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Abstract: We report a strong correlation between the calculated broadband circular differential
optical absorption (CDOA) and the geometric chirality of plasmonic meta-atoms with two-
dimensional chirality. We investigate this correlation using three common gold meta-atom
geometries: L-shapes, triangles, and nanorod dimers, over a broad range of geometric
parameters. We show that this correlation holds for both contiguous plasmonic meta-atoms and
non-contiguous structures which support plasmonic coupling effects. A potential application
for this correlation is the rapid optimization of plasmonic nanostructure for maximum
broadband CDOA.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Metasurfaces exhibiting circular differential optical absorption (CDOA), defined as the
differential absorption of left- or right-handed circularly polarized light (LCPL, RCPL), have
broad technological applications in photodetection [1], enantiomeric sensing [2,3], super-
resolution imaging [5], and ultra-thin broadband optical components [6]. Chiral plasmonic
meta-atoms, those who are not congruent with their mirror image, can display CDOA due to
their intrinsic optical activity [7,8]. However, plasmonic meta-atoms with only planar
dissymmetry can also exhibit CDOA and asymmetric transmission of CPL through coupling
between misaligned plasmon modes [9,10]. These planar structures are commonly labeled as
two-dimensionally chiral since they can only be superimposed on their mirror image when
lifted from the plane [9]. Two-dimensionally chiral meta-atoms do not exhibit true optical
activity due to their perpendicular mirror symmetry [9]. Nonetheless, their non-Minkowski
symmetric Mueller matrix [10-12] results in important optical effects such as CDOA and
asymmetric transmission (AT), i.e., the differential transmission of forward and backward
illumination through a device. Understanding the relationship between the geometry of two-
dimensional plasmonic chiral meta-atoms and their resulting broadband CDOA response is
important for both understanding plasmonic chiroptical effects [13-17] and optimizing future
metasurfaces for integrated photonic and plasmonic all-optical devices [18]. Here we focus on
plasmonic structures due to the numerous reports of large planar chiroptical effects [6,9,19,20].

To compare CDOA values between different plasmonic meta-atoms CDOA needs to be
normalized by the total absorption in the structure. The normalized CDOA value is commonly
referred to as the anisotropic dissymmetry factor, g, , which is defined as:
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where | and | are the absorption intensities for LCPL and RCPL, respectively [21].
Electromagnetic field solvers can calculate g, for a wide variety of plasmonic meta-atoms

but these simulations are resource intensive often requiring high-performance computer
clusters to solve when high numerical accuracy is required. A purely geometric based method

for predicting trends in g, for various plasmonic nanostructures could save time and

computing resources. Quantifying the chirality of molecules and arbitrary objects solely based
on their geometry has a long history starting with Guye introducing the “produit d’asymétrie”
[22], the first algebraic function designed to correlate optical rotation with molecular structure
[23]. Geometric chirality measures such as the “produit d’asymétrie” are scale invariant since
shape, not size, determines the geometric chirality of an object. In general, there are two
different classes of geometric chirality measures: the first compare chiral objects to their achiral
analog while the second compare the two mirror images of the chiral object to each other [23].
Metrics which fall into the second class are commonly referred to as overlap methods [24,25].
The chiral coefficient, y , developed by Gilat [26] is an overlap method defined as:

— Ao
2Ay,

where A . is the minimum non-overlapping area, i.e., the light grey region in Fig. 1, between
a two-dimensionally chiral object (ABCD) and its mirror image (A'B'C'D’), and A, is the total
area of the two-dimensionally chiral object (ABCD). A,;, is determined by rotating in-plane

and translating (A'B'C'D') to achieve maximum overlap with (ABCD). Although overlap
methods for computing geometric chirality have existed for many years [26], Potts et al. [24]
were the first to use such a technique to study the geometric chirality of planar chiral
metamaterials. However, direct comparison between geometric chirality and optical properties
was only done in passing.

X 2
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Fig. 1. (ABCD) is a planar chiral object and (A'B'C'D") is its mirror reflection. Am is the area

of (ABCD) and A is the non-overlapping area (light-grey) between (ABCD) and (A'B'C'D’).
By varying (A'B'C'D’) through any proper translations and/or rotations a minimum non-
overlapping area, A, can be found. y = A, / 2A,, is the chiral coefficient of (ABCD).
Objects with larger values of } are more geometrically chiral.
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We report a strong correlation between y and the calculated broadband CDOA for two-
dimensionally chiral plasmonic meta-atoms. We introduce the integrated anisotropic

dissymmetry factor, g, asa new metric for broadband CDOA which we define as:

Hgabsldﬂ'
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where g, is from Eq. (1), 4 is the wavelength and both integrations are over the range of

wavelengths where the two-dimensional plasmonic meta-atom absorbs light. The absolute
value of the anisotropic dissymmetry factor is used to ensure that both left- and right-handed
CDOA contribute to the integrated value. We calculate y and g for isolated two-

dimensionally chiral L-shaped, triangular and dimer meta-atoms over a broad range of
geometric parameters. We show that for all three geometries there exists a strong correlation
between y and g . Furthermore, we find the geometric parameters for each of the meta-atoms

which maximize y also maximizes @ . y is calculated for two-dimensionally chiral objects in
seconds on a modern laptop vs. hours or even days to compute g over a range of geometries
on large-scale, high-performance computers. The rapid computation of » on low-cost

hardware make it a potentially useful tool for rapidly determining the optimum geometric
parameters to maximize the broadband CDOA of two-dimensionally chiral plasmonic meta-
atoms.

2. Simulations

We calculated the CDOA and total absorption from isolated Au L-shaped, triangular and dimer
meta-atoms using JCMsuite, a full-wave finite element Maxwell’s equations solver [27]. To
provide a realistic model, we rounded the corners of all shapes with 5 to 20 nm radii depending
on the size of the meta-atom. We note that our rounding does not break mirror symmetry.
Additionally, because no substrate, adhesion layer, or asymmetric rounding/bevel is included,
mirror symmetry is still maintained [9]. For the absorbance calculations, all meta-atoms were
excited with normal incidence left- and right-circularly polarized plane waves. Calculations
were performed every 10 nm over the 400 nm to 1500 nm wavelength range, which captured
the primary optical response of the meta-atoms. We calculated the differential and total
absorption values for each meta-atom structure as a function of geometric parameters. We then
used these absorption values in Eq. (1) to determine the wavelength dependent anisotropic

dissymmetry factor, g, . The definite integral of |gab5| was approximated over the 400 — 1500

nm wavelength range using the composite trapezoidal rule with 10 nm divisions. We divided
the result of the numerical integration of |g,.,.| by the length of the integration interval to

generate g at specific geometric conditions for each meta-atom.

To better understand the polarization properties of the three meta-atom geometries (L-
shape, triangle, and dimer) we calculated their 4 x 4 Mueller matrices M. We ran simulations
with normal incidence X and Y linearly polarized plane waves to generate the Mueller matrices
from the two linearly independent sources. The 16 element Mueller matrix fully describes how
a meta-atom alters the polarization state of light [28-30]. Polarization changes can occur
through three primary effects, diattenuation—the change in the amplitude for a specific
polarization, retardance—the change in phase for a specific polarization, and depolarization—
a change in the degree of polarization. A single nanoparticle excited with a plane wave is not
able to exhibit depolarization [31], leaving diattenuation and retardance as the possible optical
effects. We also verified that each meta-atom geometry was non-depolarizing by calculating
their depolarization index as unity [32,33]. Diattenuation and retardance are common optical
effects exhibited by anisotropic plasmonic nanostructures [34]. While comparing the
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relationship between elements in the Mueller matrix give us some understanding of the
polarization properties of the meta-atoms, we need to relate the Mueller matrix back to the
fundamental optical effects of diattenuation and retardance to understand the polarization
effects better. The Mueller matrix of homogeneous, non-depolarizing media can be described
by seven fundamental parameters using the differential Mueller matrix, L, shown in Eq. (4).

A -LD -LD' CD

M =exp(L)=ex -Lbb A CB LB (4)
“OPL)=EOP b B A LB

CD -LB'" LB A

Where A is absorption, LD is linear dichroism at 0°, LD" is linear dichroism at + 45°, CD
is circular dichroism, LB is linear birefringence at 0°, LB' is linear birefringence at + 45°,
and CB is circular birefringence. Assuming zero depolarization, we used the analytical
inversion method developed by Arteaga et al. [4] to calculate the differential Mueller matrix,
L and determine the polarization effects from each meta-atom and ultimately better understand
the origin of their CDOA.

Chiral coefficient values were computed using code developed by the authors [35] in
Python. Two-dimensional polygons and their mirror images were generated using the Shapely
package. The objective function to be minimized was defined as the non-overlapping area
between the two mirror images with rotation and translation as parameters. Optimization was
performed using the Scipy differential evolution algorithm with a tolerance of 1x107° and all
other parameters as the default. The computed values were normalized by the respective shape
areasto get y .

3. Results and discussion
3.1 L-shaped meta-atoms

Plasmonic L-shaped meta-atoms are an excellent case study for two-dimensionally chiral
media. Varying their arm lengths allows facile tuning of their symmetry condition and resulting
optical response. Menzel et al. reported that L-shaped particles sitting in the x-y plane with
equal length arms have mirror symmetry in the x-y plane (Myy) and C, symmetry along a
diagonal in the x-y plane whereas L-shaped particles with dissimilar arm lengths only exhibited
Myy Symmetry [36]. Jing et al. investigated the even and odd plasmon modes in L-shaped gold
nanoparticles and found that only particles with dissimilar arm lengths could excite both even
and odd modes [37]. Fig. 2(a) shows a schematic of the studied L-shaped meta-atom with the
following variables, d is the width of each arm, 1 is the offset length for the x-oriented arm and
h is the length of the y-directed arm.

Three different sizes of L-shaped meta-atoms were studied, which we will refer to as small,
medium and large. All L-shapes were 75 nm thick. We fixed the d values for the small, medium
and large L-shaped meta-atoms at 87 nm, 130 nm, and 195 nm, respectively. The area A within
each size range of L-shaped meta-atom was held constant, and the y-oriented arm length h was
calculated by the formula

h=A/d-I 5)
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Fig. 2. Calculated circular differential optical absorption and geometric chirality for L-shaped
and triangle meta-atoms. (a) Sketch of the parameterized L-shaped meta-atom. The structure sits
in the x—y plane and is excited with a plane wave in the —z-direction. (b) Circular differential

anisotropy factor, g, for large Au L-shapes with select | values, d = 195 nm and h values
calculated using Eq. (5). (c) The integrated circular differential anisotropy factor, § (blue) and

the chiral coefficient, y (black) for large Au L-shaped meta-atoms calculated for all | values. (d)
Sketch of triangular meta-atom with a base width, b of 400 nm. Two vertices defining the base
of the triangle are fixed (origin and black dot). The third point is defined by z = x + yi with y

fixed at 200 nm. (e) Circular differential anisotropy factor, g, for triangles with select x values.
() The integrated circular differential anisotropy factor, § (blue) and the chiral coefficient, ¥
(black) for triangular meta-atoms for all calculated x values.

To initially assess the CDOA we calculated g, for various L-shaped meta-atoms using

Eqg. (1). In Fig. 2(b) we report the effect of varying | on the calculated wavelength dependent
0., Values for large Au L-shaped meta-atoms with a fixed d of 195 nm. It is important to note

that when we vary |, h changes as well in order to keep the area, A, of the L-shaped meta-atom
constant. For clarity purposes, we only show five different | values in Fig. 2(b). We report the
complete g, spectra for all calculated L-shaped meta atoms, small, medium, and large, in the
appendix. The g, spectra in Fig. 2(b) for the L-shaped meta-atom show a strong trisignate

feature covering the visible and near-infrared regions with sharp peaks at 550 and 650 nm and
a single broad peak centered at ~900 nm, which we label Lsso, Leso, and Lggo respectively. The
calculated g,,, for the L-shaped meta-atom is zero for all wavelengths when | is 0 nm, 195

nm, and 390 nm—an x-oriented rod, an L-shape with equidistant arms, and an y-oriented rod—
respectively. This result is expected since for all three of these cases the particle exhibits both
M,y and C, symmetry resulting in no CDOA. We observed the general trend in the magnitude
of the three g, peaks as | is increased. All three peaks increase in magnitude, reaching a
local maximum when | =141 nm and h =443 nm. When | is increased above 141 nm, the
magnitude of the g, peaks decrease, returning to zero magnitude when |=195nm, the
equidistant arm length. For | >195 nm the three g,, peaks change signs and increase in
magnitude, reaching a local maximum for the Lggo peak at | =248 nm and h =337 nm. For
I > 306 nm the magnitude for all three g,,. peaks decreases, returning to zero when | =390
nm, the x-oriented rod geometry.
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Comparing the calculated peak magnitudes from g, spectra for various L-shaped meta-
atoms provides a measure of the effect geometry has on the individual g, peaks.

Unfortunately, peak magnitude alone is not a good judge of broadband CDOA, since a peak
could have a large magnitude but a narrow full width at half maximum (FWHM). To more
accurately quantify the broadband CDOA from an L-shaped meta-atom, we numerically
integrated the absolute value of its g, spectra over the 400 — 1500 nm wavelength range,

which covers the primary optical response of the material. We divided the result of the
numerical integration of |gab5| by the length of the integration interval to yield dimensionless
g (Eq. (3)) at specific geometric conditions for each meta-atom. To the best of our knowledge,
g is a new metric for quantifying broadband CDOA from plasmonic nanostructures. We used
the absolute value of g, in the integration to avoid left- and right-handed CDOA from
cancelling each other out. In Fig. 2(c) we plot g (blue) using the g, spectra calculated from
large L-shaped Au meta-atoms. The g plot shows two maxima and three points where g =0
. The two largest g values, which we define as the geometric conditions with the largest
broadband CDOA response, occur when | =168 and 263 nm. These | values correspond to
L-shaped meta-atoms with h =416 nm and h =322 nm, respectively. The three g =0 points
occur when the meta-atom is an x- or y-oriented rod, i.e. when 1 =0 or 390 nm, or when the
L-shaped meta-atom has equidistant, arms, i.e. when |1 =195 nm. Starting from | =0, g rises
as | increase reaching, a local maximum of ~0.125 at | =168 nm. As | increases beyond 168
nm, g decreases, returning to zero at | =195 nm, where the arms are equal lengths. For
I >195 nm, g increases again, reaching a local maximum of ~0.125 when | = 263 nm. When
| is longer than 263 nm, g decreases and returns to zero when | =390 nm, the y-oriented rod

geometry.
We compared the electromagnetic response with the geometric chirality of the L-shaped
meta-atoms by overlaying the integrated CDOA, g (blue), and the chiral coefficient, y (black),

in Fig. 2(c) for | values from 0 to 390 nm. A very strong correlation exists between @ and y

with a calculated Pearson correlation coefficient [38] (PCC) of 0.95. A PCC of one indicates a
perfect positive linear correlation between the two variables. The two plots have maxima at
I =142 nm and 263 nm. Furthermore, both § and y are equal to zero when | =0, 195, or

390 nm, i.e. cases where the meta-atom has both C, and M,y symmetry. g and y for the small

and medium sized Au L-shaped meta-atoms with | values from 0 to 173 nm and 0 to 260 nm,
respectively, also show an excellent correlation, as shown in the appendix. Remarkably, despite
significant differences in the g,,, plots for the small, medium and large L-shaped Au meta-

atoms we observe a strong correlation between all of their g and y values with PCCs of 0.95
or higher.

3.2 Triangular meta-atoms

Several research groups have explored the plasmon resonances from equilateral triangular
plates, also called nanoprisms, using both far- and near-field spectroscopy [39-41]. These
groups report dipole and multipole plasmon resonances in hanoprisms [39] spanning the visible
and near-infrared spectrum [41]. In general, as nanoprisms increase in size their dipole
resonances broaden and shift to lower energy while multipole modes appear at higher energies
[40]. To the best of our knowledge, the optical properties from non-equilateral, e.g., right,
obtuse or acute, plasmonic triangular nanostructures have not been reported. The purely
geometric chirality of non-equilateral triangles has been extensively studied by others with
several reports concluding that any scalene triangle can be the most chiral depending on the
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geometric chiral measure used in the analysis [42,43]. In order to focus on general trends, we
employ only a single chiral measure, Gilat’s chiral coefficient, ¥, and compare it to the
integrated CDOA, @, for a wide range of triangles.

Figure 2(d) details how we parameterized the geometry of the triangular meta-atom. Two
points of the triangle are fixed which define the base vertices. We will refer to the length of the
base as b. The third point of the triangle, z, is defined by the equation z = x+ yi , where X, and
y are the distances along the x- and y-axes, respectively. We fixed y at 200 nm and swept x from
—200 to 400 nm with sixteen different points. This x-range allowed us to sample scalene,
isosceles, and right triangles, as well as triangles with one obtuse angle which exhibit a high
degree of geometric chirality. Furthermore, x-values lower than —200 nm create triangles with
extremely sharp corners which would be impossible to realize experimentally. The area of the
triangles was fixed. All triangles were 100 nm thick. To understand the wavelength dependence
of the CDOA we plot g, in Fig. 2(e) for select x values. g,,, spectra for all x values studied

is included in the appendix. Right, obtuse and acute triangles in Fig. 2(e) have two g, peaks.

Isosceles triangles have C, rotational symmetry along their bisector and therefore show no
CDOA. In Fig. 2(e) we observe this effect for the isosceles triangle at x = 200 nm which has a
0., Of zero for all wavelengths.

As with the L-shaped meta-atoms, it is difficult to judge the broadband CDOA of the
triangles by their g, spectra. In Fig. 2(f) we plot g (blue) for triangular meta-atoms with
sixteen different x values from —200 to 400 nm. The resulting g vs. x plot has one global
maximum, two local maxima and three points where g is equal to zero. The three x values at
53, 200 and 346 nm where g is equal to zero correspond to three different isosceles triangles.
Each of these isosceles triangles has C; rotational symmetry and therefore no CDOA. The C;
symmetry axis is perpendicular to the single unequal side of the triangle and intersect that side
at the given x value. Three local maxima in @ are formed when x =—103 nm, 128 and 296 nm.
The triangle at x = —-103 nm is obtuse with the global maximum g value of 0.16. The two meta-
atoms formed at x = 128 and 296 nm are both acute triangles with g values of 0.042 and 0.040,
respectively.

To test the correlation between g and y for the triangular meta-atoms we overlaid the  vs.
x values (black) on Fig. 2(f). Like we observed for the L-shaped meta-atoms, we see a good
correlation between the integrated CDOA values, § and the geometric chirality, x for the
triangular meta-atoms with a PCC of 0.78. The x values for the global maximum, the two local
maxima and all three zero values for both § and y show good agreement. The scaling of @
shifts with respect to y when the geometry passes through one of the zero y points at x = 53
nm. To the left of this point, the triangle geometry has an obtuse angle and is more elongated

compared to the acute triangles generated when x is above 53 nm. We believe the change in the
triangle geometry from obtuse to acute is responsible for the change in @ scaling.

3.2 Dimer meta-atoms

Local surface plasmon modes from individual meta-atoms can couple, or “hybridize” when
their near fields are brought within proximity to each other [44]. The optical activity of coupled
plasmonic nanoparticle assemblies have been widely reported by several groups [45,46].
Dimers represent the simplest geometry which can exhibit plasmon coupling [47]. Halas et al.
reported that nanorod dimer interactions are both orientation and polarization dependent [48].
Planar nanorod dimers, while not supporting true optical activity, can exhibit two-dimensional
chirality [17]. We investigated whether the correlation between geometric chirality and
broadband CDOA would also exist for nanorod dimers which can exhibit plasmonic coupling
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effects. Our dimer structure consists of two nanorods of width, a, length, b, a y-offset of, d, and
an x-offset of, r, shown in Fig. 3(a).
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Fig. 3. Calculated circular differential optical absorption and geometric chirality for the dimer
meta-atoms. (a) Sketch of parameterized dimer meta-atom with b as the dimer height, a the
width, d the vertical offset distance, and r the horizontal offset distance. (b) Absorption plots, I,
and I,, for the dimer at r = 240 nm, d = 200 nm excited with RCPL and LCPL orthogonal to the

plane of the paper, respectively. (c) Circular differential anisotropy factor, g, for dimers with
select d values. (d) The integrated circular differential anistropy factor, § (blue) and the chiral
coefficient, y (black) for dimers for all calculated d values. (e) Circular differential anisotropy
factor, g,,, for dimers with select r values. (f) The integrated circular differential anistropy

factor, § (blue) and the chiral coefficient, ¥, (black) for dimers for all calculated r values.

The individual nanorods exhibit no geometric chirality. However, y is nonzero when the
two nanorods are treated as one structure and analyzed in two-dimensional space. Moreover,
their CDOA is nonzero due to the strong polarization dependence of their plasmon modes [48].
Fig. 3(b) shows the absorption spectra for a dimer excited with LCPL and RCPL. The dimer in
Fig. 3(b) has an r = 240 nm, d = 200nm, a = 100 nm, and b = 300 nm. All dimers were 100 nm
thick. Polarization dependent absorption is clear for all wavelengths under 1200 nm. Since both
the geometric chirality and the degree of plasmonic coupling depend on the spacing between
the nanorods, we simulated the shapes and computed g, for dimers with varying d and
varying r values. In both cases, the width of each nanorod, a, was constant at 100 nm, as well
as the height, b, at 300 nm. In the first set of simulations, the d parameter was varied between
50 nm and 550 nm, keeping r at 150 nm. Select computed g, spectra are shown in Fig. 3(c).

Atd =300 nm we observe a g, peak at ~500 nm with a shoulder at ~580 nm. As the y-offset

between the nanorods, d, is increased, the shoulder at ~580 nm is suppressed, and the 500 nm
peak is both red-shifted and suppressed. The full set of g, spectra for d-values between 50

nm and 550 nm is presented in the appendix.
To assess the effect of varying the y-offset, d, on the broadband CDOA of the dimer meta-
atoms we used Eq. (3) to calculate g for each of the g, spectra. Figure 3(d) shows the

resulting broadband CDOA, g, (blue) plotted vs. y-offset, d, for the dimer meta-atoms. A
maximum @ is obtained at d = ~300 nm with shorter and longer y-offset values resulting in
lower g values. When the y-offset between the nanorods is greater than 300 nm, the g for the
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dimer assembly decreases rapidly. This rapid reduction in broadband CDOA can be understood
based on the interaction energy between the nanorods, which we approximate as dipoles [48].
The interaction energy for dipoles is proportional to 1/ r® with r being the interparticle distance
[48]. Therefore, as the nanorods move apart, their coupling strength decreases and the meta-
atom appears more like two individual nanorods to the incoming plane wave. To assess the
correlation between geometric chirality and broadband CDOA we overlaid y (black) vs. the

y-offset, d in Fig. 3(d). Remarkably, both the maxima for y and g align to excellent agreement

when d is ~300 nm and an overall PCC of 0.91. As d is further increased, the plasmonic
coupling of the shapes weakens and § drops more rapidly than y . This effect is to be expected

given the before mentioned interaction energy. Once again, the physical parameters of the
system are of critical importance. However, the correlation between y and g for the dimer

meta-atom illustrates the versatility of this tool for optimizing structures for maximum
broadband CDOA, even non-contiguous meta-atoms are applicable.

Next, we simulated dimer meta-atoms with varying x-offset, r, between 120 and 330 nm
with d fixed at 200 nm. g,,, spectra were computed and select spectra are shown in Fig. 3(e).
0., Spectra for all r-values are plotted in the appendix. At r = 120 nm there is a single positive
peak in the g, spectra at ~560 nm which falls rapidly at longer wavelengths. When the x-
offset, r, is increased to 150 nm the positive peak at ~560 nm is suppressed and a new negative
peak at ~580 nm appears. Further increases in r to 240 nm result in the ~560 nm peak becoming
a shoulder to the primary peak at ~580 nm. The value of both peaks becomes more negative as
r is increased to 240 nm. Beyond r = 240 nm the primary peak at ~580 nm starts to decrease,
presumably because the interaction energy between the two nanorods is decreasing. Figure 3(f)
shows the integrated broadband CDOA, g, (blue) plotted vs. x-offset, r, for the dimer meta-
atoms. The broadband CDOA, @, increases with increasing r-values to a maximum of ~0.09
at r = 240 nm. Larger x-offset values decrease @, again presumably due to the reduction in

interaction energy between the nanorods as they are spaced farther apart. In Fig. 3(f) we also
plot the chiral coefficient, y, (blue) to assess the correlation between broadband CDOA and
geometric chirality. Again we see a strong correlation between the two plots with a PCC of
0.93, demonstrating the flexibility of the chiral coefficient for optimizing both contiguous and
non-contiguous plasmonic structures. In principle, as long as the shapes are electromagnetically
coupled, any number of meta-atoms could be placed together and their y value optimized to

engineer large CDOA.



Resea Article Vol. 27, No. 4 | 18 Feb 2019 | OPTICS EXPRESS 5106

Optics EXPRESS

3.4 Origin of CDOA

MO1 0.1 MO02 MO03
A 0.0 0.15
0.0 0.10
-0.5
-01 0.05
-1.0 0.00
M10 M11 M12 M13
0.0 0.99 0.00 0.00
-05 0.98 -0.05 \/ -0.05 \/
0.97 -0.10 -0.10
-1.0
04 M20 M21 M22 M23
0.00 0.50
0.0
-0.05 0.25 05
01 ~0.10 0.00
-1.0
M30 M31 M32 M33
0.00
0.50

0.25

’
e
G

-0.05 0.1
-0.10

0.0
-0.15

500 1000 1500 500 1000 1500 500 1000 1500 500 1000 1500
A (nm)

0.00

B A -LD —-LD'" CD
LD A CB LB
M = exp(L) = exp _LD' —-CB A —LB

CD —-LB" LB A

— 0.10
< 20 °
® [Te)
= C < 02 D E E
g 15 £ S 0.05
% 7} £
S 10 2 041 )
% : 5 Q 0.00
A 05 9 0.0 %
g 8 0.1 27005
£00 5 o
= -0.10
— o @ 0.10
~ (5]
8 1sff F 3 , G & H
S ; s 8 o001y o 0.05
. c - [=4
o)) ' . 5] 1 - =
= 4 Ay o H Rad ‘S
< 1.0 A £ -0171% e £ 0.00f===mmmmmmeeeee——————
g K L= H ’ m
= \ O i 0 =
o . = H S <
& 05 X % -0.2 \ s é -0.05
4] ~ 5 CRX o
= pON o] Yae? 5]
- £ -03 -0.10
500 1000 1500 = 500 1000 1500 500 1000 1500
A (nm)

Fig. 4. (a) Calculated Mueller matrix for the Au dimer meta-atom which demonstrated both
maximum broadband differential absorption, §, and geometric chirality, x. The geometric

parameters for the meta-atom are, a = 100 nm, b = 300 nm, r = 240 nm and, d = 200 nm. (b) Eq.
(4) relating the Mueller Matrix to the six fundamental optical polarization effects. (c - h) The six
elementary optical polarization properties for a dimer meta-atom in (a) calculated using the
analytical inversion method [4]. This meta-atom does not show optical activity but rather a
combination of linear optical polarization effects.
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To better understand the polarization properties of the meta-atoms and the origin of their CDOA
we calculated the Mueller matrices for each meta-atom at the geometric conditions
corresponding to their maximum @ and y values. The Mueller matrix contains complete

information about the polarization effects for an optical element at a given excitation
wavelength and angle of incidence [28,30]. Figure 4(a) shows the Mueller matrix for a dimer
with an r of 240 nm and a d of 200 nm. This geometry corresponds to the largest y and @

values in the simulations where r was varied with a maximum g of 0.094 and a maximum y

of 0.50. To understand the polarization effects leading to CDOA in the dimer, we investigate
the relationships between the individual elements in the Mueller matrix. The concept of
Minkowski-symmetry is useful to differentiate between CDOA and true optical activity.
Minkowski space is a four dimensional space in (X,y,z,t). Minkowski symmetry in optics means
that the effects of an optical element are equivalent under a transformation reversing time or,
equivalently, the sample orientation. Arteaga et al. reported that a Mueller matrix which does
not satisfy all of the following relationships, Moi = M1o, Moz = -Mzo, Moz = M3o, M12 = -Ma,
Mi3 = Mas1 and M2z = -Ms2 is non-Minkowski symmetric [10]. The Mueller matrix for the dimer
fails four out of the six criteria. Specifically, the conditions Moz = -M2o, Moz = Mo, M12 = -Ma1
and Mais = Mgy are not met. Arteaga et al. attributed the non-Minkowski symmetric Mueller
matrix from oblique two-dimensional hole arrays to misaligned surface plasmon modes [9].
When Arteaga et al. turned the hole arrays over their sense of misalignment changed resulting
in asymmetric transmission of CPL, which is not to be confused with optical activity which
manifests as CD and CB [9]. Asymmetric transmission of CPL was first observed by Fedotov
et al. for planar chiral media like we study in the present work [19]. Clearly, the Mueller Matrix
for the dimer meta-atom is also non-Minkowski symmetric which we hypothesize is due to
misaligned surface plasmon modes. The Mueller matrix of homogeneous, non-depolarizing
media can be described by seven fundamental parameters using the differential Mueller matrix,
L, see Fig. 4(b). Assuming zero depolarization, which we verified by calculating a
depolarization index [32,33,49] of one for all the meta-atoms, we used the analytical inversion
method [4] to calculate the differential Mueller matrix, L and determine the polarization effects
from each meta-atom and ultimately better understand the origin of their CDOA. It is important
to note that calculating the exponent of a matrix is non-trivial and therefore symmetries which
appear in a Mueller matrix may not appear in L. Figures 4(c)-4(h) shows the calculated six
fundamental optical polarization effects of the Au dimer in Fig. 4(a). We find that both CD and
CB are zero as expected, and that linear optical polarization effects from LD, LD', LB and
LB' are responsible for CDOA [50], not true optical activity. The equation for CDOA as
measured by a circular dichroism spectrometer is:

CDOA= GO{CD+%(LD’LB ~LDLB')+(LD'sin(26) - LDcos (26)sin(a )} (6)

Where G, is the apparatus constant, CD is circular dichroism from true optical activity, & is
the sample rotation and « represents the non-ideal strain in the photoelastic modulator [50].
In our simulations, @ and « are both zero. CD is also zero since two-dimensional meta-atoms
are not optically active, resulting in the simplified version of Eq. (6),
CDOA = (G, /2)( LD'LB - LDLB’). Moreover, the magnitude of (LD'LB - LDLB’) correlates

with the magnitude of g,,, for all the simulated spectra. CDOA in the L-shaped and triangular

meta-atoms is also driven by a combination of linear optical polarization effects vs. optical
activity. The six elementary polarization properties for the L-shaped and triangle meta-atoms
are included in the appendix.
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4. Summary

In summary, we have demonstrated that the geometric chirality of various two-dimensionally
chiral meta-atoms displays a strong correlation to their calculated broadband circular
differential optical absorption (CDOA). We performed full-field electromagnetic simulations
of Au L-shapes, triangles and nanorod dimer meta-atoms over a broad wavelength range (400
—1500 nm). We calculated the anisotropic dissymmetry factor, g,,, asa function of wavelength
for the three meta-atoms over a wide set of geometric conditions. To better quantify the
broadband CDOA from these meta-atoms, we integrated g, over the full wavelength range
to produce a new metric, the integrated anisotropic dissymmetry factor, g. We rapidly
calculate the geometric chirality for all three meta-atoms over the same set of geometric
conditions using a known overlap method. We show a strong correlation between the
broadband CDOA and the geometric chirality for all three meta-atoms. Furthermore, the
geometric parameters for objects with maximum geometric chirality correspond exceptionally
well to objects with maximum broadband CDOA. Lastly, we calculate the Mueller matrices
and the associated six fundamental polarization effects for each meta-atom geometry and
determine that linear optical polarization effects, not true optical activity, are the cause of the
CDOA in all three structures. A potential application for this correlation is the rapid
optimization of plasmonic nanostructures for maximum broadband CDOA.

Appendix

1. L-shaped meta-atoms results

In addition to the work already shown, different scales of L-shaped meta-atoms were studied.
Complete g, spectra for the L-shaped meta atoms studied with varying | parameter are

shown below in Fig. 5. The correlation between y and @ is shown in Fig. 6 for the large and

medium sized L-shapes. For all the size scaled studied, the correlation between y and § is
excellent.
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Fig. 5. Calculated ), spectra for (a) small (A = 22500 nm? d = 87 nm), (b) medium, (A =

50700 nm?, d = 130 nm), and (c) large (A = 114100 nm?, d = 195 nm), Au L-shaped meta-atoms
for all studied | values.
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Fig. 6. Integrated circular differential anisotropy factor, § blue, and chiral coefficient y, (black)
vs. | for (a) small and, (b) medium sized Au L-shaped meta-atoms.
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Fig. 7. 0, spectrafor (a) mediumand (b) large L-shaped Au meta-atoms with varying d values
and | fixed at (a) 100 nm and (b) 150 nm.

We also explored the effect of varying the arm width, d, on the calculated wavelength
dependent g, values for medium and large Au L-shaped meta-atoms. Wavelength dependent
0., Spectra from 400 — 1500 nm for various d values are shown below in Fig. 7. In Fig. 8 we
plot the @ (blue) values vs. d for the g, spectra in Fig. 8 using Eq. (3). Initially, we studied
the effect of varying the arm width, d, on § for medium sized Au L-shaped meta-atoms. Figure
8(a) plots g and y with good agreement for d < 145 nm. When d > 145 nm, the correlation
between g and y breaks down. We believe this is because the dimensions of the notch in the
medium L-shaped meta-atom become far smaller than the incident light. The dimensions of the
notch are characterized by land h—d . For example, at d = 150 nm and |1 =100nm, h —d is
~90 nm. Notably, for the large L-shaped meta-atom in Fig. 9(b), we did not observe a
breakdown in the correlation between g and y at large d values. We believe this is because for
the large meta-atom, all lengths are 1.5 times larger than the medium-scale L, therefore h—d
and | are closer to the wavelength of light. x, on the other hand, is scale invariant. Clearly, there
are limitations to assessing the optical properties of plasmonic nanostructures by pure
geometric means. While the correlation between g and y is not as strong as we reported for the
I sweep in Fig. 2(c), x for the d sweep follows a similar trend as g . y predicts the zero points in
g when the L-shaped meta-atom has equidistant arms or when the meta-atom becomes an x-
oriented rod. In Fig. 8(b), the primary difference between the correlations on either side of the
zero g and y pointat d =218 nm is the scaling differences between the local maxima in g and
their associated y values. Because the L-shape geometries to the left of the zero y pointat d =
218 nm have more elongated legs than those on the right side, the edge-to-edge lengths of the
shapes differ significantly, thus the energies of plasmonic resonant modes are also expected to
differ. Consequently, absorption behavior is impacted at all wavelengths. Notably, the g,

spectra in Fig. 7(b) lose the broad g, peak centered at 1000 nm as d is increased to 218 nm
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and beyond. We also note that y begins to decrease as d falls below ~110 nm and ~170 nm in
Figs. 8(a) and 8(b), respectively, while g continues to increase.
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Fig. 8. Integrated circular differential anisotropy factor, § (blue), and chiral coefficient y (black)

vs. d for (a) medium and (b) large L-shaped Au meta-atoms with | fixed at a) 100 nm and b) 150
nm.

We suspect the discrepancy between g and y when d is small is due to the increase in the

total edge length of the L-shape meta-atom which results in significant edge-effects that are not
predicted by our measure of geometric chirality. To better understand the polarization
properties of the L-shaped meta-atom and the origin of CDOA, we calculated the optical effects
for a large Au L-shaped meta-atom at its maximum @ and y values. Figure 9 shows the optical

effects for this L-shape with | = 248, h = 337 and d = 195 nm. This L-shaped meta-atom gave
significant CDOA, with a maximum g of0.120 and a maximum ¢ 0f 0.171. The Mueller Matrix

for the large L-shaped meta-atom is non-Minkowski symmetric which we hypothesize is due
to misaligned surface plasmon modes. We find that both CD and CB are zero as expected, and
that linear optical effects from LD, LD", LB, and LB'are responsible for CDOA [50], not true
optical activity. We also calculated the polarization properties for a medium L-shaped meta-
atom with d = 160 nm, shown in Fig. 10. This geometry is within the region where the
correlation between g and y break down in Fig. 8(a). We found that the Mueller matrix are

Minkowski symmetric and the polarization properties show both zero LD'and LB'cross the
entire wavelength region.
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Fig. 9. The six elementary polarization properties for a large L-shaped meta-atom with | = 248
nm, h =337 nmand d = 195 nm. The meta-atom does not show optical activity but rather linear
optical effects.
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Fig. 10. The six elementary polarization properties for the medium-scale Au L-shaped meta-
atoms with | = 100 nm, h = 217 nm and d = 160 nm. The lack of LD45 and LB45 is consistent
with zero CDOA shown in Fig. 8(a) for d-values > 145 nm.

2. Triangular meta-atoms results
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Fig. 11. g, spectra for the triangle meta-atoms for all x values with a base length b =400nm

and Y =200 nm for the upper vertex position defined by Z = X+ Vi

0., Spectra from 400 — 1500 nm for triangles of various x values are shown in Fig. 11. To better

understand the polarization properties of the triangular meta-atoms, we calculated the Mueller
matrix for the triangle with maximum g and y values found at x = =103 nm. Like we found for

the L-shaped meta-atom, the Mueller matrix for the triangular meta-atom is non-Minkowski
symmetric with the following four out of the six criteria not being satisfied, Moz = -M20, Moz =
Mso, M12 = -M21, and M1s = Ma1. Fig. 12 shows the calculated polarization optical effects of
the selected triangular meta-atom. Again, similar to the L-shape meta-atom, we find that both
CD and CB are zero as expected, and that linear polarization effects from LD, LD', LB, and
LB "are responsible for CDOA, not true optical activity.
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Fig. 12. The six elementary polarization properties for an obtuse triangle meta-atom with x =
—103 nmand y = 200 nm which demonstrated both maximum broadband differential absorption,
§ and geometric chirality, x. The meta-atom does not show optical activity but rather linear

polarization effects.

3. Dimer meta-atoms

0., Spectra from 450 — 850 nm are shown for various dimer meta-atoms with varying d spacing
in Fig. 13, and spectra from 500 — 1500 nm are shown with varying r spacing in Fig. 14.
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Fig. 13. ,, spectra for the dimer Au meta-atoms with d varied, r fixed at 150 nm, a fixed at

100 nm, and b fixed at 300 nm.
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Fig. 14. (., spectra for the dimer Au meta-atoms with r varied, d fixed at 200 nm, a fixed at
100 nm, and b fixed at 300 nm.
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4. Electromagnetic simulations

A B

,_%,w‘.

Fig. 15. Examples of meshes used for electromagnetic simulation in JCMwave. (a) Triangular
meta-atom with x = =103 nm, y = 200 nm, b = 400 nm. (b) Dimer meta-atom with d = 200 nm,
r =240 nm, a = 100 nm, b = 300 nm. (c) L-shaped meta-atom with | = 100 nm, h =323 nm, d =
120 nm.

We used JCMsuite v3.8.0 software by JCMwave Gmbh for all electromagnetic simulations.
We used a polynomial degree of four for all electromagnetic simulations. An airspace mesh
was maintained around all meta-atoms of at least 150 nm. A perfectly matched layer was used
with a thickness adapted to each simulation; PML thickness was tuned by JCMsuite’s internal
algorithm. Typical meshes for each geometry of meta-atom are shown in Fig. 15. For the
calculation of the Mueller Matrices, JCMsuite’s postprocessing code was used on the meta-
atom simulation data with a pair of X and Y linearly polarized plane wave sources. A Fourier
transform was performed on the file containing the electric field tensor in order to calculate the
reflected modes. We used a numerical aperture of 0.1 and a normal direction of Z for the Fourier
transform. The Mueller Matrices were calculated from the reflected modes. More information
about the procedure for computing these quantities is available in the JCMsuite online
documentation.

5. Chiral coefficient code

Python code used to compute the chiral coefficient for 2D shapes is available online at:
https://gitlab.com/mcpeaklab/chiral-coefficient.
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