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We calculate the effective dielectric tensor of a metal film penetrated by cylindrical holes filled with
a nematic liquid crystal (NLC) whose director is parallel to the film and can be controlled by a static
magnetic field whose direction can be rotated in an arbitrary direction in the plane of the film. 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, wy,,

related to the surface plasmon (SP) resonances of the

composite film, which depends on the direction of the applied magnetic field. © 2006 American

Institute of Physics. [DOI: 10.1063/1.2158691]

The recent discovery1 of “extraordinary transmission” of
light through a metal film perforated by a periodic array of
subwavelength holes has stimulated worldwide interest. This
transmission is widely believed to result from the coupling of
light to surface plasmons (SP) of the patterned metal film. In
a recent paper,2 such systems (i.e., metal/dielectric, compos-
ite films with a periodic columnar microstructure) were stud-
ied in the presence of a static magnetic field. In the quasi-
static limit it was found that the frequency of the
transmission peak (as well as its amplitude) depends strongly
on both the magnitude and the direction of the applied in-
plane magnetic field. Such sensitivity could form the basis
for a new type of magneto-optical switch. Unfortunately, the
materials like Ag, Au, Al, cannot be used for such magnetic
field sensitive devices, since in such materials the dimension-
less magnetic field is very small due to low electronic
mobility.3 In order to see this effect it was proposed in Ref. 2
to use semiconductor materials like GaAs and InAs.

In this paper, we extend this idea to perforated metal film
(made from metals traditionally used in such cases, such as
Ag, Au, or Al), whose holes are filled by a uniaxially aniso-
tropic dielectric, such as a nematic liquid crystal (NLC).
NLCs strongly affect the optical properties of various inho-
mogeneous dielectrics. For example, the photonic band gap
of a periodic dielectric infused with NLC can be tuned, and
even made to close, by suitably orienting the principal axis 7
of a NLC, known as the director, with an electric field.*
Similarly, the SP frequencies, wg,, of both random distribu-
tions and chains of small metal particles are altered when
these systems are immersed in a NLC.** For the present
application, we assume that 71 is perpendicular to the hole
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axis. For this film, we again find that the transmission peak is
shifted by the anisotropy, and is split for different polariza-
tions of incident light. Since 7i can be rotated by changing the
direction of an applied static magnetic field Hy, (the so-called
Freedericksz transition6), this result implies that the trans-
mission can be controlled simply by rotating Hy, (see Fig. 1),
even if this magnetic field has no effect on plasma frequency
), of the metallic film (like Ag, Au, Al, etc.).

Let us consider a geometry which corresponds to the
above mentioned experiment:1 A metal film, with a square
array of identical perpendicular cylindrical holes (parallel to
the y axis), is placed in a static, in-plane magnetic field H,
whose direction can be rotated within the xz plane (see Fig.
1). A monochromatic light beam, of angular frequency w,
impinges upon this film along the perpendicular axis y, with
linear polarization along the principal axis x of the array (see
Fig. 1). Treating the cylindrical holes as dielectric inclusions
embedded in a conducting host, we can apply a general ap-
proach developed for the discussion of a metal/dielectric
composite medium in the quasistatic regime.2’3’7’8 In this ap-
proach, EE)“)=Vra=ea is applied. The local electric potential
¢ 9(r) is then the solution of a boundary value problem
based upon a partial differential equation that follows from
the requirement V- &- V=0 (see Refs. 2, 3, 7, and 8), which
can be written in the form of an integro-differential equation

HO(r) =rq+ f dv' o )\V'G(r,x') - 6¢- V' ¢ I(x"),
(1)
where r, is the « component of r and G(r,r’)
= [477(6xx6yy€zz)1/2]_1[(x_x/)2/6xx + (y_y,)z/eyy + (Z_ZI)Z/

6ZZ]‘”2 is a Green function, 6(r’) describes the location and
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FIG. 1. Schematic drawing of a metal film with a periodic array of holes
filled with a nematic liquid crystal (NLC) whose director is parallel to the
film and can be rotated in the film plane by a static magnetic field H. The
coordinate axes x, y, z, are always directed along the principal axes of the
simple square lattice, and the applied static magnetic field H,, (created by a
system of solenoids) always lies in the film plane. The incident light beam is
normal to the film surface, i.e., the ac electric field E is parallel to the film
plane, while the wave vector is normal to it (i.e., klly). Note that the ac
magnetic field B of the light wave (B L E) is not important in our consid-
erations and we omit it everywhere. Insets: The a X a unit cell of the peri-
odic composite film with a cylindrical hole of radius R at its center filled
with the NLC whose director is parallel to the film and can be rotated by
application of a static magnetic field H, whose direction can be rotated
within the xz plane.

the shape of the inclusions (=1 inside inclusions and 6=0
outside of them).

The further treatment depends on whether we consider
single or multiple inclusions. In the case of periodically ar-
ranged inclusions, we can subtract the linear part 7 from
the electrical potential ¢'® and expand the remaining peri-
odical part P O=p@_ @ a5 well as 6 and G in Fourier
series. Solving the system of linear equations obtained in this
way from (1) we find the Fourier coefficients of #(r) and
then calculate’ the bulk effective macroscopic electrical per-
mittivity tensor e,.

Equation (1) can be solved also for the single inclusion
problem. Differentiating it by r, and taking into account that
the internal electric field, E, is uniform inside a single ellip-
tical inclusion®'" we get: E,=E) o+(N,/ €44) 5€,6E g, Where
N, is the depolarization factor in the a direction: N,=0, N,
=1/(1+Ve../€,), N.=1-N,, and Sé=¢,—¢,. Solving this
system of linear equations, we find

E= ’il(éincl’ éhost) ' EO’ (2)

where Y(€pq» €hos) 1S @ diagonal 3 X3 matrix with compo-
nents Y= Ehost,aa/[(l _Na) Ehost,aa+Nuz€incl,aa]'

Taking Eq. (2) into account and considering the change
in the average current, (J), caused by a single inclusion,
(J)= ot Eg, it is possible to get a simple equation for de-
termining the bulk effective permittivity tensor é€,-(E(x))
=(é(x)-E(x)) [where (...) denotes a volume average, and
€(x) is the local dielectric tensor] in the Maxwell Garnett
(MG) (or Clausius-Mossotti) approximation8
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(ée - é_host) ' ’/}\/(ée’éhost) = 2 pj<(éj - éhost) ' /)\’(éj’ éhost)>j’
Jj#host

3)

where the sum is over the different types of inclusions j,
excluding the host component, each with its particular vol-
ume fraction p;, #(é,, &) is a matrix similar to the given
one in Eq. (2) where only the permittivities €, and &
should be interchanged.

A single cylindrical hole in a metallic host (see inset to
Fig. 1) is assumed to be filled by an anisotropic material
having a dielectric tensor with principal components €;;, (i
=X, Y, OF 2): €, 7 €, =€,

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

2
w
€, =1- —2— (4)

" o(w+il7)’

where w,=(47mge?/m)"* is the plasma frequency (ng is the
density of charge carriers, e is the charge of one carrier, and
m is its effective mass, see Ref. 7) and 7 is a relaxation time.

From Eq. (3) we find expression for ¢, in the MG

approximation”™
O€;;
: ) . (5)

€i=€\l-p———————
o m< pEm _Ni(l —P)5€ii

where p is the volume fraction of inclusions. When ¢,,(w)
-N;(1-p)Je;=0, then in the limit w,7— we obtain the
following expression for the surface plasmon resonance fre-
quency, W

o)

O N = p)]— 1) + & “

where i=x,z. The resonant frequency depends on €;; and the
volume fraction of the holes, p.

As an example, suppose that the material within the hole
is the NLC known as BEHA, a uniaxial dielectric with prin-
cipal dielectric constants 1.96, 1.96, and 2.56." 1t nllx, then
Eq. (6) shows that the SP frequencies are split (in the limit
p—0) by ~0.06w,.

In Fig. 2(a), we show the calculated Im €,(w) for several
cases. In all cases, we assume that the cylindrical holes are
filled by BEHA, and that 71/|X. For the metal film, we assume
w,7=40. The full curves without circles are the two principal
components of Im €, denoted Ime€,; and Ime, ,, corre-
sponding to the in-plane components parallel and perpen-
dicular to 71, as obtained in the MG approximation. We take
the 7llX, while cylindrical inclusions are assumed [y. The
filled and open circles in Fig. 2(a) (connected by the dashed
and dotted lines, respectively) denote the same quantities,
but now for a square lattice of holes in the shape of right-
circular cylinders. This value corresponds to the holes of
radius 0.la on a square lattice of lattice constant a. In this
case, Im ¢ and Im €, are calculated by a Fourier expansion
technique mentioned above, and described in detail in Ref. 2.
In Fig. 2(b), we show the Re €,(w) for the same cases as in
Fig. 2(a). Finally, in Fig. 2(c), we show the transmission
coefficient T(w) [see Fig. 2(c)], and the characteristic “ex-
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FIG. 2. (a) Im E(f) and Im E‘(f) vs w/w,. (b) Re E(f) and Re e‘(“’> vs w/ w,. (c)
Transmission coefficient 7' vs frequency w, for different polarizations Ellx
and Elly. The analytical results obtained using a Clausius-Mossotti approxi-
mation [cf. Egs. (5)] are indicated by full curves. The filled (€=2.56) and
empty (€=1.96) circles denote the results obtained numerically using the
method of Ref. 3 for a square array of holes in the shape of right circular
cylinders. The dashed and the dotted lines, connecting, respectively, the
filled and empty circles, are guides to the eye. We assume that the ratio of
the hole radius R to the lattice constant a is 0.1 (see insets), corresponding to
a volume fraction of holes of p=0.031, and we take wpr=40, and w/,h/c
=5/3. The latter means that when w,= 10" rad/s (a typical for Al value'),
the film thickness is 7=0.5 um, respectively, when a),,le16 rad/s (typical
for the Ag value'), the film thickness is h=0.05 wm, when w,= 10" rad/s [a
value typical for GaAs and InAs (see Ref. 7)], then h=5 um.

traordinary transmission” peaks expected on the basis of
Figs. 2(a) and 2(b). Both approximations show rather sharp
SP peaks in the transmission, which occur at different fre-
quencies depending on the polarization of the incident radia-
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tion. The curves are obtained for the dimensionless value &
=w,h/c=5/3. When w,=10" rad/s (typical for the Al
value) it corresponds to the film thickness h=0.5 um (cf.
with 200-300 nm in the experimentsl). The wavelength of
the light corresponding to the resonance frequency wy, [see
Eq. (6)] is of the order A=2mc/wy,~3770 nm. Since we
have used the quasistatic approximation, the wavelength
should be much larger than the hole (cf. this value of the
wavelength A ~3770 nm with the hole sizes used in the ex-
periments ~150—700 nm, see Ref. 1).

In summary we suggest that extraordinary transmission
through perforated metal films can easily be controlled by
filling the holes with an NLC such as BEHA. Since the trans-
mission would differ substantially for 72 parallel and perpen-
dicular to the polarization of the incident wave, T(w) through
the film could be controlled simply by rotating H,.
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