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Recently it was shown by experiments that circular dichroism (CD) can be observed in the metamaterials of non-
chiral structures when theywere subjected to obliquely incident light (E. Plum, et al., Physical Review Letters 102,
113902, 2009). By far, external chirality simulation was only done for a particle array embedded in a homogenous
medium (V. Yannopapas, Optics Letters 34, 5, 2009); no attempt has been made on simulating and modelling of
circular dichroism in layered metamaterials (e.g., thin film on substrate structure). In this paper, we present the
simulation of CD effect in layered external chiral metamaterials using CST software, theoretically investigate this
intriguing phenomenon through a frequency domain finite integration technique, and optimize the metamaterial
unit cell configurations (size, periodicity and film thickness) to maximize the CD phenomenon in near-infrared
spectrum range. We show that the CD effect can be enhanced by five times using an optimized unit cell configu-
ration, which is more than three times higher than the existing maximum theoretical results. The CD generation
mechanism was elaborated with the help of induced surface current distributions.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

In 1968 V. G. Veslago introduced a theoretical concept of left handed
material (LHM), also known as negative index medium (NIM) [1]. The
first experimental prototype of LHM was demonstrated by D. R. Smith
in 2000 [2]. At the same time, J. Pendry theoretically proposed that a
slab of LHM could be used as ‘perfect lenses’ for perfect imaging [3].
These investigations set milestones on metamaterial research and
many unique and intriguing properties of artificially engineered mate-
rials have been reported since then. One of the unique properties is
the circular dichroism (CD) in metamaterials. CD effect, which was
first introduced in 1997 [4], is the transmission intensity difference be-
tween the right-handed circularly polarized (RCP) light and the left-
handed circularly polarized (LCP) light. Due to its wide applications in
photonic crystals, quantum devices, high density data storage [5] as
well as in analytical chemistry, crystallography and molecular biology
[6], CD effect inmetamaterials has attracted increasing attentions in re-
cent years.

The CD effect in metamaterials was initially observed in the intrin-
sic chiral structures only [7–11]. Soon it was discovered that CD phe-
nomenon can also be observed in the metamaterials of non-chiral
structures with an oblique incident laser beam, which was termed
as ‘extrinsic chiral’ structures by the researchers at Southampton,
zengbo.wang@gmail.com
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UK [6]. The detected CD effect in extrinsic chiral structures was indis-
tinguishable from that occurred in intrinsic chiral structure [6]. Com-
pared to intrinsic chiral metamaterials, external chiral metamaterials
are easier to design and fabricate, but more difficult to simulate be-
cause of the involvement of angled incident beams [6,12–14]. This
paper, for the first time, demonstrates the simulation of CD effect in
such layered external chiral metamaterials using a frequency-
domain finite integration technology (FIT), as well as the optimiza-
tion of the unit cell design configuration to maximize the CD effect
within the near-infrared spectrum.

2. Simulation methodology

If we use “+” subscript for RCP light and “-” for LCP light, the following
matrix equation can be used to correlate the transmission light (T) and in-
cident light (I):

Tþ
T−

� �
¼ tþþ t−þ

tþ− t−−

� �
Iþ
I−

� �
ð1Þ

The 2×2 t-matrix characterizes the transmission and conversion
processes of RCP and LCP incident beams travelling through the meta-
material structures. While t++ representing the transmission ampli-
tude of RCP incident light I+ and t−− representing the transmission
amplitude of LCP incident light I−, t+− and t−+ represent the mutual
conversion of RCP and LCP induced by the metamaterials and are the
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Fig. 2. Comparison theCD spectrumof extrinsic chiralmetamaterial between the simulated
result (the curves) and the corresponding experimental result (the discrete points) from ref
[6].
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measure of circular birefringence. Mathematically CD is defined based
on t++ and t−− as [6]:

CD ¼ tþþ
�� ��2− t−−j j2 ð2Þ

Because of the periodical boundary conditions set in our simulation,
it is difficult to deal with directly using normal finite element method
(FEM), our simulation is based on a frequency-domain FIT program –

CST software using unit cell boundary coupled with Floquet port. FIT
is mathematical method to solve Maxwell Equation in the integral
form, which can help solve the curve boundary directly other than ap-
proximated by stair effect as other methods. It is suitable for the prob-
lems ranging from static field calculations to high frequency
applications in time or frequency domain [15]. The simulated structure
is consisted of periodical arrays of identical unit cells and the incident
beam is selected as the uniform plane wave. The oblique incidence con-
ditionwas taken into account by a phase-shifted periodic boundary set-
ting. Fig. 1 illustrates the experimental unit cell structure (Fig. 1 a) and
dimension (Fig. 1b) used by the researcherswhofirst discovered the ex-
ternal chirality in non-chiral metamaterials [6]. We will first simulate
the CD effects of this unit cell metamaterial to compare with experi-
ments, followed by further optimization to maximize the CD effect.
The unit cell consists of 50-nm-thick aluminium split nano-ringsmanu-
factured by e-beam lithography on a 1-mm-thick glass substrate. The
period of the unit cell is 500 nm. The optical properties of glass substrate
and aluminium nanostructures used in modelling, which are varying
with the incident beam frequencies, were taken from Ref. [16]. The
thickness of glass substrates was set as 1500 nm against the real value
1-mm in all simulations, following a series of tests which show that
thicker substrate (t>1500 nm) play negligible influence on the CD ef-
fect of studied metamaterial.

3. Results and discussion

3.1. Comparison of simulated CD effect with experiments

Fig. 2 shows the comparison of the CD effect between the simulated
and the corresponding experimental results of the above metamaterial
structure between 800 nm and 2000 nmwavelengths in near-IR range.
The red and blue points plotted are the experimental result collected by
the researchers from Southampton at the −20° and +20° incident re-
spectively, while the curves are the simulated CD effect at the same
conditions.

As it can be seen, the simulated CD curve has irregular sharp peaks
(Peak A) in region A (wavelength b1000 nm), which are caused by
optical diffraction. Diffraction occurs when the light wavelength is
Fig. 1. (a) Non-chiral photonic metamaterial 3D unit cell structure (500 nm×500 nm), consi
nano-rings (thickness h=50 nm) on top of it. n is the directional vector perpendicular to the
in drawing). (b) Dimensions of the aluminium pattern.
analogous with the unit cell period so that the transmitted light
from adjacent unit cell can interfere with each other. Theoretically
when the wavelength of the incident light is about two times over
the unit cell period, diffraction effect becomes weak enough to be
neglected, and the medium can be treated as homogenous media
[17]. In the range of wavelength over 1000 nm (region B), CD spec-
trum shown in our simulation varies smoothly; the tendency and the
peak amplitude were both similar to the experimental results. The rea-
son why diffraction peaks were not presented in the experimental re-
sults is possibly due to the insufficient points collected during
experiments within the CD spectrum; only two experimental points
was collected for wavelengths below 900 nm, which is not possible to
reflect possible oscillation caused by diffraction in this region. The
main CD peak observed by experiments at wavelength 1100 nm with
CD=0.075 was in very good agreement with simulation (Peak B in
Fig. 2: wavelength=1150 nm, CD=0.1). Despite of slight difference
between theory and experiment for long wavelengths >1800 nm,
which could again be caused by insufficient data sampling in experi-
ments, the simulation result curve in region B (1100 nmbwave-
lengthb2000 nm) matches very well with experiments. Taking the
experimental limit on insufficient sampling points into account, it is
reasonable to conclude that our simulation agrees well with
experiments.

We now turn to study the influence of other unit cell conditions such
as different film thickness and pattern size, aiming to understand the
key factors affecting CD and consequently optimize the CD effect.
sting of glass substrate (thickness t=1500 nm, see text for explanation) and aluminium
plane of the unit cell; k is the wave vector of the incident beam; α is incident angle (+α
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3.2. CD effect with varying the unit cell conditions

The effects of the metallic pattern scales and the film thickness on
the CD phenomenon were investigated, shown in Fig. 3. The scaling
was only for metallic pattern while the unit cell size was fixed at
500 nm. For a clear description, we neglected the high oscillation dif-
fraction peaks (Peak A) and set the starting spectrum wavelength at
900 nm in this section. For simplicity, we only show the −20° inci-
dent result in each case, following the fact that the CD spectrum for
α=+20° is nearly symmetric to that for α=−20°.

As it can be seen, shrinking the size ofmetallic pattern can greatly af-
fect the CD spectrum of studied metamaterial: When the pattern size is
scaled down to a quarter of its original size, the CDeffectwas eliminated
completely for wavelengths >1000 nmdue to negligible response from
metallic patterns at these wavelengths. However, pattern shrinking to a
half will not weaken CD peak amplitude, while thewavelength in terms
of max peak was blue-shifted from 1150 nm to 1280 nm.

When changing the metallic film thickness, the exhibiting CD phe-
nomenon became interesting. On one hand, as the film thickness re-
duced, the Peak B shrank greatly, however on the other hand, another
striking peak called Peak C emerged when h=10 nm and h=5 nm.
The amplitude of Peak C was much higher than Peak B, which can also
be used for characterising the CD phenomenon. The results led us to be-
lieve that to obtain a remarkable CD phenomenon it is not necessary to
fabricate thickmetallic pattern on the substrate. Thinnermetallic pattern
film could be a better choice with higher CD amplitudes.

3.3. The optimum design configuration of the unit cell and its maximum
CD spectrum

The discussion above gives an indication that the maximum CD
spectrum emerges around h=10 nm. After a series of simulation
Fig. 3. a)Dependence of CD effect onmetallic pattern sizewith an area scale factor of 1, 0.5
and 0.25. b) Dependence of CD effect on film thickness varying from 5 nm to 100 nm.
tests, it was confirmed that CD amplitude reaches its maximum at
h=15 nm when fixing other parameters at t=1500 nm, d=500 nm.
This is the optimum settings of the unit cell structure. The optimized
CD spectrum is shown in Fig. 4.

It has been found that in the optimum setting of the unit cell, the
diffraction amplitude was controlled below 0.1 and its dominant re-
gion was confined below 900 nm. The peak of the CD spectrum
reached about 0.365 at around 1125 nm wavelength. This peak
value was about 5 times higher than the experimental results
obtained by the previous researchers [6], and also almost 4 times
higher than the initial simulation results when h=50 nm, as shown
in Fig. 2. If compared with the CD effect exhibited in the particle ar-
rays, whose maximum amplitude was calculated of about 0.11 [12],
it can be found that the result here shows a much more prominent
CD effect.

3.4. Surface current distributions at the peak wavelength

To study the fundamental principles of the CD effect generated by
oblique incident beam on non-chiral metamaterials, the instanta-
neous near-field distributions of the electric field and surface current
at the peak wavelength=1028 nm and −20° incident as in Fig. 4
were calculated and shown in Fig. 5(a) and (b). It shows the current
distributions when phase=0°, and they change their flowing direc-
tion every 90°, thus the period is 180°. It can be seen that, the induced
surface current, which was associated with the excitation of surface
plasmons in metallic patterns, was only observed within the area of
the metallic pattern. In general, surface plasmons will not be excited
on glass substrate; under some special wavelength within the mid-
IR range, however, glass can perform like metal with excited surface
plasmons, which affects CD. This will be reported in a separate
publication.

There exist significant differences between the RCP and LCP in-
stances in term of the modes of surface current distributions. For
the RCP incident light, the excited current derives from and vanishes
at the end point (A, B, C and D) and the corner point (E and F) of the
metallic pattern, however for the LCP light, it can also generate and
counteract at the middle of the nether bar (Point G).

3.5. Mechanism of CD effect in near-IR range

In previous literatures, the mechanism of external chirality was
thought relating to optical activity: the retarded wave caused by the
magnetic dipole moment rotating the polarization state of the trans-
mitted light [6,13,14]. Here, we use surface current distributions re-
sults shown in Fig. 5 to further clarify the CD generation mechanism
in a more detailed and precise manner.
Fig. 4. Optimized CD spectrum with maximum peak value CD=0.365 at 1028 nm
wavelength, under conditions of d=500 nm, t=1500 nm, h=15 nm.
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Fig. 5. Instantaneous current distributions for (a) RCP incident and (b) LCP incident at phase=0°. (c) Decompose of RCP current distribution as the sum of the symmetric currents
(exciting magnetic dipole moment) and anti-symmetric current (exciting electric dipole moment).
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In the case of RCP light incident, the excited surface current distri-
butions can be regarded as the sum of the symmetric and anti-
symmetric currents which induce electric dipole moment, d, and
the magnetic dipole moment, m, respectively, as shown in Fig. 5 (c).
When the light was at oblique incident, the moment d and m would
have a projection component on the plane perpendicular to the
light incident direction, marked as d′ and m′ respectively (Fig. 6).
For RCP light, the polarization state, E and H, both rotate towards
the right hand side viewing from the incident direction, while from
the visual angle in Fig. 6, it should rotate counter-clockwise. However,
the projection moments d′ and m′ both create a tendency that rotates
the both polarization states to the opposite direction. This resistance
effect will weaken the RCP light transmission and will be throughout
the transmission process because the periods of the excited surface
current and the polarization rotation of the incident light are identi-
cal. Consequently, the remaining RCP light after transmission is al-
ways less than regular.
Fig. 6. Schematic representation of CD generation mechanism for RCP incident: The
projection component on the plane perpendicular to the incident light (the dash
frame in the figure) of the magnetic dipole moment (m′) and the electric dipole moment
(d′) resist the polarization state of the incident light from rotating towards their natural
direction, thus reduces the transmission intensity and results in CD.
On the other hand, because the excited surface currents of the LCP
incident instance could not be treated as RCP, the resistance effect of
the polarization rotation to the LCP light was not existed. So the LCP
light transmitted as regular. As a result, a large difference in transmis-
sion intensity between the LCP and RCP light was generated, which is
the circular dichroism effect. Thus, CD peak at −20° incident in this
case should be a large negative value, which is consistent with the
simulation result shown in the Fig. 4. In summary, this hypothesis is
fully consistent with both the simulation and experimental results,
which can exactly explain the mechanism of CD generation.

4. Conclusion

Circular dichroism in layered non-chiral metamaterials induced by
an oblique incident beam has been studied theoretically in this paper.
The applied model was firstly verified by comparing simulation re-
sults with experimental results. The unit cell structure was then opti-
mized, leading to a five times increase in the peak CD value, from
0.075 to 0.365, which is the maximum CD value obtained by simula-
tion to date. The near-field and surface current distributions of this
simulation study not only justified the assumed simple model to ex-
plain the optical activity, but also led to a more detailed and precise
explanation of CD generation mechanism – the projection compo-
nents of the electric and magnetic moments induced by the excited
surface current tends to prevent one of the polarization states of the
incident light from rotating as in the usual way, and the large resis-
tance difference between the LCP and RCP light is the essential reason
of CD generation.
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