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a b s t r a c t
Recently it was shown by experiments that circular dichroism (CD) can be observed in the metamaterials of nonchiral structures when they were 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 conﬁguration, 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 materials 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 between the right-handed circularly polarized (RCP) light and the lefthanded 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 in metamaterials has attracted increasing attentions in recent years.
The CD effect in metamaterials was initially observed in the intrinsic chiral structures only [7–11]. Soon it was discovered that CD phenomenon 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,
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UK [6]. The detected CD effect in extrinsic chiral structures was indistinguishable from that occurred in intrinsic chiral structure [6]. Compared to intrinsic chiral metamaterials, external chiral metamaterials
are easier to design and fabricate, but more difﬁcult to simulate because 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 frequencydomain ﬁnite integration technology (FIT), as well as the optimization 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 incident light (I):

 
 
t þþ t −þ
Tþ
Iþ
¼
ð1Þ
t þ− t −−
T−
I−

The 2 × 2 t-matrix characterizes the transmission and conversion
processes of RCP and LCP incident beams travelling through the metamaterial structures. While t+ + representing the transmission amplitude 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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measure of circular birefringence. Mathematically CD is deﬁned based
on t+ + and t− − as [6]:
2

CD ¼ t þþ −jt −− j

2

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 approximated by stair effect as other methods. It is suitable for the problems 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 condition was taken into account by a phase-shifted periodic boundary setting. Fig. 1 illustrates the experimental unit cell structure (Fig. 1 a) and
dimension (Fig. 1b) used by the researchers who ﬁrst discovered the external chirality in non-chiral metamaterials [6]. We will ﬁrst simulate
the CD effects of this unit cell metamaterial to compare with experiments, followed by further optimization to maximize the CD effect.
The unit cell consists of 50-nm-thick aluminium split nano-rings manufactured 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 effect 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 nm wavelengths 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 respectively, 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. 2. Comparison the CD spectrum of extrinsic chiral metamaterial between the simulated
result (the curves) and the corresponding experimental result (the discrete points) from ref
[6].

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 spectrum shown in our simulation varies smoothly; the tendency and the
peak amplitude were both similar to the experimental results. The reason why diffraction peaks were not presented in the experimental results 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 experiments, the simulation result curve in region B (1100 nmb wavelengthb 2000 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.

Fig. 1. (a) Non-chiral photonic metamaterial 3D unit cell structure (500 nm× 500 nm), consisting of glass substrate (thickness t = 1500 nm, see text for explanation) and aluminium
nano-rings (thickness h = 50 nm) on top of it. n is the directional vector perpendicular to the plane of the unit cell; k is the wave vector of the incident beam; α is incident angle (+α
in drawing). (b) Dimensions of the aluminium pattern.
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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 diffraction peaks (Peak A) and set the starting spectrum wavelength at
900 nm in this section. For simplicity, we only show the − 20° incident 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 of metallic pattern can greatly affect the CD spectrum of studied metamaterial: When the pattern size is
scaled down to a quarter of its original size, the CD effect was eliminated
completely for wavelengths >1000 nm due to negligible response from
metallic patterns at these wavelengths. However, pattern shrinking to a
half will not weaken CD peak amplitude, while the wavelength in terms
of max peak was blue-shifted from 1150 nm to 1280 nm.
When changing the metallic ﬁlm thickness, the exhibiting CD phenomenon became interesting. On one hand, as the ﬁlm thickness reduced, 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 believe that to obtain a remarkable CD phenomenon it is not necessary to
fabricate thick metallic pattern on the substrate. Thinner metallic 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

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 region 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 arrays, 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 instantaneous 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 direction 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 midIR 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 instances 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 transmitted light [6,13,14]. Here, we use surface current distributions results shown in Fig. 5 to further clarify the CD generation mechanism
in a more detailed and precise manner.

Fig. 3. a) Dependence of CD effect on metallic pattern size with 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.

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).

In the case of RCP light incident, the excited surface current distributions can be regarded as the sum of the symmetric and antisymmetric 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 identical. Consequently, the remaining RCP light after transmission is always less than regular.

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 transmission 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 results with experimental results. The unit cell structure was then optimized, 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 simulation to date. The near-ﬁeld and surface current distributions of this
simulation study not only justiﬁed the assumed simple model to explain the optical activity, but also led to a more detailed and precise
explanation of CD generation mechanism – the projection components 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 resistance difference between the LCP and RCP light is the essential reason
of CD generation.
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