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Abstract It has been shown that a metal Im with a one-
dimensional array of subwavelength cut-through slits can be accu-
rately modeled as an anisotropic and uniform metamaterial Im
with nondispersive electric permittivity [ ] and magnetic perme-
ability [u] tensors. This model has an interesting scaling prop-
erty: The values for the thickness L can be chosen at arbitrarily,
provided that [ ] and [p] are scaled accordingly. The analytical
expressions of the corrections due to near elds have also been
given. This framework provides an intuitive and precise model for
the understanding of the metal slit arrays in the subwavelength
regime.

Index Terms Anisotropic material, metal slit, optical metama-
terial, subwavelength resonance.

|. INTRODUCTION Fig. 1. Metal slit array system and coordinates.

TRUCTURES with a period less than the wavelength of
light can have electromagnetic properties very differen
from those of their constituent materials. In particular, period ‘ vtical d intion 115
metallic structures with subwavelength features have been ggact analytical description [ .]' . .
tively researched in the recent years. The subwavelength r seiven that t_he st structure Is anisotropic, a natural step fur-
onances in these structures are responsible for their unij?]grsto cohnS|der an gmsotrqpm mgtama(tjerllal rr?odel.hHere,we
properties as novel metamaterials. Notable examples incl gyoduce the appropriate anisotropic model, where the system
effective plasmons in media [1]-[7], three-dimensional metdP described by an electric permittivity tengérand a magnetic

: ; PR bility tensdjfl] that are both frequency independent. The
lic crystals [8], negative refractive index [9]-[13], and Spoopermea e ! . i .
plasmons on metal surfaces [14]. model coincides with the isotropic one in [15] whéf

Recently, it was shown that a metal slab of nite thicknes'§1 addition, it also provides avery good descr.iption Qf the sys-
with subwavelength cut-through slits (Fig. 1) can be regardé%' | even wherc_i/a is small, in which case the |sotro.p|c modgl
as a new metamaterial system [15]. In this system with thicle "o longer valid. It has also been shown that there in fact exists

nessL, which is not necessarily subwavelength, the slits afaeWhOIe (?Iass of gnisotropic models that are equiva]ent to one
lled with a nonmetallic material with an electric permittivity another, if the thickness of the layer in the model is allowed

¢, and a magnetic permeability,. When the slit widtha is to vary. The model is veri ed by comparing it to the analytic

suf ciently narrow compared to the subwavelength periodt solution of the metal slit array, and the difference between the
was shown that all electromagnetic properties of the system 4440 Is quanti ed.

be accurately described using a simple, isotropic, nonmagnetic

(1 = 1) model with a large dielectric constant that is frequency Il. ANISOTROPICMODEL

independent [15]. In fact, the model and the exact analytical

description of the same system asymptotically approach eacH '€ 902l is to describe the structure shown in Fig. 1 with a
other in the limitd/a . For smallel/a ratios(<4), it was uniform effective medium. With the choice of the coordinate

system in Fig. 1, each axis lies on a high-symmetry direction
of the structure. The diagonal forms for the effective electric
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slab surfaces. Consequently, most electromagnetic experiments  Ill. COMPARISON OF THEANISOTROPICMODEL
would not be able to differentiate between choiced afs long AND AN ANALYTICAL MODEL
as we scale other parameters accordingly.

This scale invariance is a consequence of an in #liteind
the Im geometry. A Im structure is unique in the sense that th

half space on one side of the _Im can “communicate” with th%escription of the problem. For this purpose, we rst show that
pther halfsp_ace on the other S|de_onlyﬂthroughthe Im. Th_us,ét set of (w, k;)-dependent effective medium parameters can
is not the thickness of the Im by itse(l), but the round trip exactly replicate the analytical description, and use them as a

ghasz accumu?tloftﬂfgﬂ ,.thalt is of 'Imgor.tt"’r‘]nt%e' By scfallrlg reference for checking the validity of the use of nondispersive
; andfl, according tal, k. is also scaled with the same factor . - eters in the anisotropic model.

as ho=w .1, and o remain the same. The transversg As discussed earlier, most of the optical properties of the
|mpe_:dance does not change siflGgd; is the same. Hence_, themetal slit Im are determined by the wavenumber of the fun-
scaling does not affect the oqtcome Qf the phy5|cfal experlme_rﬁamemal TEM mode and the mode’s re ection coef cient at
As all these models are eqqulent, in the fpllowmg dlscussnme boundary. The choice of effective refractive indices for the
for concrt_etenesg the model with= 1 (2) will be referred to anisotropic model is such that the wavenumber inside the effec-
as the anisotropic model. tive medium is the same as that of the TEM mode. The same
parameter will be used for the reference, dispersive effective

Having shown that the anisotropic model provides a very
ood description of the slit array system, the focus is now on
larifying its regime of validity by comparing it to the analytical

D. Isotropic Approximation medium as well
Whend/a is large, the metal structure can be approximated ntef =
with an isotropic model, as rst pointed out in [15] Y
net =mn,. (15)
d 2
, = <> The main focus will be on nding the value of the dispersive
a impedance.
d\ 2 For a given frequency arig,, a TEM wave inside the slit, in-
f, = <a> cident on the boundary, has a well-de ned re ection coef cient,
_ which is, in general, complex. Any complex re ection coef -
fl, = cient can be modeled as a re ection from a boundary between
fle9gp (13) two uniform media. From the re ection coef cient, one can de-
d— duce the impedance of one medium provided that the properties

of the other medium are known. In other words
As seen in Fig. 2(a), the results from the isotropic model are

close to those from the anisotropic model or the actual analytical _ T/z% S niefk,,%f

model wheni/a = 10. From the discussion on scale invariance, "= mokez + prefEer (16)
the anisotropic model is equivalent to "2 e
can be solved fon;f
f#, = (d/a)’ 5
nek,21Sr
i = ref =y % 17
h 2 ngkzl 1+7r ( )
fl, =

a for givenns, na, k.o, n., k.1, andr. (The surrounding medium
fl= EL' (14) will be denoted as medium 2, and the dispersive effective
medium will be labeled “ref.”) The resulting* is, in gen-

Between (13) and (14), the only difference is in the choice S{al, complex and depends on the frequency and the incident

fl,, and the difference becomes unimportant whi¢m is large. angle. .
Physically, the electric eld inside the isotropic medium is nearly ,TO assess the depgndence, the fo.rm of the re ection .COEf'
parallel to the interface for largé/a-ratio cases since the con- clent fqr thg metal slit system resulting from the ana!ytlcal
tinuous quantities are the tangentfal eld and the normalD calculatl(_)n is analyzed. It_can be found_ _by expressing the
eld. Thus, the eld con guration is not very different from eld outside the structure with a superposition of plane waves

the anisotropic medium. The isotropic approximation, howevég'ﬁracnon orders due to per|9d|C|ty), and_ the inside eld W.'th
fails to work in the case of smallet/qa ratios, as can be seen? TEM wave [15]. The resultmg expression for thg re ection
in Fig. 2(b) and (c). In these cases, the electric eld inside f9ef cient appears very 'much I|ke.a re ection coef cient from
isotropic model has considerable amount in the normal dire%_boundary between uniform media

tion. Also, the wavenumber in the normal direction strongly ko & 1

depends on the tangential wavenumber, while the anisotropic r= 2y 2 9% (18)
model shows no dependence. n2 2+ gk

na




1120 IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 12, NO. 6, NOVEMBER/DECEMBER 2006

2 - and higher order diffraction waves separately
a
. 9= f(1+9)
'01 O kZQ .
e sin ¢(f(p + po))- (21)
@p
% The rst two terms ind arise from the zeroth-order scattering

while the third term is due to all higher order scattering. As
pointed out earlier, in the long-wavelength limitapproaches
zero.

The behavior o is different in the two regimes (itis assumed
thatn, andn. are real):
2 1) Regime 1normal or oblique incidence with propagating
©) modes in both the media;
2) Regime 2total internal re ection.
= In regime 1,k.5 is real. Thus, the zeroth-order scattering con-
o tributes to the change of the real part of the impedance while
higher order scattering leads to the change of the imaginary part.
2 In regime 2,k is purely imaginary, hence the correctiéris

0 02 040 02 0.4 real. In either regime, it is useful to look at the real parand

Frequency (2 c/d) Frequency (2 c/d) the imaginary parb; of the relative correction of the effective

Fig. 4. Realblack and imaginarydray) part of the relative impedance cor- |mpedance. . . .
rection for (a) normal incidence, (b) oblique incidence, and (c) total internal 0 andd; are plotted as a function OT fr_equency in Fig. 4,
re ection. Theleft subpanels for d/a = 4, and theright, 10. for three choices otk, /w: 1) normal incidence(k, = 0);

2) oblique incidence below the critical anglé, = 0.5w/c);

and 3) total internal re ectiofk,, = 1.2w/c). The left subpanel
of each panel is for slits with width = 0.25d, and the right
subpanel is for narrower sliig = 0.1d). From the gures, it

S T \ 5=sinc(fpo)$15iY
p=0

except that the parametgiis dispersive

: = k.o is evident that, in the low-frequency limit, both andd; con-
= f|sin S sin + ' . _ !
9=1 (fpo) Si )z_; ap @+ po)) verge to zero, and the reference effective medium model can be
P successfully substituted with the much simpler, dispersionless
f=a/d, po = k,d/2m anisotropic model.

1/2 For higher frequencies, the deviation of the effective

— 2&,2 27,2
ay = [@mp/d +k.)* S njw?/c?] (19) impedance from the low-frequency value becomes noticeable.

The integerp designates the diffraction order of the modeg] regime 1, the correctionis largely imaginary, while, in regime

outside the structure (Only = 0 can be a propagating plane®’ it is entirely real. Regardless of the regime, the relative cor-
wave for A > d), anda, (p = 0) is the decaying constant inrection grows larger than unity eventually at high frequencies,
’ P -

the z direction for higher order modeg.is the ratio of the slit and th'.s behavior is the same regardlgss of the slit width. Thus,
: - for a given wavelength, making the slit narrow alone does not
width « to the periodi. tee th lidity of th Sotroni del. ifth iodicit
By comparing (16) and (18), the effective impedance is read- arantee ne vaiidity ortne anisotropic model, it the periodicity
; IS not reduced as well.
ily found to be o . . . .
The sensitivity of different optical properties to the impedance
et = neg. (20) of the Im varies widely. For example, the cutoff frequency of
the waveguide modes are exactly predicted by the anisotropic
In the low frequency limi{A  d),2x/d is far larger than any model. This is because the impedance deviation in regime 2
of naw/e, k.2, Ork,, assuming that only, is being considered, is purely real. The cutoff frequency is not affected by the ab-
which is of the same order &s. Thereforek.»/«, is negli- solute value of a purely real impedance and is solely deter-
gible andsin ¢(fpy) approaches unity. Correspondingly, thenined by the thickness and the effective index of the Im.
effective medium parameter approaches’. Thus, this more In contrast, the curvature of the dispersion curve is strongly
elaborate model gives the same conclusion about the effectiweienced by the real-valued impedance correction. Also,
impedance and the dispersion as the anisotropic mildely. f  the transmission amplitude spectrum is more sensitive to the
andfl, = fl,,k, as can be seen in the low frequency limit ireal part of the impedance correction rather than the imagi-

Fig. 4. nary part, especially for Ims with thickness larger than the
Without the low frequency approximation, however, theeriod.
impedance takes a complex valug:= n.g (g is complex). In the actual metal slit array structure, there exists a nite

One can better understand the, k,) dependence of*f by E. eld that decays into the metal slit. The effective medium
looking at the contributions to thefactor from the zeroth-order model cannot take this into account. One can think of assigning
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a plasmonic form for théd, to simulate the decaying behaviorand the normal component of Poynting vector

of E,, but Maxwell's equations show thélt is more related
to the propagation constant in thedirection and tha#l, is
responsible for the decaying or propagating behavior inzthe

a .

2d wu,

.
wfl,

|2 = |EyO|2

1B, 27)

direction (6). In other words, the effective medium has only oréiquely determine parameters as shown in (22).

mode for the same polarization and only one wavenumber for
that mode, whether it is real or imaginary. Fortunately, the effect
of this decaying?, is small for most cases, especially when them
thickness is not subwavelength.
(2]
IV. FINAL REMARKS

The derivation in this paper assumed a perfect conductor, amd
itis readily applicable to real metals in the microwave frequencyy;
range. The other polarization (transverse-electric waves, TE),
though not dealt with earlier, can be successfully modeled witE]
a plasmonic form of the dielectric constant

fl.

-2 ()
fl.

w2 [d < UJZ

ﬂy = ? (a) 1 S E

8

wherew, (= mc¢/a) is the cutoff frequency of the slit. The deriva- ]
tion parallels that of the TM polarization. However, the differ-

ence is that the dominant eld inside the metal slit is now thqgl
lowest order TE wave

(6]

(7]

€c

(22)

E, = E,ocos (zm) eSo [10]
a

H, = éz‘a—“Eyo cos (zx) eSasz [11]
Wite a

a T & [12]

H = i™%E,sin (7m> Sasz, (23)

He a

[13]

As for the TM case, the eld inside a slit is independentpf
A TE wave inside the effective medium can be expressed as

ﬁy — ﬁyoeéa:zeik,z (14]
ﬂx = éiwﬂﬁ ﬁyoes‘}”ei’k"‘ v [15]
=5 wkTIZ €S ke (24) 1161
With similar derivations, we obtain
fl. =
i, = e 8 L (25)
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