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Abstract. We calculate the effective dielectric tensor of a metal film penetrated by cylindrical holes filled
with a nematic liquid crystal (NLC). We assume that the director of the NLC is parallel to the film, and
that its direction within the plane can be controlled by a static magnetic field, via the Freedericksz effect.
To calculate the effective dielectric tensor, we consider both randomly distributed holes (using a Maxwell-
Garnett approximation) and a square lattice of holes (using a Fourier technique). Both the holes and the
lattice constant of the square lattice are assumed small compared to the wavelength. The films are found
to exhibit extraordinary light transmission at special frequencies related to the surface plasmon resonances
of the composite film. Furthermore, the frequencies of peak transmission are found to be substantially
split when the dielectric in the holes is anisotropic. For typical NLC parameters, the splitting is of order
5–10% of the metal plasma frequency. Thus, the extraordinary transmission can be controlled by a static
magnetic or electric field whose direction can be rotated to orient the director of the NLC. Finally, as
a practical means of producing the NLC-filled holes, we consider the case where the entire perforated
metal film is dipped into a pool of NLC, so that all the holes are filled with the NLC, and there are also
homogeneous slabs of NLC on both sides of the film. The transmission in this geometry is shown to have
similar characteristics to that in which the NLC-filled screen is placed in air.

PACS. 78.67.-n Optical properties of low-dimensional, mesoscopic, and nanoscale materials and structures
– 78.66.Sq Composite materials

1 Introduction

The recent discovery [1,2] of “extraordinary transmission”
of light through a metal film perforated by a periodic array
of sub-wavelength holes has stimulated worldwide interest.
This transmission is widely believed to result from the cou-
pling of light to plasmons on the surface of the patterned
metal film [2–4]. At particular wavelengths, this coupling
is exceptionally strong, permitting a very high fraction of
incident light energy to be transmitted through the film.
This proportion can far exceed the areal fraction of holes
on the metal film surface.

In a recent paper [5], it was shown that a magnetic
field applied parallel to the film would significantly alter
this transmission. The alteration occurs because the mag-
netic field makes the metal dielectric tensor anisotropic.
The effective dielectric tensor εe(ω) of the composite film
also becomes anisotropic, and the frequencies of the sur-
face plasmons (SP’s) are shifted, as is the frequency of
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the peak transmission. These calculations are carried out
in the long wavelength limit, in which the distance be-
tween the holes is small compared to a wavelength. Un-
der these circumstances, the optical properties of the film
can be treated in terms of an effective film dielectric ten-
sor. Unfortunately the materials like Ag, Au, Al, tradi-
tionally used in extraordinary light transmission studies,
can not be used for such magnetic field sensitive devices,
since in such materials the dimensionless magnetic field
H ≡ ωcτ = µB is very small due to low electronic mobil-
ity µ (here ωc = eB/me is the cyclotron frequency, τ is
the conductivity relaxation time, B is the magnetic field
measured in conventional unites [6–8]). In order to see the
effect of a static magnetic field on the value of the plasmon
frequency ωp, in reference [5] it was proposed to use semi-
conductor materials like GaAs and InAs. The idea to use
the magnetic field in order to affect the surface plasmons
and therefore to control the light propagation is used also
in references [9–16].

In this paper, we extend this idea to perforated metal
film (made from metals traditionally used in such cases,
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electric field of the incident electromagnetic wave). Then
the electric field Ein within the hole is also uniform and
may be written [5,8,26–30]

Ein = γ̂ · E, (1)

where γ̂ is a 3 × 3 matrix, diagonal in the (x, y, z) coor-
dinate system, with components γyy = 1,

γxx =
εxx

εxx − nxδεxx
, γzz =

εzz
εzz − nzδεzz

. (2)

Here, δεii = εm − εii, and the quantities nx and ny are
depolarization factors given by

ny = 0, nx =
1

1 +
√
εzz/εxx

, nz = 1 − nx. (3)

For simplicity, we assume the host has a Drude dielectric
function,

εm = 1 − ω2
p

ω(ω + i/τ)
, (4)

where ωp = (4πn0e
2/m)1/2 is the plasma frequency (n0 is

the density of charge carriers, e is the charge of one carrier,
and m is its effective mass, see references [8,26]) and τ is
a relaxation time. We consider the limit ωpτ → ∞. The
frequency ωsp,i of the SP polarized in the ith direction
is that frequency where Ein (see Eq. (1)) becomes very
large even for a very small applied field. This condition is
satisfied when

εm;ii(ωsp,i) − niδεii(ωsp,i) = 0. (5)

For example, ωsp,x satisfies the equation

εm − εxx − εm

1 +
√
εm,zz/εm,xx

= 0. (6)

Substituting equation (4) into this and similar written for
y-direction expressions, and letting ωpτ → ∞, one obtains

ωsp,x =
ωp√

1 + εxx
, ωsp,z =

ωp√
1 + εzz

. (7)

As an example, suppose that the material within the
hole is the NLC known as BEHA (p-butoxyphenyl ester-
p′-hexyloxybenzoic acid [31]), an uniaxial dielectric with
principal dielectric constants 1.96, 1.96, and 2.56 [32].
If n̂‖x̂, then equations (3) show that the SP frequen-
cies are split in this case by ∼0.06ωp. The dimensions
of the NLC molecules are typically ∼20 Å in length
and ∼5 Å in width [24,31], which are small compared
to the typical dimensions of the holes used in experi-
ments (d ∼ 150–400 nm) as well as typical film thickness
(h ∼ 300 nm, see Refs. [1–4,33]) used in extraordinary
light transmission experiments. (The dimensions of the
holes should also be small compared to the wavelength
of light, in order for the theory given below to be rigor-
ously applicable. Possible effects arising from larger hole
dimensions are briefly discussed below).

Next, we approximately compute the tensor ε̂e(ω). The
film is appropriately described by ε̂e if it is homogeneous
on a scale of the electromagnetic wavelength. If the holes
form a periodic lattice, as in experiments, this description
is suitable provided the lattice constant is much less than
a wavelength. The effective permittivity tensor ε̂e(ω) is
defined by the relation

ε̂e〈E(x)〉 = 〈ε̂(x) · E(x)〉, (8)

where 〈...〉 denotes a volume average, and ε̂(x) is the local
dielectric tensor. We now discuss the calculation of εe(ω)
in several regimes.

First, we consider a dilute collection of parallel, right-
circular cylindrical inclusions. For a dilute suspension of
inclusions, the tensor ε̂e takes the form [30]

ε̂e = ε̂m − pδε̂ · γ̂, (9)

where p is the volume fraction of inclusions. For the
present geometry under consideration, where the symme-
try axes of the cylinder and the NLC are perpendicular,
ε̂e takes the form

εe,ii = εm

[
1 − p

δεii
εm − niδεii

]
, (10)

where i = x, y, z, nx and nz are given by equations (3)
and ny = 0.

In Maxwell-Garnett (MG) (or Clausius-Mossotti) ap-
proximation [27,28], equation (10) takes a slightly differ-
ent form:

εe,ii = εm

[
1 − p

δεii
εm − ni(1 − p)δεii

]
. (11)

The analog of equation (5) is εm− ni(1− p)δεii = 0, from
which in the limit ωpτ → ∞ we obtain the following ex-
pression for ωsp:

ωsp,x =
ωp√[

1
nx(1−p) − 1

]
+ εxx

, (12)

ωsp,z =
ωp√[

1
nz(1−p) − 1

]
+ εzz

. (13)

The resonant frequency now depends on the volume frac-
tion of the holes, p. In the dilute limit (p → 0), expres-
sions (12), (13) reduce to equations (7).

In a typical experiment (e.g. those reported in Refs. [1]
and [2]), the cylindrical holes are arranged on a two-
dimensional periodic (usually a square) lattice. In this
case, the MG approximation is no longer the most ac-
curate method for calculating the tensor ε̂e(ω). A more
suitable approach is to use a Fourier expansion technique,
as done, e.g., in reference [5]. This approach is readily car-
ried out numerically, and the resulting ε̂e can be computed
for an arbitrary orientation of n̂ within the plane normal
to the cylinder axes.
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In the regions far away from the resonance, the results
of both 3D and 2D calculations are in good quantitative
agreement with each other as well as with our MG analyti-
cal predictions. However, in the very near of the resonance
there is a small discrepancy between them. In order to get
a better agreement, one needs to use in the calculations
a larger number of Fourier components, which is beyond
our computer capabilities.

In Figure 2b, we show the Reεe(ω) for the same cases
as in Figure 2a, as calculated by the MG approximation
and by the Fourier expansion technique. Finally, in Fig-
ure 2c, we show the calculated transmission coefficient T
for the dielectric functions presented in Figures 2a and 2b.
The dependence of the transmission coefficient T on fre-
quency ω, (as well as on the wave length λ) for different
film thicknesses can be obtained from the effective value εe
using the known expression [29,34] for T = |d|2:

d =
1 − r212

exp(−iψ) − r212 exp(iψ)
, (16)

where r12 = (1 − s)/(1 + s), s =
√
εe(ω), ψ = (ω/c)hs =

(ω/ωp)(ωph/c)s, and h is the film thickness. We assume
that the light is incident from, and transmitted into, a
material with dielectric constant ε = 1.

Equation (16) can be easily extended to the case of N
layers or N = N + 2 media system (N layers plus two
semi-infinite media on both sites), as follows:

d = Π1
i=N−1

(
eiψi +Rie

−iψi

1 +Ri+1

)
, (17)

Ri =
(1 +Ri+1) − κi+1(1 −Ri+1)
(1 +Ri+1) + κi+1(1 −Ri+1)

e2iψi , (18)

ψi =
ω

c
hisi =

ω

ωp

ωphi
c

si, (19)

κi = ki z/ki−1 z, (20)

ki z =
ω

c

√
εi. (21)

Here Π1
i=N−1 denotes the product from i = N − 1 to

i = 1, si =
√
ε
(e)
i (ω), and hi is the thickness of i-th me-

dia, excepting the first one, for which h1 = 0, and ψ1 = 0
(note also that RN = 0). For N = 3 the result of equa-
tions (17)-(21) coincides with that of equation (16).

A number of features are evident from Figure 2. First,
both the MG calculation and the Fourier calculation car-
ried out by the method of reference [5] (SB) show that Im
εe(ω) has sharp peaks which are split by the anisotropy of
the material in the cylindrical holes. These peaks corre-
spond to the SP resonances mentioned above. The split-
ting is quite pronounced (around 0.06ωp for the MG cal-
culation, and slightly smaller for the Fourier one), and
should be readily observable in experiment. Secondly, the
SP resonances are slightly shifted in the SB calculation rel-
ative to those obtained in the MG approximation. Since
the MG approximation is more appropriate for a ran-
dom distribution of holes, these results show that, even
for this small volume fraction, the effects of lattice peri-
odicity are quite noticeable, though they must vanish in

the limit of very small volume fraction. In addition, the
lower-frequency SP peak in the SB calculation appears to
be partially split; however, it is possible that this splitting
might be absent if still more Fourier components were used
in the computation. In both approximations, Re εe(ω) is
negative for all frequencies considered, and is an increasing
function of frequency at low ω, as expected for a metallic
film.

The transmission coefficient T (ω) (see Fig. 2c and
Eq. (16)), shows the characteristic “extraordinary trans-
mission” peaks expected on the basis of Figures 2a, 2b.
Both approximations show rather sharp SP peaks in the
transmission, which occur at different frequencies depend-
ing on the polarization of the incident radiation. They
occur at slightly different frequencies from the SP peaks
themselves. This is the expected behavior, since the SP
peaks correspond to absorption maxima. In fact, the
transmission peaks occur at frequencies which correspond
closely to the maxima in the real part of εe(ω) for the
chosen polarization. The maxima in T (ω) are indeed ex-
traordinary, reaching the range of 20%, even though the
holes themselves occupy only about 3% of the film vol-
ume fraction. The curves are obtained for the dimension-
less value ξ = ωph/c = 5/3. When for ωp = 1015 rad/s
(a typical for the Al value [30]) it corresponds to the
film thickness h = 0.5 µm (cf. with 200–300 nm in
the experiments [1,2,4,33,35]). The wave length of the
light corresponding to the resonance frequency ωsp (see
Eqs. (12, 13)) is of the order λ = 2πc/ωsp ∼ 3770 nm.
Since we have used the quasistatic approximation, the
wavelength should be much larger then the hole (cf. this
value of the wave-length λ ∼ 3770 nm with the hole sizes
used in the experiments ∼150–700 nm, see Refs. [33,35]).
We emphasize that in our calculations we have not used
any absolute values (except for the film thickness), but
only relative ones — namely, the ratio of the hole diame-
ter to the distance between holes. If in Figure 2 we were to
consider a smaller film thickness, then the transmissivity
coefficient, T definitely would be increased. In Figure 3 we
show the data, presented in Figure 2c, in terms of wave-
length λ.

In Figure 2d we show results analogous to those of
Figure 2c, but for the case of three layers (see Fig. 1b),
calculated using equations (17)-(21). The transmissivity
in this case depends also on thicknesses of both the homo-
geneous NLC layers (those on either side of the metallic
film). In the case shown in Figure 2d we used thicknesses
h2 = h4 = 3h3.

To illustrate the effects of a larger anisotropy, we show
in Figure 4 the same quantities, but calculated for a
hypothetical film in which the holes are filled with an
anisotropic dielectric with dielectric constants ε‖ = 4,
ε⊥ = 1. The effects seen in Figure 2 are still present, but
are significantly amplified by the larger anisotropy. There
are still strong “extraordinary” peaks in the transmission
coefficients corresponding to maxima in the real parts of
εe(ω) as in Figure 2c.

To investigate the effects of a larger volume frac-
tion of holes, we have carried out similar calculations for





Y.M. Strelniker et al.: Control of extraordinary light transmission through perforated metal films using liquid crystals 7

a perforated metallic film is quite intricate when the
wavelength and lattice constant are comparable[3]. It
would be of great interest if the present calculations could
be extended into this regime.
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