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The experimental results of linear polarized light transmitting through an array of Archimedean
spiral slots perforated on a thin metal film in the far-infrared region are demonstrated. The
wavelength selective transmission spectra are examined, and the polarization selective shape
resonance will lead to the polarization rotation. The sign of rotation not only depend on the
handedness of the spiral but also related to specific initial polarization position. This phenomenon
is different from the conventional optical activity in three-dimensional chiral molecules but rather
similar to the polarization selective features in rectangular or elliptical slots. © 2009 American

Institute of Physics. [DOI: 10.1063/1.3097023]

Light transmission through a thin metallic film perfo-
rated with an arraly of apertures having reduced symmetry
such as elliptical and rectangular2 shaped holes shows
strong polarization effects. As the aperture is sculptured into
complex structures such as c- or e-shape, strong transmission
peaks at specific wavelengths larger than the aperture diam-
eter were demonstrated, which is attributed to the localized
shape resonance (SR). The individual hole acts as a resonat-
ing element, and the array of holes possesses important fil-
tering applications.3 Therefore, the circular hole can be elon-
gated and wound into planar chiral (a geometrical figure is
said to be chiral if its mirror image cannot brought to coin-
cide with itself) geometries that induce SRs in the transmis-
sion spectrum and exhibit strong polarization dependence.
The Archimedean spiral is the most typical anisotropic pla-
nar chiral geometry and is adopted to measure the polariza-
tion dependent transmission in the far-infrared region. The
polarization rotation induced by SR is also measured.

The chiral structure can be used to manipulate the polar-
ization state of the incident electromagnetic wave such as
circular dichroism and optical actiVity.4 Recently, the time
reversal debate on planar chiral structure argued that the
sense of twist is reversed while looking from the back of the
film. This indicates an opposite polarization effect when light
propagates backward that lead to an asymmetric propagating
effect,s’6 which is not observed in three-dimensional chiral
mediums or in planar chirals with high symmetry such as
gammadions.7_1 However, it is shown in this paper that the
polarization rotation induced by SR is a common phenom-
enon due to its polarization preference and is not completely
dependent on the handedness of the s;i')iral. Similar results
had been reported by Wickenden et al." but they did not go
in detail to the mechanism of the rotation, and they studied
spiral wires in the microwave region, which is fundamentally
different from this work. Here, a full picture relating the
polarization dependent transmission and rotation for SR will
be illustrated.

Figure 1(a) displays the hole array of Archimedean spi-
rals arranged in a square lattice with period A=21 um per-
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forated on 100 nm Ag film evaporated on top of an n-type
double polished silicon substrate. By using lithography pro-
cess, the right-handed (RH) [viewing from top of Fig. 1(a)
and twisting from the center] spiral slot was patterned with
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FIG. 1. (a) Top view of an array of spiral slots with 3.5 turn characteristic.
The slot and metal widths are all equal to 1 wm. (b) Schematic diagram of
the experimental setup. ¢ denotes the angle of the polarization orientation
from y axis in x-y plane.
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FIG. 2. (Color online) Normal incidence transmission spectra of RH
Archimedean spirals arranged in a square lattice with period A=21 um
with polarization angle ¢ alternating from (a) —90° to 0° (polarizer oriented
from horizontal to vertical) and from (b) 0° to 90° (polarizer oriented from
vertical to horizontal). The vertical arrows denotes the theoretical location of
the SPs.

3.5 turn (defined as starting from the inner end of the gap to
the outer end) characteristic. The slot and metal width are all
1 wm. The experimental setup is shown in Fig. 1(b), which
the sample was placed between a pair of polarizers
(polarizer/analyzer) with total sample area of 5X 5 mm? and
the transmission spectra were measured in a Bruker IFS 66
v/s Fourier-transform infrared spectrometer with a beam size
of 3 mm. The wavenumber resolution of the measurement is
8 cm™!.

The transmission spectra shown in Figs. 2(a) and 2(b)
were measured on RH Archimedean spirals arranged in a
square lattice with period A=21 wm without the analyzer,
while rotating polarization azimuth angle ¢ from 90° to
—90° gives different initial polarization states. The vertical
arrows denote the theoretical positions of surface plasmon12
(SP) enhanced transmission. Other peaks are contributed by
SRs, among them the two major peaks with the largest trans-
mission are denoted as SR1 and SR2. More evidence on the
coexistence of SP and SR from experiments and numerical
simulations are verified that the SPs are strongly related to
the period of the array, whereas the resonance position of
SRs is only dependent on its total slot length and do not alter
with oblique incidence of light (not shown). SR1 and SR2
have a maximum transmission at ¢~ 75° and 5°, respec-
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FIG. 3. Measured peak transmittance vs analyzer angle A@ for RH and LH
with A=27, 24, and 21 um for SR1 at ¢=90°. The solid curve is the fitting
result of Eq. (2) for RH (gray) and LH (black) spirals.

tively. This indicates that an optimized polarization orienta-
tion is required to fully excite the corresponding SR mode.
This is an unique phenomenon that the polarization depen-
dence is not controlled by the polarization in orthogonal di-
rections but at particular angles that depend on the geometry
of the spiral. The pass band at SR1 or SR2 can be switched
on or off by alternating the polarization orientation, which
provides great potential in polarization controlled filtering
application.

Polarization rotation measurements were performed in
the presence of an analyzer as illustrated in Fig. 1(b). The
intensity of light penetrating through a pair of ideal polarizer
with A6 between their axes will follow Malus’s law,4

I(A6) = 1(0)cos® A6, (1)

where 1(0) is the incident light intensity corresponding to
A6=0. By recording the transmission maxima of each spec-
trum while rotating the analyzer of A6 from 0° to 180° in the
x-y plane at 10° increment, the data can be fitted by a modi-

fied form of Eq. (1),
AO- 6
—0>7T ; (2)
180°

where 7T is the intensity of light transmission, 8 and vy are
fitting parameters, and &, corresponds to the rotation angle of
polarization azimuth for the transmitted light. The magnitude
of ellipticity || is estimated by calculating the arctangent of
the ratio between transmission minimum and maximum that
do not point out the handedness (*) of the elliptical polar-
ization. The calibration on silicon substrate exhibits near null
result of §,=0.3° and |7|=1.2°.

Following the same procedure, Fig. 3 shows the mea-
sured peak transmittance for SR1 at 94 wm with initial po-
larization state at ¢=90° as a function of A#. Left-handed
(LH) spirals are measured with a horizontally flip of the
original RH sample in Fig. 1(b). Note that the perceived
handedness alters from RH to LH spirals when light im-
pinges from the back, which is independent on the position
of the silicon substrate. The results on RH and LH spirals
were separated by colors of gray and black to show the effect
of handedness clearly. RH spirals give rise to polarization
azimuth rotation angles §y=—11.6°, —12.7°, and —15.1°

T=8+ 70052{(
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FIG. 4. (Color online) Measured polarization rotation &, of SR1 and SR2
modes for RH and LH spirals with A=21 um vs the initial polarization
angle ¢. The dashed line is the approximate position where §,=0

(counterclockwise), while LH spirals give rise to opposite
sign of §=11.7°, 11.8°, and 8.0° (clockwise) for chiral pe-
riod A=27, 24, and 21 wm, respectively. Since the reso-
lution of the transmission data is 10°, it is reasonable to
conclude that the polarization rotation of SR1 is independent
on the lattice period. In other words, the results in Fig. 3
should be the same even considering a single spiral slot.
Note that a partial overlapping of the SP peak and SR1 (at
94 wm) in the transmission spectrum will occur only at ar-
ray period A=27 um. The calculated ellipticities are of an
average magnitude |7],,,=12.6°. The results of light trans-
mission from the front and back (RH and LH) are completely
reversed. However, it will be shown later that this is only a
special case for SR1 at ¢=90°. Nevertheless, this behavior is
distinct to the optical activity that the sign of rotation should
not depend on the direction of incident light.

Figure 4 shows the calculated polarization rotation &, for
SR1 and SR2 for A=21 um as a function of the initial po-
larization orientation ¢ from —90° to 90° for RH and LH
spirals. It reveals that &, changes smoothly as the initial po-
larization azimuth ¢ varies. More importantly, two specific
polarization orientations ¢ defined as ¢4, are found for SR1
and SR2, respectively, where no rotation are allowed (&
ZOO). The Pnode,RH and ®node,LH for SR1 mode in RH and LH
spirals are at ~75° and —75° (blue dotted line), respectively.
The @, oqerp aNd @poger g for SR2 mode in RH and LH spi-
rals are at ~5° and —5° (red dotted line), respectively. A
more astonishing result as looking into Figs. 2(a) and 2(b),
where ¢~ @4 also corresponds to the highest transmission
for peak SR1 and SR2. It is quite straightforward that ¢,
has an opposite sign for opposite handedness since the pre-
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ferred polarization orientation to excite the corresponding SR
mode is also flipped which is confirmed by LH transmission
results (not shown).

It is obvious that ¢,,4. plays the most important role in
determining the polarization rotation. If the initial linear po-
larization light is aligned with ¢4, no polarization rotation
is observed. Therefore, the polarization rotation for the SR of
the spirals is a result of its polarization dependent transmis-
sion. This mechanism is similar to those apertures such as
rectangular and elliptical holes that have strong polarization
dependence although the spiral is much more complex. For
example, the polarization dependence of transmission in
Fig. 2 where ¢,oeru for SR1 ~75° can be effectively
viewed as if the major axis of the ellipse is tilted 75° from its

p-polarization [O,l].l Moreover, the sign of rotation could be

predicted as soon as ¢, 1s identified from the transmission
spectrum.

In summary, the polarization rotation by a thin metal
film perforated with Archimedean spiral slots is demon-
strated. It is found that the polarization effects for transmis-
sion and rotation all depends on the initial polarization ori-
entation. A special angle ¢,,4. for SR mode is found that
represents a preferred polarization orientation without polar-
ization rotation. These observations could be used to design
optical devices such as filters and polarizers or manipulate
the polarization of light in a distinct and unusual way.
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