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Abstract — The TM-wave diffraction problem by a periodic perfectly conducting grating is solved for the single-mode
approximation of the slit field. The physical reason of the observed effects is discussed for the case when slits are filled
with a conventional positive index magnetodielectric. The obtained solution allows analyzing the periodic arrays of slits

filled with an arbitrary metamaterial.
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AHHOmauyusi — PeleHa 3agava gndpakumm TM-BONHbI HA NEpMOANYECKON NPOBOASLLEN pelleTke B OHOMOLOBOM NPUOMMKEHUN
nonsi B wensx. PaccmoTpeHbl npuyvHbl HabnogaeMbix 3(EKTOB B Criydae 3anorfiHEHUS Lenen MarHUTOAMSMEKTPUKOM C MOMOXU-
TenbHbIM K03 ULMEHTOM NpenomneHus. MNonyyeHHoe peLleHre No3BoNseT NPOBOAMTL aHalNM3 PEeLUEeTOoK, LWenu KOTopbIiX 3anorn-
HeHbl MeTamaTepuanoMm c NPon3BOSbHLIMU MaTepuarnbHbIMX NapaMmeTpamu.

l. Introduction

Since 1998, when optical extraordinary transmission
(ET) through subwavelength hole arrays was reported,
this physical phenomenon has attracted a great amount
of scientists’ interest due to its promising applications.
Initially, terms of Plasmonics [1] was employed for the
explanation of the effect. According to this theory, the
main physical reason of ET is that a real metal acting as
a lossy dielectric supports field modes localized in the
vicinity of the air-metal interfaces. These confined
modes were called surface-plasmon-polaritons (SPPs).

However, later it was discovered that metallic grat-
ings exhibit the similar effect of enhanced transmission
at microwaves and terahertz waves [2]. Since at these
spectrum regions real metals are successfully treated as
perfect conductors, there is only negligible field penetra-
tion into a metal volume. Thus, dielectric properties of
real metals do not reveal the nature of the effect and the
conception of SPPs makes no physical sense at low fre-
quencies. Therefore, recent papers are mainly focused
on the rigorous analytical and numerical electrodynamic
methods. Firstly, because of its simplicity, theoretical
analyses considered the two-dimensional (2D) geome-
tries: individual slits and slit arrays perforated in a metal
screens [3]. Subsequently, researchers embarked on the
study of the hole gratings [4]. Discovery of the good
transmittance of quasiperiodic and random hole arrays
as well as the significant field enhancement at the exit
side of the individual holes have led to the discussion on
the relative roles of the geometric shape of the individual
opening and the grating periodicity toward the extraordi-
nary transmission [5]. This fact reinvigorates interest in
diffraction problems by simple 2D slit geometries.

So far it is known that a slit perforated in a metal
screen acts as the Fabry-Perot cavity. Its fundamental
mode, TEM-mode, experiences a periodic sequence of

resonances with increasing of a slit depth. They emerge
due to constructive interference between the forward
and backward waves propagated in a slit. It should be
noted that the slit fundamental mode has not a cut-off
frequency; therefore it is propagating at all frequency
ranges. It is also discovered that Fabry-Perot resonanc-
es redshifts from their expected positions [3, 5, 6].

The redshift of resonances leads to the fact that the
resonant slit depth is slightly reduced. The aim of the
presented paper is to show the frequency independence
of the shortening of the resonant depth over a wide fre-
quency range below the first Rayleigh minimum defined
by the grating period. Moreover, the obtained single-
mode solution subsequently allows analyzing reflection
and transmission coefficients for the case when slits are
filled with a metamaterial of dielectric and magnetic con-
stants which can be both positive and negative values.

Il. Main Part

Fig. 1 shows schematically the system under study.
Slits of width 2d are perforated in a perfectly conducting
screen of thickness # . A grating period is 25 .
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Fig. 1. A periodic grating of slits filled with
a magneto-dielectric.

Puc. 1. lNepuoduyeckas pewiemka, ujesnu kKomopot
3aronHeHbl MagHUMOoOU3NNEKMPUKOM
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The system is illuminated by a normally incident TM-
polarized plane wave with wavelength 4. The slits are
filled with a medium with parameters & and u . Scat-
tered fields inside and outside the slits are expanded in
Fourier series. By matching the appropriate boundary
conditions, the reflection and transmission coefficients
for the zeroth diffraction order can be expressed as
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where &=d/b is the grating fill factor, Z = \/;/\/; is
the wave resistance of the material which fills the slits,
@ =kh\eu is the phase shift along the slit depth,

g =¢&(1-io)is the reactivity of entrance and exit sides

of the slits, o = ZZsinczmmf/ Jm* (2/26) 1.
m=1

As an example, Fig. 2 shows the energy coefficients
versus the slit depth 4 normalized by the wavelength

A,. As can be seen, |R|2 and |T|2 satisfy the energy

conservation law |R|2 +|T|2 =1 with good accuracy. As

expected, the dependence exhibits a periodic sequence
of the Fabry-Perot resonances with increasing of the slit
depth. It should be pointed out that the full transparency
mode is realized at these resonances which are slightly
redshifted due to the capacitive reactivity of slits.

Fig. 2. Energy coefficients versus a slit depth.

Puc. 2. Basucumocmb 3Hepeemu4ecKux KoaghghuyueHmos
om enybuHbl wenu

By using the resonance conditionIm7 =0, one can
derive the analytical expression for the resonant depth:
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where n is the order of Fabry-Perot resonance, a =¢&Z7 .
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The dependence of the resonant slit depth 7, upon

the wavelength A is depicted in Fig. 3. Point 1 in Fig. 3
corresponds to one in Fig. 2. Note that the absolute val-
ue of the resonant depth shortening A = 4, is practical-

ly independent of frequency at the wide range below the

first Rayleigh minimum ( 4, = 2b ). We confirmed this fact
by analyzing A(4) at the low-frequency mode:
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> iisinczmnf = f(1).
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This effect can be physically explained by taking into ac-
count the quasistatic nature of the grating near field.
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Fig. 3. The resonant slit depth versus wavelength.

Puc. 3. 3asucumocms pe3oHaHCHOU aybuHbl wenu om
OrUHbI BOJIHbI

Analysis of the array of slits filled with a negative in-
dex metamaterial also shows the existence of the Fabry-
Perot resonances. It is interesting that in this case the
opposite resonances shift is observed.

lll. Conclusion

The TM-wave diffraction problem by a periodic grat-
ing of slits filled with a magnetodielectric was solved
analytically in the case of single-mode propagation in
slits. The well-known features of resonant transmission
through such structures (Fabry-Perot resonances and
their redshift) are confirmed. This fact indicates good ac-
curacy of the presented expressions for scattered field
coefficients. The frequency independence of the short-
ening of the resonant slit depth was discovered at the
wide frequency range below the first Rayleigh minimum.
The obtained solution allows analyzing not only the sys-
tems of periodic slits filled with conventional magnetodi-
electrics but also gratings which contain a metamaterial
with negative material parameters.
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