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Finite-thickness photonic crystals �PC’s� with periodically corrugated interfaces are suggested to realize
some unusual features in the behavior of transmitted Bragg beams �diffraction orders�. The scattering of
s-polarized plane waves by such structures is studied. It follows from the numerical results that rather thin
corrugated PC’s borrow their basic properties from both conventional PC’s and gratings, leading to some new
effects. In particular, a shift of the actual cutoff frequencies towards larger values than those of the Rayleigh
cutoff frequencies can be obtained due to the ordinary opaque range in transmission, within which all propa-
gative orders vanish. This effect can even be enhanced due to the nonordinary behavior arising at the edges of
the ordinary opaque range, which manifests itself in that some but not all propagative orders in transmission
are suppressed. Hence the opaque ranges for individual orders are wider than the corresponding ordinary range.
Besides, frequency ranges exist which are not connected with the edge of the ordinary opaque range, where a
similar nonordinary effect does appear. As a result, each propagative order in transmission generally has its
own set of opaque ranges. Only a single order can be contributive while several others are formally propaga-
tive, too. The corrugations have to be located at the upper interface in order to realize these nonordinary
effects. Moving the corrugation from the upper to the lower interface leads to a disappearance of the observed
effects, so that their nature cannot be explained exclusively in terms of matching the wave vectors of the
diffraction orders and the Floquet-Bloch waves. The conventional sequence of cutoffs for different diffraction
orders with respect to each other can be changed for certain structures if the rods of a PC are made of Drude
metal. Hence, transmission regimes can be realized which are beyond the classical theory of gratings. Several
effects arising when varying the angle of incidence are demonstrated and briefly discussed. The detected effects
can be used for controlling the number of actually contributive beams and for obtaining alternating ranges of
single-beam and multibeam operation, which should lead to extending the potentials of optical and microwave
technologies based on the use of single-beam and multibeam regimes.
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I. INTRODUCTION

Photonic crystals �PC’s� have been the focus of interest
during the last decade because of their unique abilities to
control light propagation. A rich variety of interesting theo-
retical and experimental results has been reported for PC’s of
various types, which are concerned with the basic features of
dispersion characteristics, transmission spectra, radiation of
embedded sources, and so on—e.g., see �1–7�. One-, two-,
and three-dimensional PC’s made of dispersionless and dis-
persive materials have been considered. In the first two
cases, great attention has been paid to the defect modes. Ow-
ing to strong frequency selectivity, they have been applied as
working regimes in many devices like filters, splitters, tapers,
fibers, waveguides, and cavities �see, for example, �8–12��. It
has been shown that low- and zero-index �13–15�, negative-
index �16,17�, and negative-index-like �5,18� behavior can
be obtained in PC’s without defects. These regimes are often
associated with a number of such important applications like

directive radiation �6�, wave front controlling �15�, and lens-
ing �19,20�. Besides, collimation and superprism effects have
been demonstrated in PC’s �2�.

In most of the theoretical considerations and applications
of two-dimensional finite-thickness PC’s, structures with lin-
ear interfaces have been studied—i.e., when all layers are in
parallel and identical. The same holds for a large portion of
PC’s with line defects, for which equivalent linear interfaces
could be introduced. Less attention has been paid to PC’s
with curvilinear �inner and outer� interfaces. In particular, the
idea of an add and drop PC filter with ring-shaped defect has
been suggested and expected diffraction effects for a curvi-
linear nonperiodic surface of a two-dimensional PC have
been mentioned in �8�. PC’s with curvilinear interfaces have
been used as planoconcave lenses �14,21�. They can also be
used in the inverse regime—i.e., to obtain flat wave fronts
from a point source. Shifting some rods at an outer interface
of the PC has been proposed in �22� as a tool for improving
beam-shaping abilities at the open end of a PC waveguide.
Curvilinear concave and convex interfaces have been used in
the dual lattice PC beam splitter �23� and in the curved-bend
waveguide �24�. Besides, quasiperiodic circular PC’s have
been reported in �2�, for which a circular interface can be
introduced. In principle, some types of PC fibers can also be
assigned to PC’s with curvilinear equivalent interfaces �e.g.,
�2,9��. In this context, one should also mention PC prisms
�14,16� and tapers �25�, which show piecewise-linear inter-
faces.
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On the other hand, various structures with curvilinear in-
terfaces made of homogeneous metamaterials are considered
to be promising for realizing some physical effects �26–30�.
In particular, scattering by structures with periodically corru-
gated interfaces �gratings� has been studied in �28–30�. The
properties of the materials considered in these studies are
expected to be obtainable using PC’s, too, at least within a
narrow range of variation of the frequency and/or the angle
of incidence.

Although any two-dimensional finite-thickness PC with
linear interfaces is nothing else than a grating of special con-
figuration, only some aspects of the regimes associated with
the simultaneous presence of more than one propagative dif-
fraction order have been discussed—e.g., see �1,16,31–33�. It
is worth noting that the lowest gap of the dispersion charac-
teristic usually appears at lower frequencies than those start-
ing from which at least one higher order becomes propaga-
tive. At the same time, although Floquet-Bloch �FB� waves
inside a PC remain the same whatever the interface, even a
variation of the orientation of a part of the piecewise-linear
interface can lead to a strong variation in the behavior of the
beams inside the PC �34�. It is natural to expect that a similar
strong sensitivity will appear when introducing more compli-
cated interfaces and that it would be pronounced in the trans-
mission characteristics.

Our idea is to change the geometrical configuration of a
two-dimensional finite-thickness PC in such a manner that
the frequency range, where higher orders �multibeam re-
gime� might appear, is shifted towards lower frequencies, up
to those values which correspond to the lowest opaque range
in transmission. In this paper, we present a collection of the
effects arising in transmission owing to the one-dimensional
gratinglike periodic modulation, which is obtained by re-
moving some rods at one of the interfaces of a regular PC.
We expect that the suggested structure will show intermedi-
ate, in some sense, behavior between that of a conventional
dielectric grating and that of a PC. Two-dimensional PC’s are
considered, which are composed of dielectric or metallic
rods arranged in a square lattice. Most of the results pre-
sented have been obtained for sinusoidal corrugation. Both
cases of an air and of a dielectric host medium will be stud-
ied. The emphasis in the numerical study will be put on
searching for transmission regimes, which are unusual for
conventional PC’s and gratings.

Along with the band gaps of the dispersion characteristic
and with uncoupled modes, which are the main causes of the
appearance of opaque ranges in transmission �1�, the pres-
ence of cutoff frequencies and angles for diffraction orders
�35� should be a basic feature determining the dominant
properties of the structures considered. These cutoffs occur
for any periodic structure, including noncorrugated PC’s.
However, we shift them towards smaller frequencies owing
to the corrugation. We restrict our consideration to rather thin
PC’s, where the thickness effect and the evanescent waves
might contribute to the observed features. Because of this,
we pay the main attention to the study of transmission, while
that of dispersion characteristics is omitted. Instead, we con-
sider transmission through the corresponding noncorrugated
PC with the same number of layers as a benchmark.

Contrary to Ref. �33� where various combinations of the
number of beams above the PC-air interface and inside the

PC have been demonstrated, we will show that a similar
property can be realized in transmission through a finite-
thickness corrugated PC: The number of actually contribu-
tive beams in transmission and reflection can be different.
The presented numerical results have been obtained using
the recently developed fast coupled-integral-equations tech-
nique �36�.

II. THEORETICAL BACKGROUND

Assume that an s-polarized plane wave is incident on the
periodic structure from the side of positive y—i.e.,

Ei�x,y� = E0
i exp�i�0x − i�0y� , �1�

where �0=k sin �, �0=k cos �, k is a free-space wave num-
ber, � is the angle of incidence, and E0

i means amplitude. The
structure represents a finite-thickness, two-dimensional,
square-lattice PC with a corrugated interface �see Fig. 1�.

The field in the half-spaces above �y�Na, a is a lattice
constant, N is the number of layers� and below �y�0� the PC
is presented as the superposition of an infinite number of
diffraction �grating� orders as follows:

E�x,y� = Ei�x,y� + �
n=−�

�

�n exp�i�nx + i�ny� , �2�

E�x,y� = �
n=−�

�

�n exp�i�nx − i�ny� , �3�

where �n=�k2−�n
2, Im��n�	0, �n=�0+2
n /L, L is the

modulation period, and �n and �n are Fourier amplitudes of
nth order in reflection Rn and transmission Tn, respectively. If
the incident wave is a wide beam with its waist w� �L, the
scattered field represents a finite number of wide �Bragg�
beams, each of which is associated with a separate order Rn
or Tn.

The nth-order beams are propagative if Re��n��0 and
Im��n�=0—i.e., if

FIG. 1. PC with periodically corrugated upper interface.
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k � 	�0 + 2
n/L	 . �4�

We denote the cutoff value of k, which splits the
propagating- and evanescent-wave regimes above and below
the periodic structure and hence corresponds to the Rayleigh
frequency for Rn and Tn, by

kc
n�L,�� =

2
	n	
L�1 ± 	sin �	�

, �5�

where the signs+and−correspond to the cases with sgn n
�sgn � and sgn n=sgn �, respectively �see �35��. The angles
of diffraction of the nth-order reflected and transmitted
beams are given by

sin �n�L� = − �sin � + 2
n/kL� �6�

and

�̂n�L� = 
 − �n�L� , �7�

respectively. They correspond to Eq. �5� and determine the
propagation directions of individual beams at fixed kL. It is
assumed that �n is measured from the y axis in a counter
clockwise direction.

For the noncorrugated PC, we have

kc
n�a,�� =

2
	n	
a�1 ± 	sin �	�

, �8�

instead of Eq. �5� and hence kc
n�L ,���kc

n�a ,��, while L is
replaced by a in Eqs. �6� and �7�. It is known from numerous
theoretical considerations that the condition

�u 
 �̂u � kc
−1�a,�� ,

where �̂u and �u are the upper boundaries of the lowest band
gap of the dispersion characteristic and of the corresponding
opaque range in transmission, respectively, is usually satis-
fied in a wide range of positive �. In many cases, the factor
F���= �̂u /kc

−1�a ,��, which depends on geometrical and mate-
rial characteristics of the PC, is substantially smaller than 1.
For example, F�0��0.32 in the cases presented in �2�, p. 48,
and in �37,38�, and F�0��0.45 in �39�. On the other hand,
the ratio �̂l /kc

−1�a ,0�, where �̂l is the lower boundary of the
lowest band gap, can take values starting at least from 0.18.
Note that F�0�=0.32 and 0.45 correspond to F�
 /4�=0.55
and 0.77 and to F�
 /3�
0.6 and 0.84, respectively. These
examples correspond to typical situations when the first or
several first opaque ranges appear while all higher orders
�	n 	 �0� are evanescent.

To realize the multibeam regime within a kL range involv-
ing the first �lowest� opaque range, or at least one of its
edges, we take a PC with linear interfaces at y=0 and y
=Na and then introduce a periodic corrugation by cutting a
part of it from the side of one of the interfaces. In Fig. 1,
such geometry with corrugated upper interface is shown. It is
assumed that

L = ma , �9�

where m=2,3 ,4 , . . .. Owing to the corrugation, the range of
k variation, where higher-order beams are allowed to propa-

gate, is shifted towards smaller k values, so that the case with

kc
−1�L,�� � �l, �10�

where �l is the lower boundary of the first opaque range, or
that with

�l � kc
−1�L,�� � �u �11�

is expected to be obtained. The contribution of higher orders
to the transmission and/or reflection should be controllable
by a proper choice of the corrugation shape.

We use the following coordinate dependence for the per-
mittivity:

�x,y� = G�x,y�P�x,y�Q�x,y� . �12�

Here G sets geometrical and material parameters of the
large-period host-dielectric grating �shown in gray in Fig. 1�,
P is the function introducing the rods into the host, and Q is
the correcting factor which is responsible for the rods, which
should be crossed by an interface, not being inserted. As-
sume that the following periodicity conditions are satisfied:
G�x+a ,y�=G�x ,y�, P�x+L ,y�= P�x ,y�, and Q�x+L ,y�
=Q�x ,y�. Then,

�x + L,y� = �x,y� .

The function G�x ,y�=h at f0�x��y� f1�x� and G�x ,y�=0

at y� f1�x� and y� f0�x�, where h and 0 mean relative
permittivities of the host medium and free space, respec-
tively, and f0 and f1 set the lower and upper interfaces. Tak-
ing �x ,y�=G�x ,y�, we obtain a similar structure as in Fig. 1,
but without the rods inserted, so that the whole region be-
tween y= f0�x� and y= f1�x� would be shown in gray.

To set the values of P�x ,y�, we take P�x ,y�=r /h if x̃2

+ ỹ2�d2 /4 and f0�x��y� f1�x� and P�x ,y�=1 otherwise.
Here r and d mean the relative permittivity and diameter of
the rods, respectively, x̃=x− �j−1/2�a with j=1,2 , . . . ,m
and ỹ=y− �l−1/2�a with l=1,2 , . . . ,N. Multiplying G�x ,y�
by P�x ,y�, we insert the rods into the host. However, some
of them can be crossed by the interface. To not insert such
rods, we use an additional correcting factor Q�x ,y�=Qlj

=h /r within the �l , j�th rod, if it is crossed by f1 or f0, and
Q�x ,y�=1 otherwise.

Note that our structure is double-periodic along the x axis
and single-periodic along the y axis. Hence it belongs to
another type of periodic structures than the double-periodic
structures considered in �2�, Chap. 8. The transmission prop-
erties are expected to be determined by a common effect of
all periodicities, while the contribution of each of the orders
should depend on the corrugation shape. Considering two
limiting cases—i.e., �i� with d /a tending to 0 and �ii� with
f0�x�=0, f1�x�=Na and r�h—we intuitively arrive at the
following condition for the actual cutoff for the nth order �c

n:

kc
n�a,�� 	 �c

n��� 	 kc
n�L,�� . �13�

The modification of the PC used can also be interpreted as
introducing the periodic defects at the interface�s�. Then the
structures considered are distinguished from most of the
known PC’s with defects, where all or at least most part of
them are isolated from the interfaces by regular layers. In the
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numerical examples, we assume that the host medium at
f0�x��y� f1�x� is a lossless dielectric with h	1, while the
rods are fabricated from either a lossless dielectric with r
�h or a metal. In the latter case,

r = 1 − �p
2/���� + i��� , �14�

which corresponds to Drude’s model. Here �p and � mean
plasma and collision frequencies, respectively. The results
presented below for the metallic rods can also be used in the
case that each of the rods models a circular cluster of rods of
smaller diameter and each cluster effectively behaves like a
portion of a Drude medium with �p,ef f ��p �see �40��.

To characterize transmission and reflection in a multibeam
regime, we consider the energy distribution between the
propagative orders Rn and Tn. According to �35�, the diffrac-
tion efficiencies �DE’s� in reflection �rn� and transmission
�tn� are equal to a part of the total energy taken by the orders
Rn and Tn, respectively—i.e.,

rn = Re��n�n�n
*/W� , �15�

tn = Re��n�n�n
*/W� , �16�

where W is the energy of the incident wave and the asterisk
means complex conjugation. In the lossless case,

R + T = W ,

where the reflectance R=�n=−�
� rn and the transmittance T

=�n=−�
� tn. We refer to a partial transmittance and partial re-

flectance, which correspond to tn and rn, as to the nth-order
Bragg transmittance and reflectance, respectively. For
definitness, we state that the order Tn or Rn is suppressed if
un /W�2.5�10−3 where un means either tn or rn. The value
of �c

n��� is a minimal k, at which the equality in this condi-
tion is achieved.

As is known, each wave propagating inside the PC has a
form of a FB wave—e.g., see �1,33�. At the PC-air �noncor-
rugated� interface, the number of reflected beams associated
with the grating orders and the total number of the transmit-
ted �n=0� and higher-order refracted �	n 	 �0� beams inside
the PC which are associated with FB waves can show a
variety of combinations �33�. Despite the fact that the condi-
tions of the appearance of the required number of beams
inside the PC and below the conventional relief grating are
different, the possible nonequality of the above-mentioned
numbers looks like a general property �41�. Contrary to �33�,
we are mainly interested in transmission through a finite-
thickness PC, so that the consideration in terms of DE’s is
quite reasonable. It is furthermore so because the minimal
thickness of the structures considered is 4a, so that the ef-
fects in transmission, which are related to the finite thick-
ness, cannot be neglected. At the same time, we analyze the
near-field patterns to better understand the transmission
mechanism.

III. NUMERICAL RESULTS AND DISCUSSION

Now we demonstrate the basic effects arising in transmis-
sion through the PC’s due to introducing corrugation at either

the upper or lower interface for both cases of dielectric and
metallic rods. For all examples, �a /2
c�0.8. The DE val-
ues of some propagating orders—i.e., T±3 at �=0 and T−3,−4
at ��0—are not shown, since they do not affect the features
demonstrated. In all cases considered, m=4.

A. Purely dielectric structures

First, the simplest corrugation is considered, which ap-
pears due to removing each mth rod from either the most
upper, the Nth, or the lowest, 1st, line of the rods. The de-
pendence of tn on kL is shown for this case in Fig. 2. For
comparison, T= t0 is shown for the noncorrugated PC with
N=8, for which the lowest higher-order beams �n= ±1� may
appear starting from kL=8
. One can see that the ranges of
opaque T for the corrugated and noncorrugated PC’s almost
coincide regardless of which side is corrugated. While all
propagative beams �n=0, ±1� simultaneously appear at the
right edge of the first opaque range of T �kL=10.6�, if the
lower interface is corrugated, only the 0th order is not sup-
pressed, if the upper interface is corrugated. Hence nonordi-
nary behavior can arise at the edge, which manifests itself in
the fact that certain formally propagative beams are sup-
pressed, so that the opaque ranges of individual beams can
be extended beyond the common opaque range. In particular,
in Fig. 2�a�, t0 exclusively contributes to T at 10.6�kL

FIG. 2. Transmission with different Bragg beams through a PC
with each fourth �L=4a� rod removed �a� from the most upper and
�b� from the lowest line of the rods at r=11.4, h=1.0, d /a=0.4,
N=8, and �=0. Thick solid, dashed, and dash-dotted lines corre-
spond to t0, t±1, and t±2, respectively; the thin dotted line shows T
for a PC with noncorrugated interfaces. Open circles show the val-
ues of kc

n�L ,�� at n= ±1 and ±2.
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�11.6. In Fig. 2�b�, this effect is absent. Furthermore, kL
ranges were found, where only T0 is not suppressed and
which are not an extension of the opaque range of T. In Fig.
2�a�, such ranges are observed at 12.3�kL�12.8 and at
14.4�kL�16.3. Similar but wider ranges occur for T±1 and
T±2. Further we refer to the ranges where several but not all
of the propagative beams Tn are suppressed as to the nonor-
dinary opaque ranges, in contrast with the ordinary opaque
ranges, where all propagative beams are suppressed simulta-
neously.

On the other hand, we call an extension of the opaque
range for a certain Tn in comparison with the opaque range
of T the nonordinary behavior at the edge of the ordinary
opaque range. From the presented results it follows that each
order �or pair of the orders if �=0� has its own opaque
range, which can coincide in part with the ordinary opaque
range of T. It is seen that the presence of corrugations of the
upper interface is necessary for the appearance of a nonordi-
nary range and nonordinary behavior at the edge. Since the
propagating FB waves inside the PC are the same whatever
the interfaces are, the observed suppression is undoubtedly
connected with the location of the corrugation surface. Note
that the ordinary opaque ranges in Figs. 2�a� and 2�b� are
related to the first band gap of the dispersion characteristic.
This remains true for all other examples presented in this
section.

The observed type of suppression has nothing to do with
the conventional Rayleigh cutoffs, a basic effect known from
the theory of gratings �35�. Indeed, those orders Tn are sup-
pressed, which are propagative according to �4�. The second
important effect is a shift of the actual cutoffs of individual
orders towards larger kL as compared to the cutoffs given by
�4�. This effect appears due to the combination of Rayleigh
cutoffs and opaque ranges. Obviously, it can be obtained
even for the ordinary opaque range. For example, although
weak peaks of T±1 are observed in Fig. 2�a� in the vicinity of
�lL
6.42, the actual cutoff for the beams with n= ±1 should
be assigned at least to the right edge—i.e., �c

±1�L ,0�=�u


10.6. �Here and further we use the notation �c
n for the

orders Tn only.� However, the actual cutoff is even more
shifted towards larger kL due to the nonordinary behavior
arising at the right edge, so that �c

±1�L ,0���u. The detected
effects give a new possibility to control the number of dif-
fraction orders which actually contribute to T.

Figure 3 demonstrates the effect on the near-field pattern
exerted by moving the corrugations from the upper to the
lower interface. One can see that the ability of the noncorru-
gated PC to transfer flat wave fronts at these parameters is
not affected by removing rods from the upper interface. In
this case, the transmitted field is affected by the corrugations
only in that the value of T
 t0 can be varied. On the contrary,
if some rods are removed from the lower interface, the field
distribution over x at y�0 takes more features related to the
large period and hence higher orders are forced to be pro-
nounced in T. It is worth noting that for the noncorrugated
PC with the same parameters as in Figs. 2 and 3, no nonor-
dinary effect has been observed at those �larger� kL, for
which the orders with n= ±1 and ±2 are propagative, while
the boundaries of the opaque ranges corresponding to the
individual orders have �almost� coincided in the same man-

ner as for the corrugated PC in Fig. 2�b�. Such a coincidence
is typical for the noncorrugated PC’s and remains present in
a wide range of the variation of kL, �, and r.

The strength of the nonordinary effects observed in Fig. 2
can be controlled by varying the corrugation shape. Figure 4
shows the basic features in the behavior of tn vs kL in the
case of a sinusoidally modulated interface when

f1 = Na�A + B cos�2
x/L + �1�� , �17�

f0 = Na�C + D cos�2
x/L + �0�� , �18�

where A, B, C, D, �0, and �1 are chosen in such a way that
the corrugation is either similar to that in Fig. 1 �for Fig.
4�a�� or inverse to it; i.e., the structure has been rotated by
180° �for Fig. 4�b��. In contrast with Fig. 2�a�, t0 dominates
in W in Fig. 4�a� within the nonordinary opaque range,
14.3�kL�16.1. It is interesting that the location of the cor-
rugations affects the kL dependence of t0 within this range
just weakly, while for higher-order beams it is very impor-
tant: Corrugations enhance either Tn or Rn, 	n	�0, if they are
located at either the lower or upper interface, respectively.
This leads, in particular, to the T value being larger in Fig.
4�b� than in Fig. 4�a�, at least within the considered nonor-
dinary range.

Figure 5 shows rn vs kL at the same parameters as in Fig.
4. In case �a�, there is no analog of the nonordinary opaque
range for the reflection. All propagative orders—i.e., R0 and
R±1—contribute to R within the ordinary opaque range of T.
The exceptions take place in the vicinity of kL=7.2 and of
kL=8.7 where r0=1. In case �b�, Rn at 	n	�0 are not sup-
pressed only within narrow ranges of kL variation, so that
wide ranges between them can be considered as the nonor-
dinary opaque ranges.

It is worth noting the appearance of subranges with non-
zero T in the case of the corrugated PC, at kL values corre-
sponding to the opaque range of T arising in case of the
noncorrugated PC at the same �. For example, they are ob-
served at both edges of the opaque range of T in Fig. 4�a�.

FIG. 3. Electric field distribution within the region 0�x�L,
0�y�Na in the vicinity of the right edge of the first opaque range
of T in Fig. 2 at kL=11.2. Left and middle plots correspond to the
corrugated PC’s from Figs. 2�a� and 2�b�, respectively. Right plot:
noncorrugated PC at the same kL. Brighter regions correspond to
larger field values, max	E	 / 	E0

i 	
3. Most dark regions in this and
other figures showing field patterns correspond to �almost� zero-
field values.
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We expect that there are at least two possible reasons for the
appearance of this effect: �i� the presence of incomplete gaps
in the dispersion characteristic, where propagation inside an
infinite PC is forbidden for a certain range of directions only,
which can correspond to a limited � range of nonzero T,
while value�s� of −�n, 	n	�0 belong to this range but −�0
does not, and �ii� tunneling of a �non� enhanced wave
through a rather thin PC. A detailed study of physical sce-
narios of transmission through the corrugated PC’s within
the opaque ranges of the corresponding noncorrugated PC’s
is a subject of further studies. Here we just give some illus-
trations.

Figure 6 shows the field patterns at the left edge of the
ordinary �lowest� opaque range for both the corrugated and
noncorrugated PC’s from Fig. 4�a�. In the left plot, the field
corresponds to the peak of t±1
0.18 observed at the edge, in
the case with corrugations. It arises at that kL value which
belongs to the opaque range of T for the corresponding non-
corrugated PC with N=8 at �=0 �see the middle plot�. How-
ever, rather substantial transmission still occurs at larger
�—e.g., at �=
 /3 where T
0.07 �see the right plot�. On the
other hand, for the corrugated PC in Fig. 4�a�, at the last peak
of t0 before the opaque range, kL
6.17, the field shows
similar features to those in the left plot in Fig. 6. At the last
peak of t0 for the noncorrugated PC at �=
 /3, kL
6.49, the

field is similar to that in the right plot in Fig. 6. Hence, in
contrast with Fig. 3, the field in cases with corrugations is
not a locally perturbed version of that in the case without
corrugations. Although the transmission mechanism like that
shown in the left plot in Fig. 6 is not yet completely under-
stood, it is clear from the comparison of the corrugated and
noncorrugated PC’s that it is connected with the presence of
corrugations. Probably, this mechanism is realized due to pe-
culiar eigenmodes of the entire finite-thickness structure.

The extent to which this effect is pronounced depends on
the corrugation shape. For example, a similar peak of t±1 is
observed in the case with N=16, min Nj =8, and the same
other parameters as in Fig. 4�a�, and tends to disappear once

FIG. 4. Transmission with different Bragg beams in the case
when one of the interfaces is sinusoidally corrugated: r=11.4, h

=1.0, d /a=0.4, N=8, �=0, L=4a, and �0=�1=−
 /4. �a� Upper
corrugated interface: A=0.79, B=0.21, and C=D=0. �b� Lower
corrugated interface: A=1, B=0, and C=D=0.21. Thick solid,
dashed, and dash-dotted lines correspond to t0, t±1, and t±2, respec-
tively; thin dotted and dashed lines show t0 for the noncorrugated
PC at �=0 and �=
 /3, respectively; open circles show the values
of kc

n�L ,0� at n= ±1 and ±2.

FIG. 5. Reflection with different Bragg beams at the same pa-
rameters as in Figs. 4�a� and 4�b�, respectively. Thick solid, dotted,
and dash-dotted lines show r0, r±1, and r±2, respectively.

FIG. 6. Electric field within region 0�x�L, 0�y�Na at kL
=6.34 and parameters for the corrugated PC from Fig. 4�a� �left�
and for the noncorrugated PC from Fig. 4�a� at �=0 �middle� and
�=
 /3 �right�; brighter regions correspond to larger field values,
max	E	 / 	E0

i 	
8.8 �left�, 1.3 �middle�, and 0.9 �right�.
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min Nj is increased �i.e., A is increased while A+B=1�. In
Fig. 2�a�, two very weak peaks appear at the right edge at
kL=6.3 and 6.37.

The left plot in Fig. 7 corresponds to the situation when
the propagative orders T±1 are suppressed and kL
 �̃u

�nc�L
��̂u

�nc�L, where �̃u
�nc� and �̂u

�nc� are the upper boundaries of the
lowest opaque range for noncorrugated PC’s with N=4 and
N=8, respectively. However, T for the corrugated PC is sub-
stantially larger than for the noncorrugated PC with N=4.
This occurs because the tunneled field is first enhanced due
to the effect of the groove. This effect looks similar to the
effect of the resonant tunneling of light via strongly localized
surface plasmons, which has been observed for thin metal
films with corrugated interfaces �42�. Such a regime can be
considered as a surface defect mode. At �̂u

�nc�L�kL�11.5,
where T±1 are also suppressed, the transmission mechanism
is the same as in Fig. 3. It is realized in the cases shown in
the middle and right plots in Fig. 7 for either the upper or
lower corrugated interface. These two cases correspond to a
kL value taken from the nonordinary opaque range in Fig.
4�a�. Similarly to Fig. 3, the presence or absence of higher
orders within this range in Fig. 4 cannot be explained in
terms of matching the wave vectors of FB waves and diffrac-
tion orders: Modification of the field arising due to corruga-
tions seems to be the dominant factor for the presence of
contributive higher-order beams in either the reflected or
transmitted field.

As follows from the obtained results, the dependence of
�lL and �uL on � occurs for the noncorrugated PC, according
to which transmission can be possible within a certain range
of the “allowed” angles. This dependence can serve as a
signature of the nonordinary behavior at the edge for the
corrugated PC whatever the transmission mechanism is. The
following approximate rule can be formulated: Those dif-
fraction orders are expected to dominate in the transmission
through the corrugated PC, at a given kL, for which −�n�L�
is closer to such � values at which transmission through the
noncorrugated PC remains significant, while for another � it
tends to vanish, provided that only T0 and R0 are propagative
for the noncorrugated PC. For example, �±1�L�= �82.3° at
kL=6.34 where T±1 are only present and �±1�L�= �35° at
�̃u

�nc��0�L�kL=10.95��̂u
�nc��
 /3�L where T±1 are sup-

pressed �see Fig. 4�a��.

The manifestation of the above-discussed effects can also
be controlled by an appropriate choice of the permittivity
values. Figure 8�a� demonstrates the effect of decreasing r,
while other parameters are taken from Fig. 4�a�. Figure 8�b�
shows tn for the noncorrugated PC with N=8 at two values
of �. Comparing the cases �a� and �b�, one can see that the
prevalence of one of the orders at the edges again correlates
with locations of the edges of the opaque ranges of the non-
corrugated PC at different �, as has just been discussed. Fur-
thermore, such correlation occurs at 16.9�kL�18.3, where
the nonordinary opaque range of another kind is seen in Fig
8�a�, within which the propagative order T0 is only sup-
pressed. Hence only deflected beams are actually contribu-
tive to T in this case.

Replacing the air host medium by a dielectric one, even
with low h, results in a substantial change of the tn values.
In Fig. 9, h=2.1 is used, which leads to a shift of the ordi-
nary opaque range towards smaller kL. Contrary to Fig. 4�a�,
there are several opaque ranges for the noncorrugated PC.
However, only the first of them is associated with the ordi-
nary opaque range of the corrugated PC. The most part of the
second one corresponds to the nonordinary range with sup-
pressed T0, which extends from kL=11.6 to 13.2. Further-
more, at 11.6�kL�4
, the transmission is exclusively re-
alized due to the deflected beams T±1. Here �±1�L�
= �31.6� at kL=12—i.e., near the left edge of the region

FIG. 7. Electric field within the region 0�x�L, 0�y�Na at
kL=10.55 �left� and parameters for the corrugated PC from Fig.
4�a�; at kL=14.58 and parameters for the corrugated PC’s from
Figs. 4�a� �middle� and 4�b� �right�, respectively; max	E	 / 	E0

i 	

6.2 �left�, 3.2 �middle�, and 3.4 �right�.

FIG. 8. Transmission with different Bragg beams through a PC
with r=5.8 and h=1.0. Case �a�: geometrical parameters and � are
the same as for the corrugated PC in Fig. 4�a�; solid, dotted, and
dash-dotted lines correspond to t0, t±1, and t±2, respectively; open
circles show the values of kc

n�L ,0� at n= ±1 and ±2. Case �b�:
geometrical parameters are the same as for the noncorrugated PC in
Fig. 4�a�; solid, dashed, and dotted lines show T= t0 at �=0, t0, and
t−1 at �=
 /3, respectively; the solid circle shows kc

−1�a ,
 /3�.
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where only t±1 show nonzero values. This situation is similar
to that observed in Fig. 8�a�, but here we have only two
beams. Besides, isolated peaks of t0 occur within the ordi-
nary opaque ranges, for example, at kL=7.44 and kL=11.5,
which are typical for the conventional defect modes, as well
as the corresponding field patterns.

Figure 10 shows three typical examples of the near-field
pattern for the parameters from Figs. 8�a� and 9. The left plot
corresponds to the nonordinary opaque range in Fig. 8�a�,
where T0 is suppressed. The middle plot shows the field for
the noncorrugated PC at the same kL and �=21.7°, which
corresponds to �±1
0 in the left plot. From the comparison,
one can see that the role played by corrugation is here to
provide such a field topology that, at least within a part of the
considered region, it is rather similar to that of the noncor-
rugated PC obtained but at a rather large �, at which nonzero
T is possible in contrast with the vicinity of �=0. The right
plot corresponds to the peak of t0 arising within the lowest
ordinary opaque range in Fig. 9. This regime belongs to the
defect modes.

The above-described effects have also been observed at
nonzero � �see Fig. 11�. However, contrary to Figs. 4�a� and
9, higher-order beams dominate at the right edge and the
zeroth-order beam does so at the left edge of the lowest
ordinary opaque range. This is in agreement with the above-

given rule of the signature of the nonordinary behavior. At
the right edge of the ordinary opaque range, the transmitted
beams are strongly deflected as compared to the incidence
direction. For example, in Fig. 11�a�, T−2 only contributes to
T at

�c
−2 � k � �̂u

�nc��
/3� 
 �c
−1 
 �c

0, �19�

where �̂u
�nc��
 /3� is the upper boundary of the opaque range

of the noncorrugated PC with the same number of layers. �−2
varies from 19.3° to 16° while �19� is satisfied. This means
that the only transmitted beam has the opposite sign of kx
compared to the incident one. Hence an effect is realized
here which is similar to negative-index refraction �NIR�.
However, in contrast with NIR, we observe our effect not at
an interface between two media, but as the common effect of
both interfaces of a finite-thickness PC. It can be referred to
as negative deflection. The inset in Fig. 11�a� shows the field
pattern at the right boundary of the range given by �19�. In
Fig. 11�b�, two beams T−1 and T−2 contribute to T at the right
edge of the ordinary opaque range, while T0 is suppressed.
Here �−1=−12° and �−2=26.7°, so that T−2 is deflected with
changing the sign of kx, while T−1 does so without changing
this sign.

FIG. 9. Same as Fig. 4�a� but for h=2.1. The geometry of the
corrugated PC is almost the same as in Fig. 1.

FIG. 10. Electric field within the region 0�x�L, 0�y�Na at
kL=16.97 and the same other parameters as in Fig. 8�a� �left� and in
Fig. 8�b� except for �=21.7° �middle� and at 7.44 and the same
other parameters as in Fig. 9 �right�. Brighter regions correspond to
larger field values, max	E	 / 	E0

i 	
2.9 �left�, 3 �middle�, and 14
�right�.

FIG. 11. Transmission with different Bragg beams at �=
 /3,
h=1.0 �a�, r=2.1 �b�, and the same other parameters as in Figs.
4�a� and 9, respectively. Thick solid, dotted, and dash-dotted lines
show t0, t−1, and t−2, respectively. Thin dashed lines show t0 for the
noncorrugated PC. Circles correspond here to kc

n�L ,�� at n=−1, −2,
−3, and −4; kL values with t0 /W=2.5�10−3 at the edges of the
opaque range of T for the noncorrugated PC are shown by asterisks.
The inset in case �a� shows the field pattern at kL=11;
max	E	 / 	E0

i 	
2.2, t−2
0.16.
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An increase of d /a and/or r can result in the appearance
of several ordinary opaque ranges within the considered
range of kL variation, while the boundaries of the opaque
ranges for individual beams can still be different. This situ-
ation has been observed, for example, at r=14, d /a=0.6,
and the same other parameters as in Fig. 4�a�. Contrary to
Fig. 4�a�, the case for

�l � kc
±1�L,0� � �u � �c

±1�0�

was realized at these parameters without the appearance of
any weak peak of t−1 at the left edge. All of the above-
discussed features have been observed at a=L /4 and 0.95
�L /��3 where � is the free-space wavelength. Hence the
condition a�L�� used in �29� is not necessary to obtain a
periodic structure where some propagative beams Tn would
be suppressed. Note that tn might take larger values at the
peaks than those in the figures presented if the step over kL is
decreased.

B. Metallic structures

The dispersion and transmission properties of two-
dimensional metallic PC’s have been studied in many
papers—e.g., see �3,43–45�. For example, some peculiar ef-
fects like band flattening, band broadening, and the possibil-
ity of the appearance of an infinite number of surface plas-
mon modes have been demonstrated in �45�. Here we study
transmission through structures which are similar to those
considered in Sec. III A, but differ in that the rods are made
of a material whose permittivity is described in the frame-
work of Drude’s model. In Figs. 12�a� and 12�b�, DE values
vs kL are presented for the same geometrical parameters as
in Figs. 4�a� and 9, respectively, while r is given by Eq.
�14�. Examples of the near-field pattern which are typical for
the vicinity of the edge of the opaque range are shown in the
insets. The mechanism of the appearance of the lowest
opaque ranges here differs from that in Sec. III A. It is con-
nected to the range of � variation where r is negative ac-
cording to Eq. �14�. A plasmonic opaque range occurs in the
transmittance of a homogeneous noncorrugated metallic slab.
For an array of metallic rods, this effect can be scaled down
to smaller �, so that the opaque range can be bounded by an
effective frequency �=�p,ef f ��p �40,46�.

At the edge of such an opaque range, some effects appear
which are similar to those observed at the edges of the lowest
opaque range in the above-considered dielectric PC’s. In par-
ticular, the actual cutoffs can be shifted towards larger kL.
Furthermore, the shifts are different for different diffraction
orders, so that each order or pair of the orders has, in fact,
its own opaque range. Thus one can distinguish between the
ordinary �T=0� and nonordinary �tn�0 or tn=0 only for one
of the n values if ��0 or for a pair of the values ±n if �
=0� plasmonic opaque ranges.

In Fig. 12�a�, we observe a situation that only T0 is actu-
ally contributive to T at those k for which

kc
±1�L,0� � �c

0�0� � k � �c
±1�0� ,

where �c
0�0�=6.8 and �c

±1�0�=9.3. By analogy with the ex-
amples presented in Sec. III A, an increase of h results in a

shift of the right edges of the opaque ranges—compare Fig.
12�a� to Fig. 12�b�. In case �b�, the values of kc

n�L ,0� at n
= ±1 are just slightly smaller than �c

n�0�, while the value of
�c

0�0� is also shifted towards smaller k. Besides, the extended
nonordinary range with suppressed T±2 does appear.

An increase of � leads to the plasmonic cutoffs of lower
orders being faster shifted towards larger kL than those of
higher orders. As a result, a new type of nonordinary behav-
ior can appear when

�c
n��� � �c

0��� , �20�

where n=−p ,−p+1, . . . ,0 ,1 , . . . ,s. Hence the order of the
actual cutoffs can be changed as compared to the classical
theory of gratings. These results are illustrated by Fig. 13,
where T−1 dominates at the edge. Varying h and/or corruga-
tion parameters, one can obtain the case that

�c
0��� 
 �c

−1��� 
 �c
−2��� , �21�

while only the orders T0, T−1, and T−2 are propagative. Note
that in case �a�, T
 t0 at kL=13.4, while the nonordinary
range with suppressed T−1 and T−2 extends from kL
14.
The rule of signature of the nonordinary behavior, which has
been used above for the dielectric PC’s, can be used for the
metallic PC’s, too.

FIG. 12. Transmission with different Bragg beams at h=1.0
�a�, h=2.1 �b�, �pL /c=8.5
, � /�p=0.01, d /a=0.4, N=8, �=0,
L=4a, A=0.79, B=0.21, C=D=0, and �1=−
 /4. Solid, dotted,
and dash-dotted lines correspond to t0, t±1, and t±2, respectively.
Circles show the values of kc

n�L ,�� at n= ±1 and n= ±2. Left and
right insets in case �a� show the near-field pattern at kL=8 �t0


0.38� and 8.7 �t0=0.44�, respectively; brighter regions correspond
to larger field values, max	E	 / 	E0

i 	
2.5 and 3.2 for the left and right
insets.
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In Fig. 13�a�, T0 is suppressed at the edge of the opaque
range of T. At �c

−1�k��c
−2, �−1 varies from −4.6° to −8.3°.

At �c
−2L=8.7, �−2=35.3°. Hence we again obtain the situa-

tion that two contributive beams show an opposite sign of kx
�compare to Fig. 11�b��. Furthermore, T−2 can dominate in T,
as occurs in Fig. 13�a� at 9.03�kL�10.1. In Fig. 13�b�, the
only contributive beam at the edge is negatively deflected
�compare to Fig. 11�a��. For example, �−1=16° at kL=5.5.

For comparison, Fig. 14 shows t0 and t−1 for the noncor-
rugated PC with the same parameters as in Figs. 12�a� and
13�a�, except for A, B, C, and D. One can see that the second
opaque range appears in the vicinity of kL=15 at �=0. A

similar range occurs at kL=21 for �=
 /3. These ranges dis-
appear as soon as a rather large part of the rods is removed
from the upper interface. It is interesting to compare the
values of �c

0��� in Figs. 12�a�, 13�a�, and 14. In the case of
�=0, they differ rather slightly for the corrugated and non-
corrugated PC’s. On the other hand, a substantial shift of the
cutoff of T towards smaller values takes place due to the
corrugation at �=
 /3, which is in agreement with the above-
mentioned rule. It is worth noting that the nonordinary range
in Fig. 13�a� at kL�14 partially coincides with the range in
the vicinity of kL=15 in Fig. 14, where T
0 at �=0, but
T�0.2 at �=
 /3. The same holds true concerning the range
with dominating T0 in the vicinity of kL=10.5 in Fig. 13�b�
and the �-dependent opaque range for the corresponding
noncorrugated PC.

The effect of decreasing �p is illustrated in Fig. 15. The
main features which distinguish this case from the previous
ones are the weakening contribution of higher orders, which
occurs at least at h=1.0, and increasing T due to decreasing
losses. In the case of h=1.0 in Fig. 15, the transmission T

 t0 can approximately be characterized in terms of neff�k�,
even at k�kc

−1�0�. One can see that the presence of a nonair
host medium is necessary to let higher orders be actually
contributive. Note that at h=2.1 and kL
11.25, T
0.96,
t0= t±1=0.32, so that an appropriate splitting regime can be
realized. At ��0, h=1.0, and the same other parameters as
in Fig. 15, the situation still occurs when �c

n��� values are
shifted in the vicinity of the edge of the plasmonic opaque
range in such a manner that

�c
−1��� � �c

0��� .

As follows from the comparison of the results presented
in Fig. 15 with those obtained for a solid grating at r=h
=2.1, scattering either by the rods or by the dielectric grating
dominates in the total scattering within different ranges of kL
variation. Hence the similarity can be seen between this case
and that observed in Fig. 2�a� of �47�, where either the effect
of effective surface or the effect of particles under a flat

FIG. 13. Same as in Fig. 12 but for �=
 /3. Open circles:
kc

n�L ,�� at n=−1 and n=−2. Solid circles: kc
n�L ,�� at n=−3 and n

=−4. In case �a�, the thick solid line shows T. The inset in case �a�
shows e= 	Re r	 vs kL at �pL /c=8.5
 �solid line� and �pL /c
=2.5
 �dashed line�, � /�p=0.01.

FIG. 14. Bragg transmittance for a metallic PC with linear in-
terfaces at A=1, B=C=D=0, h=1, �pL /c=8.5
, � /�p=0.01, and
d /a=0.4. Solid, dashed, and dotted lines correspond to T= t0 at �
=0 and to t0 and t−1 at �=
 /3, respectively.

FIG. 15. Transmission with different Bragg beams at h=2.1,
�pL /c=2.5
, � /�p=0.01, d /a=0.4, N=8, �=0, L=4a, A=0.79,
B=0.21, C=D=0, and �1=−
 /4. Solid, dotted, and dash-dotted
lines correspond to t0, t±1, and t±2, respectively. For the dash-dotted
line, t±2
0. Dashed line: t0
T in case with the same parameters
except for h=1.0. Circles: kc

n�L ,0� at n±1 and n±2.
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surface was dominating in the whole reflected intensity
within different ranges of � variation.

Since a lossless plasmonic material cannot be realized
���0�, any metallic PC should be carefully designed. In
various kL ranges, taking a value of h�1 instead of h=1
can lead to either an increase or a decrease of the losses.
Note that the effects related to higher opaque ranges are ex-
pected to be more strongly pronounced for another N, f0, f1,
and �pL /c than in Figs. 12, 13, and 15. To let the demon-
strated nonordinary effects be pronounced, the same condi-
tion is necessary as in the dielectric case: The upper interface
has to be corrugated.

C. Angular dependence

Finally, we consider briefly typical features of the � de-
pendence of DE’s. Figure 16 demonstrates some of them for
the same material and/or geometrical parameters as those
used above. In particular, low-pass and band-stop kinds of
behavior of tn vs � are typical �e.g., see thin solid line in case
�a� and thick solid line in case �b��. In the case shown in Fig.
16�a� by thick lines, T0 is allowed to propagate but is sup-
pressed at ��60° and T−2 does so at 2.7° ���11.8° and at
35.1° ���38.7°. The propagative orders T1 and T−3 �not
shown� also contribute to T at ��20° and in the vicinity of

�=34.8°, respectively. In the former case, max t1
0.12 at
�=0.

In the case shown in Fig. 16�a� by thin lines, the opaque
ranges are observed for the propagative orders T0 and T−1 at
��19.5° and ��22.1°, respectively. T−2 and T1 may propa-
gate at ��34.8° and at ��12.4°, respectively, but are sup-
pressed for all �. One can consider the ranges with sup-
pressed propagative orders as the �-domain analogs of the
nonordinary opaque ranges, which have been observed in the
kL dependence of tn. In some cases, such ranges represent an
extension of a narrower range, within which the propagation
is forbidden because �4� is not satisfied. Note that the opaque
ranges can appear in the � domain in both cases of dielectric
and metallic rods.

In the case shown in Fig. 16�b� by thick lines, propagative
orders T0 and T−2 are suppressed at 22.1° ���69.3° and
2.7° ���40.4°, respectively. The orders T1, T2, T−3, and
T−4, which are allowed to propagate within a certain � range,
are nevertheless suppressed. In the case of thin lines, the
opaque ranges occur at ��46.5° �T−1�, ��36.4° �T−2�, and
��18.4° �T0�. The narrow peak of t1
0.04 at �
26° and
that of t−3
0.045 at �
37° are not shown, since the effect
of these DE’s on T is restricted to a very narrow range.

Note that the low-pass behavior of t0 vs � �thin solid
lines� is similar to that observed in the periodic structures
with metallic rods and linear interfaces, which behave like an
ultralow-permittivity slab, ef f �1 �48�. However, we also
observe contributive higher orders, while the effect of T0
either weakens or can be neglected at all. Hence, this behav-
ior is even more similar to that which has been observed by
the authors for the finite-thickness periodic structures made
of a homogeneous ultralow-permittivity material �29�. De-
pendences shown in Fig. 16�b� by thin lines are rather close
to those obtained at kL=2
 and the same other parameters as
in Fig. 2 of �29� �these curves have not been shown in �29��.
One can expect that a special type of effective behavior
might appear in the considered PC, which is related to the
multibeam regime.

IV. CONCLUSIONS

In this paper, we have studied the transmission of
s-polarized plane waves through rather thin PC’s with a cur-
vilinear, periodically corrugated interface. As follows from
the obtained results, purely dielectric corrugated PC’s bor-
row the features of transmission characteristics from both
conventional dielectric PC’s and gratings, at those param-
eters at which a multibeam regime may exist. Several inter-
esting effects can be realized due to the interface modulation.
In parallel with ordinary opaque ranges for which transmis-
sion is vanishing for any Bragg beam, nonordinary opaque
ranges can appear for certain performances, where only one
or a pair of formally propagative orders remains contributive
while others are suppressed. In some cases, nonordinary be-
havior has been observed at the edges of an ordinary opaque
range, leading to an extension of the opaque ranges for one
or several orders. We have demonstrated that the numbers of
beams in the half-spaces above and below the PC can be
different owing to both nonordinary effects.

FIG. 16. Transmission with different Bragg beams vs �. Solid,
dotted, and dash-dotted lines show t0, t−1, and t−2, respectively. In
case �a�, thick and thin lines correspond to kL=12 and 8, respec-
tively; r is given by Eq. �14� where �pL /c=8.5
 and � /�p

=0.01. In case �b�, thick lines correspond to r=5.8 and kL=12
�here t−1 is not shown, t−1�0.013�; thin lines correspond to r

=14 and kL=14. In all cases, h, d /a, N, m, A, B, C, D, and �1 are
the same as in Figs. 4�a� and 12�a�.
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The presence of corrugation at the upper interface is the
necessary condition for the appearance of these effects. Any
nonordinary behavior has not been observed for noncorru-
gated PC’s. Both these statements remain true at least within
the considered range of parameter variation. A shift of the
actual cutoffs towards larger frequencies in comparison with
the Rayleigh cutoffs is realized due to the ordinary opaque
ranges, but it can be further increased due to the nonordinary
effects if the upper interface is corrugated. The detected fea-
tures of transmission are beyond the classical theory of op-
tical gratings. On the other hand, they are not typical for the
conventional finite-thickness PC’s.

It follows from the obtained results that at least four
mechanisms of establishing these nonordinary effects can be
distinguished, depending on the role played by the corruga-
tion in the formation of the near-field pattern. This role can
be the following: �i� perturbation of the field of the noncor-
rugated PC within a pass band at a given �; �ii� variation of
the field structure, at least for most part of the corrugated PC,
in order to imitate the incidence at a certain equivalent
angle�s� �e, at which transmission through the noncorrugated
PC is possible, in contrast with the actual �; �iii� local en-
hancement of the field at the corrugation grooves �defect
mode of a special type� and further tunneling through the PC.
Understanding the transmission mechanism in the fourth
case, which is realized at the left edge of the ordinary opaque
range, requires performing an additional study for thin non-
corrugated PC’s.

Varying the corrugation parameters and the permittivity of
the rods and host medium, one can control the DE values of
the propagative diffraction orders, the boundaries of the
opaque ranges, and the number of actually contributive or-
ders. In this context, it is worth mentioning the cases when
all transmitted beams are deflected, as well as a purely nega-
tive deflection.

Most of these effects have also been observed in the struc-
tures with metallic rods, whose permittivity is described in
the framework of Drude’s model. In this case, the lowest
opaque range appears at ���p,ef f due to a r-negative be-
havior, irrespective of the number of formally propagative
orders. As in the dielectric case, nonordinary behavior at the
edge is possible, so that the cutoffs of individual beams can
be shifted towards higher frequencies as compared to �p,ef f.
Furthermore, the sequence of actual cutoffs of the individual
diffraction orders can differ from the conventional sequence
of the Rayleigh cutoffs. In particular, a higher order can be
contributive, while a lower order does not yet.

In the angular dependence of DE values, analogs of the
nonordinary effects observed in the frequency dependence
have also been detected. Among various cutoff-type depen-
dences, one should mention that one which is similar to the
behavior observed recently in the scattering by a homoge-
neous ultralow-permittivity slab with a corrugated interface.
This similarity looks promising for realization of an effective
behavior of the corrugated PC’s, while more than one dif-
fraction order contributes to the transmission.
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