
8105=19xy Eyy Sy ], €ma=‘ 0 & 0 }

Ex: € Ex 0 0 ey
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wherein:

€, 06 is the dielectric permittivity tensor for the layer 106;

€, 05 is the dielectric permittivity tensor for the layer 108;
and

€ is the off-diagonal component of the dielectric per-
mittivity tensor for the layer 106.

In (A), only one of the principle axes of the layer 106 lies
parallel to the surface 118, in the Y direction. This embodi-
ment is helpful in the conceptial and mathematical illustra-
tion of layer 106. In (B), none of the principle axes lie in the
X-Y plane.

The period of the body 102 is defined as the distance
between adjacent segments 104 in the axial direction 110.
Preferably, the dimensions of the body 102 in all three
directions are much greater than the period 104. The fre-
quency range is generally determined by the period of the
body 102 and the permittivity tensors of the materials of the
layers. Specifically, the wavelength in the body 102 is
preferably of the same order of magnitude as the period. In
addition, the body 102 preferably has a length in the axial
direction 110 that is large enough such that any light
reflected from the opposite surface 120 has negligible effect
on the operation of device 100. Accordingly, the dimensions
and period of the body 102 are dependent on the needs of the
individual application.

The X-Y, or radial, cross-section can have any shape
including circular, square, rectangular and the like. Accord-
ingly, the cross-section of the surface 118 can be configured
in a manner conducive with the needs of the particular
application. In one embodiment, the surface 118 is circular
and gives rise to a cylindrically-shaped body 102. Here, a
diameter of 5-10 operational wavelengths and an axial
length of 10-50 periods can be sufficient for most applica-
tions. The thickness of each of the layers 106 and 108 is
preferably comparable with the electromagnetic wavelength
in the particular material of the layer, which can be calcu-
lated given the desired frequency of operation and the
constituent materials used to fabricate the device 100. The
exact geometrical values of the body 102, as well as the
proper direction of the wave incidence can be determined for
given material parameters of the constitutive materials.

As mentioned previously, electromagnetic energy trans-
mitted within the body 102 can be converted into at least two
separate frozen mode regimes: the axially frozen mode and
the full frozen mode. With regard to each mode, an incident
plane wave strikes the surface 118 at a direction that is
oblique to the axial direction 110, and the incident wave is
partially reflected and partially transmitted into the body
102. In a preferred embodiment, substantially the entire
incident wave is transmitted into the body 102 and only a
minimal portion of the wave is reflected. In one exemplary
embodiment, over 99% of the incident wave is transmitted
into the body 102.

The axially frozen mode can be demonstrated by analysis
of the electromagnetic dispersion relation of the body 102.
The electromagnetic wave within body 102 is characterized
by a Bloch wave vector k. The axially frozen mode occurs
at a stationary inflection point of the dispersion relation
where the first and second partial derivatives of the fre-
quency co over the Z-component of vector k are zero:
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6
-continued
dw Fw Pw D)
“z=a—/cl=0,573—=0,@$0

wherein:
u is the group velocity;
u, is the Z-component of the group velocity; and
k, is the Z-component of the Block wave vector.

At the same time, for the axially frozen mode to occur, the
X-component and/or the Y-component of the group velocity
are preferably non-zero:

E)

wherein:
u, is the X-component of the group velocity;
u, is the Y-component of the group velocity;
k, is the X-component of the Block wave vector; and
k, is the Y-component of the Block wave vector.

Conversely, in the full frozen mode, the X-component and
the Y-component of the group velocity are preferably zero:

(')w_
ok,

®

dw

= — 0.
T

=0,uy=

In the axially frozen mode, the transmitted wave is
converted into an abnormal grazing mode (propagating
nearly paralle] to surface 118) with a substantially tangential
group velocity and a significantly increased amplitude. FIG.
2 schematically depicts an exemplary embodiment of the
resultant energy fluxes 202-206 occurring in the axially
frozen mode. The energy fluxes 202, 204, and 206 corre-
spond to incident, transmitted and reflected waves, respec-
tively. The direction of incidence can be any direction that
is oblique to direction 110. Preferably, the reflected energy
flux 206 is minimal and the transmitted energy flux 204 is
substantially increased in the tangential direction 112. In one
exemplary embodiment, the tangential energy flux is
increased by three orders of magnitude (10%). In addition,
the axial group velocity approaches zero, resulting in the
substantially tangential group velocity and providing the
basis for the term “axially frozen.” Due to the substantial
increase in electromagnetic field amplitude and the respec-
tive reduction in axial group velocity of the axially frozen
mode, the Z component its energy flux can remain close to
that of the incident wave.

The full frozen mode is a particular case of the axially
frozen mode where all components of the transmitted wave
group velocity decreases while the wave amplitude increases
correspondingly. More specifically, the tangential compo-
nents of the group velocity approach zero along with the
axial component of the group velocity, and the grazing axial
frozen mode turns into the full frozen mode. Similar to the
axially frozen mode, the amplitude of the transmitted wave
exceeds that of the incident wave. In one exemplary embodi-
ment, the amplitude of the transmitted wave increases by
three orders of magnitude. The axially and full frozen modes
are discussed further below, and also in A. Figotin and 1.
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Vitebskiy “Oblique Frozen Modes in Periodic Layered
Media,” published in Physical Review E 68, 036609 (2003),
which is incorporated herein by reference as if set out in its
entirety.

FIG. 3A depicts a graph of the amplitude W,?(z) of the
resulting electromagnetic field as the incident wave is trans-
mitted within the body 102. Here, the amplitude of the
incident wave is unity, and the origin of the Z axis corre-
sponds to the surface 118 and extends along the axial
direction 110. In proximity to the full and the axially frozen
mode regime, the electromagnetic density is over three
orders of magnitude greater than that of the incident wave.
This high energy density is offset by the axial group velocity,
which is approximately three orders of magnitude Jess than
the speed of light in a vacuum. Accordingly, the axial
component of the energy flux is comparable to that of the
incident wave and the transmittance approaches unity (see
FIG. 4A).

FIGS. 3B and 3C depict the amplitude of extended
W, %(z) and evanescent ¥, *(z) components of the transmit-
ted field in FIG. 3A. The extended component corresponds
to a real Bloch wave vector. In this mode, the amplitude of
the wave does not depend on space coordinates. The eva-
nescent component corresponds to a complex Bloch vector
k. This mode typically exists near the boundaries of the
photonic device 100, or in the vicinity of structural imper-
fections. The evanescent component decays exponentially as
the distance from the boundary (or the structural imperfec-
tion) increases. Importantly, in the case of full or axially
frozen mode, the evanescent mode displays unique behavior
which, at least in part, causes the electromagnetic peculiari-
ties of the frozen mode.

FIG. 4A depicts an example of the transmittance of one
embodiment of photonic device 100, demonstrating the
dependency between frequency and transmittance at a fixed
incident direction 208. Here, the vertical axis is the fre-
quency of the incident wave, while the horizontal axis is the
transmittance. As demonstrated in this example, at the
frequency w,, the transmittance approaches unity and sub-
stantially the entire incident wave is transmitted into body
102 and converted into the axially frozen mode. This facili-
tates the explanation of the large increase in electromagnetic
energy density within the body 102. This can be contrasted
with the well-known phenomenon of total internal reflec-
tion, in the vicinity of which the transmitted wave is also
grazing, but its intensity is vanishingly small because the
incident wave is almost totally reflected back.

FIG. 4B depicts an example of the dispersion relation
a(k,) at a fixed k, and k,, in this embodiment of device 100.
Here, the vertical axis is again the frequency of the incident
wave, while the horizontal axis is the z component of the
wave vector. At k,=k, and w=w,, the dispersion relation
develops the stationary inflection point (D), (E) associated
with the axially frozen mode. The frequency w, is the edge
of the frequency band for a fixed incident direction 208.

Both the axially frozen mode and the full frozen mode can
be achieved at any desired frequency o within a given
frequency range, including the radio (RF), microwave, infra-
red, optical and ultraviolet spectrums (frequencies up to
3x10 Terahertz). The frequency range is dependent upon the
geometry of the body 102, as well as the dielectric materials
used. In addition, the phase coherency of a transmitted
electromagnetic wave can be preserved in both modes. The
existence of phase coherency allows the phase relationship
between two electromagnetic waves to be preserved, where
one is directed through the deyice 100 while the other is not.
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As mentioned above, the layer 106 is preferably com-
posed of a dielectric material with moderate to high anisot-
ropy of 20-30% or higher. Included in FIG. 4C is a non-
exhaustive list of three commercially available example
materjals that can be used in the fabrication of the layer 106
and any other additional anisotropic layer implemented in
the photonic device 100. These materials are suitable for use
in the near-infrared and optical frequency ranges, as well as
the lower microwave and far-infrared ranges. In the near-
infrared and optical frequency ranges, any material with a
comparable or stronger magnitude of birefringence could be
implemented. For lower frequencies, microwave ceramics
can be a more cost effective approach. For those embodi-
ments where the layer 108 is isotropic, one of skill in the art
will recognize that the range of materials available to
fabricate the layer 108 is very broad.

Preferably, the photonic device 100 is composed of mate-
rials that are substantially transparent to the frequency range
of interest. Accordingly, the amount of losses are considered
to be substantial is dependent on the needs of the individual
application. A desired frequency can be achieved within the
range by adjusting the direction of incidence 208, which, as
stated above, is any direction oblique to the axial direction
110. The axially frozen and full frozen modes can be
achieved without the use of magnetic fields or magnetic
components and layers, and without the requirement of
electromagnetic unidirectionality.

In addition to the one-dimensional configuration, the
photonic device 100 can be configured in photonic crystals
with two and three dimensional periodicity. Depending upon
the application, the one dimensional device 100 can be
easier and less costly to produce, and can be fabricated with
a degree of precision relatively less than the two and three
dimensional devices.

To implement the photonic device 100 in an application at
a desired frequency, one of skill in the art preferably solves
the Maxwell equations for the periodic stack. The procedure
for doing so is detailed extensively below. The frequency of
operation can be dependent upon the geometry and compo-
sition of the body 102, in addition to the incident direction
208. Accordingly, the geometry and composition will vary
according to the desired frequency needs of the application.

In a preferred embodiment, the design and implementa-
tion of the body 102 accounts for the field ratio that can be
expected in the anticipated applications. For instance, one
preferably first determines the ratio of the expected field
amplitude occurring in the axially frozen mode and the field
amplitude of the incident wave. Then, this ratio can then be
used to determine the acceptable margins for geometric
fabrication and material homogeneity within the layers 106
and 108. In one exemplary embodiment, the ratio of the
expected field amplitudes between the axially frozen wave
and the incident wave is 1000. In this case, the deviation of
the geometrical and material parameters from their ideal
values is preferably less than 0.1%.

A non-exhaustive list of factors that can be considered in
the implementation of the photonic device 100 include: 1)
configuration such that the axially frozen and/or full frozen
modes can occur at the desired frequency or over the desired
frequency range; 2) configuration such that the transmittance
can be close to unity at the desired frequency or frequency
range; 3) configuration such that the field amplitude within
the body 102 can reach a maximum, or saturation value at
an acceptable distance from the surface 118, considering that
the field amplitude increases as the distance from the surface
118 increases, more layers 106 and 108 are generally
required; 4) preferably for any nonlinear applications such



US 7,072,555 B1

9

as higher harmonic generation, wave mixing, amplification
(optical, microwave etc.), lasing and the like, configuration
such that the field intensity approaches a maximum value in
the vicinity of the active layers; and 5) configuration such
that the tangential epergy flux can occur in the desired
direction with the desired magnitude, including a value
approaching zero for the full frozen mode.

In addition, it is generally very desirable for the axially
and full frozen modes to remain efficient over the desired
frequency range Aw. Photonic crystals are heterogeneous
materials that inberently display strong spatial dispersion
characterized by a complicated dispersion relation w(k) with
a strong dependence of the wave group velocity on the
frequency w. For photonic devices such as dielectric pho-
tonic mirrors or resonant cavities made of high contrast
dielectric components, the presence of strong dispersion is
not significant. For the majority of other devices, such as
photonic delay lines, optical and microwave transmission
lines and the like, strong dispersion can be undesirable. This
is because strong dispersion can prevent these devices from
operating with signals occurring over a broad frequency
range, such as short pulses and other signals with diverse
spectral components. For instance, in one embodiment, for
a given direction of incidence no, the frozen mode regime
only occurs at certain frequency . If the spectral compo-
sition of the incident electromagnetic wave is spread over a
certain frequency range Aw, then only those wave compo-
nents with the frequencies close to w, will experience the
frozen mode regime. For the rest of the incoming electro-
magnetic radiation, the overall frozen mode regime can be
blurred and weakened due to the strong electromagnetic
dispersion of the composite material.

FIG. 5 depicts an exemplary embodiment of the photonic
device 100 configured to allow the receipt of a much broader
frequency range of electromagnetic radiation. In this
embodiment, the photonic body 102 is used in conjunction
with a deflection device 500. The deflection device 500
includes any device that deflects the incident light differently
depending on the frequency w. The deflection device 500 is
placed between the surface of photonic body 102 and the
incoming radiation. Deflection device 500 is preferably
oriented such that different spectral components of the
incoming radiation are deflected towards the surface of body
102 at the proper direction to allow for the frozen mode
regime. In this manner the photonic body 102 becomes
receptive to a wider range of frequencies.

For instance, FIG. 5 depicts an embodiment where deflec-
tion device 500 is a prism. Here, an electromagnetic wave A,
having two spectral component frequencies w, and w, is
incident upon the surface of the prism 500. The prism 500
deflects the incident wave A, at separate angles based on the
component frequencies, resulting in spectral component
waves C, and C, with frequencies o, and w,, respectively.
After passing through prism 500, the spectral component
waves C, and C, enter the interface with the photonic body
102 at different angles 8, and 6,. These angles of incidence
8, and 0, preferably correspond to the respective incident
directions necessary to produce the frozen mode regime for
each frequency w, and w,. Prism 500 is preferably designed
so that for any given frequency within the chosen frequency
range Aw, the corresponding spectral component of light is
deflected at an angle such that the spectral component is
incident upon the surface of body 102 at the proper direction
to allow for the frozen mode regime in the photonic body
102. It should be understood that while the incident wave
has only two spectral components in this embodiment,
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deflection device 500 can be configured to properly deflect
any number of component waves in the desired frequency
range.

The described use of a deflection device 500 allows an
increase of the frequency range Aw for which the axially/full
frozen mode regime remains effective by up to three orders
of magnitude. This, in turn, allows for much shorter pulses,
which occur at multiple frequencies, to be processed by
photonic device 100 under frozen mode regime. The physi-
cal parameters of deflection device 500 are preferably
directly related to the specific geometrical and physical
parameters of photonic body 102, as well as the operational
frequency of the device. It is important to note that deflec-
tion device 500 is not limited to a prism and can be any
structure or combination that deflects, refracts, routes or
directs an incident electromagnetic wave differently accord-
ing to the frequency w. The deflection device 500 can be
made, for instance, of a dispersive uniform material, as well
as of a composite material. To enhance performance and
versatility of the photonic device, some parameters of the
deflection device 500, for example, its orientation, can be
made adjustable. Furthermore, the deflection device 500 can
be used with any photonic device that is at least partially
dependent on the relationship between angle of incidence
and frequency of incident electromagnetic waves.

The highly flexible and adaptable nature of the systems
and methods described herein allows the photonic device
100 to be implemented in numerous applications in various
technological fields. In order to further illustrate the numer-
ous features of the photonic device 100, several exemplary
embodiments are discussed below. However, it should be
noted that these exemplary embodiments are provided for
illustrative purposes only. These embodiments do not con-
stitute an exhaustive list of applications and in no way limit
the use of the photonic device 100. In addition, unless stated
otherwise these embodiments can be implemented with
electromagnetic waves operating in any desired frequency
range up to and including the ultraviolet spectrum.

In one such exemplary embodiment, the photonic device
100 can be implemented as a tunable delay line with
enhanced power capabilities. Here, the tunable delay line
can be configured to operate in the full frozen mode where
the axial velocity of the electromagnetic wave can be
reduced by as much as three orders of magnitude. Preferably,
the tunable delay line is configured to achieve a high
transmittance at the desired frequencies, allowing a greater
portion of the incident wave to be transmitted within the
device 100 in turn increasing the operating efficiency. The
high power capabilities can result from operation in the full
frozen mode, where the bulk electromagnetic wave can
achieve the maximum possible density of modes. In addi-
tion, the full frozen mode can be achieved on multiple
spectral branches of the photonic device 100 and multiple
different operating frequencies can be achieved for any
given configuration.

In another exemplary embodiment, the photonic device
can be implemented as an efficient nonlinear element used
for frequency conversion, wave mixing and the like. Pref-
erably, the nonlinear element is configured to operate in
either the axially or the full frozen mode with a high
transmittance and a high electromagnetic density of states
with the device 100.

In yet another exemplary embodiment, the photonic
device 100 can be implemented as an optical amplifier. Here,
one or both of the layers 106 and 108 serve as an active
medium used in amplification. Operation in both the axially
and full frozen modes can accumulate photons with the
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desired frequency and wave vector that, in turn, results in
increased amplifier efficiency and reduced dimensions.

In another exemplary embodiment, the device 100 can be
used in lasing where the lasing efficiency and can be
enhanced while reducing the lasing threshold and the cavity
dimensions.

In another exemplary application, the device 100 can be
implemented as a host for a multi-dimensional optical
network, such as a two or three dimensional integrated
optical network and the like. The photonic device 100 can be
configured to allow efficient optical transmission, preferably
in the axially frozen mode, which is desirable in many
optical networking applications.

In a similar exemplary embodiment, the photonic device
100 can be implemented as a incident wave receiver. The
device 100 is preferably configured for high transmittance of
the incident wave in the axially frozen mode. The incident
wave can then be transmitted, with little reflection from the
interface 118, within the body 102 to the side surface 122,
depicted in FIG. 2. From there the wave can be utilized for
the desired purpose such as processing or mixing and the
like. In addition, the phase coherency of the transmitted
wave is preserved and this feature can be utilized as needed
by the individual application. Accordingly, another similar
exemplary embodiment exists where the functionality is
reversed. In this embodiment, the body 102 can be config-
ured as a directional transmitter and a coherent wave can be
radiated into side 122 and transmitted in the desired direc-
tion from surface 118.

The following four sections further describe the theoreti-
cal basis for the systems and methods provided herein.

Section I: the Axially Frozen Mode

In one exemplary embodiment, photonic device 100 is a
semi-infinite periodic stack with the layers 106 being com-
posed of an anisotropic dielectric material with oblique
orientation of anisotropic axis 116, as depicted in FIG. 1.
Under certain physical conditions, a monochromatic plane
wave incident on the semi-infinite slab is converted into an
AFM with huge amplitude and nearly tangential energy
density flux, as illustrated in FIG. 2.

The group velocity ;) of the axially frozen mode (AFM)
is parallel to the boundary of body 102 and, therefore, the

magnitude of the tangential component (ET) , of the respec-

tive energy density flux §>T is overwhelmingly larger than
ol

the magnitude of the normal component (S ), But,

—

although (S T)2<<(-§T) ., the normal component (ET)Z of
the energy density flux inside the slab is still comparable
with that of the incident plane wave in vacuum. This
property persists even if the normal component u, of the
wave group velocity inside body 102 vanishes, i.e.,

(F P50, if u=0 0
The qualitative explanation for this is that the infinitesimally
small value of v, is offset by huge magnitude of the energy
density W in the AFM. As the result, the product u, W, which

.
determines the normal component (S ;), of the energy flux,
remains finite. The above behavior is different from what
happens in the vicinity of a photonic band edge, where the
normal component u, of the wave group velocity vanishes as
well. The transmittance (r) and the reflectance (p) of a
lossless semi-infinite slab are given as
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In line with Eq. (1), in the AFM regime the transmittance ©
remains significant and can be even close to unity, as shown
in the example in FIG. 4A. In other words, the incident plane
wave enters body 102 with little reflectance, where it turns
into an abnormal AFM with infinitesimally small normal
component of the group velocity, huge amplitude, and huge
tangential component of the energy density flux. By con-
trast, in the vicinity of a photonic band edge (at frequencies
near w=w, in FIG. 4A), the transmittance of body 102
always vanishes, along with the normal component v, of the
wave group velocity.

It turns out that at a given frequency w, the AFM regime

i
can occur only for a special direction n, of the incident
plane wave propagation

- e
o= 1 (W)

3

This special direction of incidence always makes an oblique
angle with the normal z to the layers. To find T for a given

w, o1, conversely, to find w, for a given n,, one preferably
solves the Maxwell equations in the periodic stratified
medium. Now, the relation between the AFM regime and the
singularity of the electromagnetic dispersion relation
responsible for such a peculiar behavior is considered. If the

i
frequency w and the direction of incidence n do not match
as prescribed by Eq. (3), the AFM regime can be somewhat
smeared.

With regard to the vicinity of the AFM, let W (z) be the
transmitted electromagnetic field inside photonic body 102
(the explicit definition of W,{(z) is given in Egs. (38) and
(88)). It turns out that in the vicinity of the AFM regime,
W(z) is a superposition of the extended and evanescent
Bloch eigenmodes

Wz} W o (2)+Wn(2) 250, @
where W_ () is an extended mode with u,>0, and ¥, (z) is
an evanescent mode with Im k,>0. As shown in an example
in FIGS. 3A-C, both the contributions to ¥,(z) have huge
and nearly equal and opposite values near the boundary of
body 102, so that their superposition (4) at z=0 is small
enough to satisfy the boundary condition (90). As the
distance z from the boundary of body 102 increases, the
evanescent component ¥, (z) decays exponentially, while
the amplitude of the extended component W, (z) remains
constant and huge. As the result, the field amplitude [¥,(z)"
reaches its huge saturation value ¥, * at a certain distance
from the boundary of body 102 (see Egs. (99), (100) and

(101)).
When the direction of incidence ?1) tends to its critical

value ;)0 for a given frequency w,, the respective saturation
value W, of the AFM amplitude W ,(z) diverges as in |

— —>
n-n4*?. Conversely, when the frequency w tends to its

-
critical value w, for a given direction of incidence n , the
saturation value of the AFM amplitude diverges as lo-aql”
3. In the real situation, of course, the AFM amplitude will
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be limited by such physical factors as: (i) nonlinear effects,
(ii) electromagnetic losses, (iii) structural imperfections of
the periodic array, (iv) finiteness of the slab dimensions, (v)
deviation of the incident radiation from a perfect plane
monochromatic wave.

FIG. 6 depicts a qualitative example of incident and
transmitted (refracted) waves in the vicinity of the AFM
regime. The reflected wave is not shown. 0, and 0, are the
incidence and refraction angles, S, and S; are the energy
density fluxes of the incident and transmitted waves. Both
the epergy density and the energy density flux in the
transmitted wave are much larger than the respective values
in the incident wave. However, the total power transmitted
by the refracted wave is smaller by factor T, due to much
smaller cross-section area of the nearly grazing transmitted
wave.

Conpsider a wide monochromatic beam of frequency w
incident on surface 118 of photonic body 102. The direction

of incidence ;)ollg),, is chosen so that the condition (3) of
the AFM regime is satisfied at w=w,,. As frequency w tends
to w, from either direction, the normal component u, of the
transmitted wave group velocity approaches zero, while the

—
tangential component u , remains finite

(&)

3 - -
u~-wgP—0, u = 1 8s 0w,

This relation together with the equality

2o Or = arclzm-ﬁ ®)
2 u

a.

involving the refraction angle 6,, yield

g—97~\w-wul2/3—00asw—»wo. @

Hence, in the vicinity of the AFM regime, the transmitted
(refracted) electromagnetic wave can be viewed as a grazing
mode. The most important and unique feature of this grazing
. mode directly relates to the fact that the transmittance T of
the semi-infinite slab remains finite even at w=w, (see, for
example, FIG. 4A). Indeed, let A, and A, be the cross-
section areas of the incident and transmitted (refracted)
beams, respectively. Note that,

Ar _ cosfr @®)
A;  cosf,
Also note the quantities
UrAS, Ur=ArSp ©

where S; and Sy are the energy density fluxes of the incident
and transmitted waves. U, and U, are the total power
transmitted by the incident and transmitted (refracted)
beams, respectively. Expressions (8) and (9) imply that
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Srcosfr (10

(ST)z —

which is nothing more than a manifestation of the energy
conservation law. Finally, Eq. (10), together with the for-
mula (7), yield

(11

cosé,
St =718 ! |_2/3

~ |w - w
cosfr l o

- 00 as W = Wy,

where it has been taken into account that tS; cos 8, is limited
(of the order of magnitude of unity) as w—w,. By contrast,
in the vicinity of the photonic band edge the transmittance
T of the semi-infinite slab vanishes along with the energy
density flux S, of the transmitted (refracted) wave.

Expressions (7) and (11) show that in the vicinity of the
AFM regime, the transmitted wave behaves like a grazing
mode with huge and nearly tangential energy density flux S,
and very small (compared to that of the incident beam)
cross-section area Aj, so that the total power U,=A;S,
associated with the transmitted wave cannot exceed the total
power U; of the incident wave: U~t,=U,.

The above qualitative consideration is corresponds to
scales exceeding the size L of the unit cell (which is of the
order of magnitude of ¢/w) and more importantly, exceeding
the transitional distance 1=(Im k,,)™* from the boundary of
body 102 where the evanescent mode contribution to the
resulting electromagnetic field ¥,(z) is still significant. The
latter means that the width of both the incident and the
refracted beams must be much larger than 1. If the above
condition is not met, the transmitted wave cannot be treated
as a beam, and the expressions (7) through (11) do not apply.
Instead, one would use the explicit electrodynamic expres-
sions for W(z), such as the asymptotic formula (101). Note

that if the direction 0 of the incident wave propagation and
the frequency w exactly match the condition (3) for the AFM
regime, the transmitted wave W,{(z) does not reduce to a
superposition (4) of canonical Bloch eigenmodes. Instead,
the AFM is described by a general Floquet eigenmode
W, (z) from Eq. (80), which diverges inside the slab as z,
until the nonlinear effects or other limiting factors come into
play. The related mathematical analysis is provided in Sec-
tions III and IV, below.

Section II: Dispersion Relation with the AFM
Now, the connection between the phenomenon of AFM

and the electromagnetic dispersion relation w(T()),

T(’=(1g,,ky,kz) of the periodic stratified medium is discussed.
In a plane-parallel stratified slab, the tangential components

(k.k,) of the Bloch wave vector K always coincide with
those of the incident plane wave in FIGS. 1, 3, and 6 while
the normal component k, is different from that of the
incident wave. To avoid confusion, in further consideration,

the z component of the Bloch wave vector Tg inside the
periodic slab will be denoted as k without the subscript z,
namely
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Inside body 102: ®=(k..k,,k)

The value of k is found by solving the Maxwell equations in
the periodic stratified medium for given o and (k k ); k is
defined up to a multiple of 25/L , where L is the period of
the layers of body 102.

Consider now the frequency o as function of k for fixed
(k.k,). A typical example of such a dependence is shown in
FIG.7A. Alarge gap at the lowest frequencies is determined
by the value of the fixed tangential components (k,.k,) of the

quasimomentum k . This gap vanishes in the case of normal
incidence, when k =k =0. An alternative and more conve-
nient representation for the dispersion relation is presented
in FIG. 7B, where the plot of w(k) is obtained for fixed

(n,,n,) based on

(nom,)=(ck />, ckJw) (12)

The pair of values (n,n,) coincide with the tangential

components of the unit vector n defining the direction of
the incident plane wave propagation. The dependence w(k)
for fixed (n,,n,) or for fixed (k,.k,) will be referred to as the
axial dispersion relation.

Suppose that for T;—T(’o and w:mozm(?o) one of the
spectral branches w(k) develops a stationary inflection point
for given (kK )=(Kow ko). i-e

(6&)] L 0 (82141] ‘. o [6’&)]
¥ =0laz =03
Ok Juey =%y L kekyle g o keky

(13)

4
=4

=k

The value

(14)
in Eq. (13) is the axial component of the group velocity,
which vanishes at ,Tc’=ko. Observe that

(15)

(), =e(3)
=} = and u, = §
Ok Jigy 7\ Bky )y,

representing the tangential components of the group veloc-

ity, may not be zeros at Yﬂ?o.
Notice that instead of Eq. (13), one can use another
definition of the stationary inflection point

FPw Pw
(%) | o3|

%o

(16)
+0,

&)L

k=ko

The partial derivatives in Eq. (16) are taken at constant
(n,,n,), rather than at constant (k,, k). It should be noted that
the definitions (13) and (16) are equivalent.
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FIG. 4B depicts an enlarged fragment of the upper spec-
tral branch of the axial dispersion relation depicted in FIG.
7B. For the chosen (n,,n,), this branch develops a stationary
inflection point (16) at w=w, and k=k,. The extended Bloch

eigeomode with w=w, and f——v?o, associated with the
stationary inflection point, turns out to be directly related to
the axially frozen mode (AFM).
In Sections IIT and TV, based on the Maxwell equations, it
is shown that the singularity (16) (or, equivalently, Eq. (13)
leads to the very distinct AFM regime in the semi-infinite
periodic stack. Also shown is that a necessary condition for
such a singularity and a necessary condition for the AFM
existence is the following property of the axial dispersion
relation of the periodic stack:
ok, k, k)=0k,k,~k) or, equivalently, ©(%,7,.k)=0
(101,,~k)

an

This property will be referred to as the axial spectral
asymmetry. Evidently, the axial dispersion relations pre-
sented in FIG. 7, satisfy this criterion.

Referring now to the conditions for the axial spectral
symmetry, it should be noted that a periodic array would
definitely have an axially symmetric dispersion relation

ok k, ky=w(k, k,—k) or, equivalently, w(n,n,. k=0

(non,.~k) (18)

if the symmetry group G of the periodic stratified medium
includes any of the following two symmetry operations:

m,, 2.=2.xR, (19)
where m, is the mirror plane parallel to the layers, 2, is the
2-fold rotation about the z axis, and R is the time reversal
operation. Indeed, since 2,(k.k,,k)=(-k,,~k k) and R(K,.k,
k)=(-k,,—k,,~k), one has

2ok, k) =(kok, k),

which implies the relation (18) for arbitrary (k.k,). The
same is true for the mirror plane m,

my (ko ko, Ky=(k,, K, k)

Consequently, a necessary condition for the axial spectral
asymmetry (17) of a body 102 is the absence of the sym-
metry operations (19), ie.,

m & and 2,65 (20)
In reciprocal (nonmagnetic) media, where by definition,
REG, instead of Eq. (20) one can use the following require-
ment

m, & and 2,65. (21),

Note, that the axial spectral symmetry (18) is different
from the bulk spectral symmetry

Okl =00k, =K) (22)
For example, the space inversion I and/or the time reversal
R, if present in G, ensure the bulk spectral symmetry (22),
but neither I nor R ensures the axial spectral symmetry (18).
Condition (21) for the axial spectral asymmetry imposes
certain restrictions on the geometry and composition of body
102, as well as on the direction of the incident wave
propagation. It should be noted that an exemplary embodi-
ment of body 102, where body 102 is made up of isotropic
dielectric components with different refractive indices,
always has axially symmetric dispersion relation (18), no
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matter how complicated the periodic array is or how many
different isotropic materials are involved. To prove this, it
suffices to note that such a stack always supports the
symmetry operation 2..

The symmetry operation 2, holds in the more general case
when all the layers are either isotropic, or have a purely
in-plane anisotropy

&x &y O
E=ley gy O

0 0 g

23)

The in-plane anisotropy (23) does not remove the symmetry
operation 2, and, therefore, the property (18) of the axial
spectral symmetry holds in this case. Thus, it can be stated
that in order to display the axial spectral asymmetry, body
102 preferably includes at least one aniso