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ABSTRACT: Plasmon-enhanced circular dichroism has established itself as a promising
candidate to push the limits of molecular handedness detection to the extremes, namely, toward
a monolayer or even to a single molecule. A multitude of intricate mechanisms, both chemical
and physical, have to contribute individually or in unison to an enhancement that is large enough
that it may bridge the several orders of magnitude of lacking signal strength when detecting small
analyte quantities in a circular dichroism scheme. Here, we assess in isolation the contribution
arising from electromagnetic interactions between a homogeneous chiral medium and plasmonic

|| ]

— i
= chiral ) ||
l‘w‘wolecules

structures. Using a suitably modified full-field electromagnetic simulation environment, we are

able to investigate the viability of various canonical achiral and chiral plasmonic configurations for substrate-enhanced chiroptical
spectroscopy. A clear hierarchy in enhancement factors is revealed that places achiral plasmonic gap antennas at the top, thus
outperforming its chiral equivalent, the Born—Kuhn-type plasmonic dimer. Moreover, the importance of coplanarity of the
incident rotating circular polarization field vector with the resonantly enhanced field vector in the plasmonic hot-spot is
demonstrated. Taking everything into account, we obtain an enhancement of 3 orders of magnitude from purely electromagnetic
interactions, thereby charting this part of the CD enhancement landscape.
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S urface plasmon-based near-field enhancement delivered
through specifically designed substrates has proven to be
highly successful for ultrasensitive optical biosensor applications
such as surface-enhanced Raman spectroscopy (SERS)' and
surface-enhanced infrared absorption (SEIRA),” where it can
boost responses down to the monolayer and even to the single-
molecule regimes.” The underlying detection schemes record
the changes in intensity of the probing light, regardless of its
polarization. However, taking the aspect of polarization into
account provides valuable additional information which is
precisely the domain of chiroptical spectroscopy techniques
that are sensitive to the chirality* (handedness) of a molecule.
Among these, circular dichroism (CD), ie. differential
absorption of left- and right-handed circularly polarized light,
is of particular relevance for the study of biomolecules. Apart
from being able to unambiguously distinguish the enantiomers
of a chiral molecule, it can precisely determine the macroscopic
conformation of large complex molecules.” As these molecules
are prevalent in pharmaceutical applications,® it is of great
importance to be able to operate chiral analyses at
physiological—hence very low—concentrations. Recently,
experimental”® and theoretical”'® work has been carried out
on plasmon-enhanced circular dichroism spectroscopy, report-
ing dissymmetry enhancement factors of up to 10° and
attributed to plasmon-generated superchiral near fields''~"* or
induced optical activity due to near fields, both at isolated
plasmonic nanostructures and at hot-spots between closely
spaced structures.'”*® This substrate-based approach is akin to
SERS and SEIRA but fundamentally differs from routes to
enhanced circular dichroism that rely on self-assembled chiral
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plasmonic macrostructures. The latter approach judiciously
incorporates the analyte as part of the scaffolding material for
the nanoparticles, thus influencing the geometrical config-
uration of the chiral plasmonic structure and thereby its
associated CD spectrum.”’ >’

While previous theoretical work focused on either inves-
tigating a fixed number of chiral molecules modeled as point
dipoles'”*>** or analyzing optical chirality in the vicinity of
plasmonic nanostructures by using Mie calculations’ or full-
field simulations, so far, comprehensive three-dimensional
numerical studies encompassing both the plasmonic structure
and chiral molecular material have not been carried out. It has
been shown, however, that chiral media can be treated with
chiral Mie theory’" and full-field simulations.””**

Here, we present, for the first time, a rigorous finite element
method based study on the effects of various canonical
plasmonic building blocks on the enhancement of molecular
CD signals. Full-field simulations that take both the complex
plasmonic structure and the chiral medium into account reveal
the importance of highly concentrated near fields. Most
importantly, we demonstrate that the relative orientation
between incident light and plasmonic modes plays a crucial
role. This leads to rather counterintuitive consequences for the
performance of different plasmonic antenna shapes where
achiral structures clearly outperform their chiral equivalents.

The investigated structures consist of homogeneous and
isotropic chiral medium patches placed in the vicinity of
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plasmonic nanoantennas, with the molecular resonance of the
chiral medium patches in the UV range and the plasmonic
resonance in the near-IR. Our numerical approach contains all
electromagnetic effects that can contribute to an enhancement
of the CD signal of the chiral medium patches, while other
effects, e.g, of chemical nature such as charge transfer through
bonds formed by chemisorbed analytes to the plasmonic
nanostructure, are not considered. An extension to oriented
chiral molecules by using anisotropic material tensors as well as
the investigation of matched molecular and plasmonic
resonances is in principle possible, but we focus here on the
more common case, in which the molecular and the plasmonic
resonance are spectrally separated and the molecules are
randomly oriented.

The general setup for plasmon-enhanced circular dichroism
spectroscopy (PECD) employs a standard CD detection
scheme in conjunction with arbitrarily shaped plasmonic
nanoantennas as a substrate for the chiral material (Figure 1).
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where &, denotes the background refractive index and the
coefficients y and f are the amplitude of absorptive and chiral
properties; @, = 2mc/A, where A, corresponds to the
wavelength of a molecular absorption resonance with broad-
ening determined through damping I'. Furthermore, the chiral
medium is assumed to be nonmagnetic with g = 1. The values
for all other parameters were chosen to represent typical values
found in naturally occurring neat, ie., 100% concentration,
chiral materials® (cf. Supporting Information S1). The various
optical responses (Figure 2) of the system employing
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Figure 1. Schematic of plasmon-enhanced circular dichroism (PECD)
detection scheme. The inset shows the chiral material patches that are
placed at the hot-spots of the plasmonic antennas.

Ideally, the material under investigation should be placed in the
hot-spot regions of the nanoparticles in order to assess the
upper limit for the obtainable plasmon enhancement.

While it is straightforward to model the linear optical
response of plasmonic materials such as gold, the electro-
magnetic behavior of chiral media, a subset of bi-isotropic
media, requires some adaptation of existing commercial
Maxwell solvers. For our studies of PECD, we chose to modify
a standard COMSOL RF simulation environment by
implementing chiral constitutive equations:

iK
D =¢¢E — —H
c

_ ik
B = p,uH + TE D
where ¢ and p denote permittivity and permeability,
respectively, and « is used for the Pasteur parameter that
controls the coupling between electric and magnetic responses
of the medium and, therefore, the strength of its chirality. The

2
parameters are modeled as’
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Figure 2. Optical responses of chiral medium patches located at the
hot-spots of a plasmonic rod antenna array. Paler lines indicate the
chiral response of the patches without antennas. (a) Absorption for
linearly polarized normal incidence. (b) Circular dichroism signal
(absolute values). The scale on the right marks CD values as ellipticity
in millidegrees. (c) Enhancement factor of the CD signal. (d)
Averaged electric field enhancement within the volume occupied by
the chiral patches.

periodically arranged gold rod structures shown in Figure 1
illustrate the key features of PECD spectroscopy. The rods have
a length [ = 150 nm, a width w = 40 nm, and a thickness ¢ = 40
nm, and they are arranged in an array of period p = 650 nm in
both directions of the plane. Typically, molecular CD
resonances of interest are located around 200 nm, while the
utilized plasmonic structures exhibit their fundamental
resonance at longer wavelengths, here at 780 nm, such that
no spectral overlap of the absorption peaks occurs (Figure 2a).
The black line in Figure 2a shows the absorption spectrum of
the compound system, whereas the gray curve corresponds to
the absorption from the chiral medium patches by themselves.
The spectral features that are visible in the region between the
molecular and fundamental plasmonic resonance stem from
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Figure 3. Gap antenna and rod antenna enhancement factors. (a) CD enhancement factor for gap antennas of different gap sizes. (b) Averaged field
enhancement within the volume occupied by the chiral medium in the case of gap antennas. (c) CD enhancement factor of the equivalent single rod
antenna configuration for varying chiral medium volumes with side length g. (d) Averaged field enhancement within the volume occupied by the

chiral medium in the case of rod antennas.

Rayleigh modes and higher order plasmon modes, which we do
not further investigate here.

The CD peak for the chiral patches is naturally located at the
spectral location of their molecular absorption resonance
(Figure 2b). Note the weakness of the CD signal of about
10~* mdeg at its maximum, despite assuming neat liquid model
parameters. This results from the small analyte quantity
involved, i.e., 40 nm sized chiral medium cubes instead of
uniform millimeter thick analyte layers that are usually required
for unenhanced CD spectroscopy, where the detection limit is
typically about 1 mdeg.

The achiral plasmonic nanorods inherently do not exhibit a
CD signal. However, due to the presence of the chiral material
that interacts with the near fields of the rods, a difference in
absorption for left- and right-handed circularly polarized (LCP
and RCP) illumination is induced inside the metal nano-
particles. This difference manifests itself as a CD signal at the
position of the plasmon resonance (orange plot Figure 2b).
Generally, CD signals can take positive and negative values
depending on the handedness of the examined sample; here, we
present only the absolute values as we concentrate on
determining enhancement effects that occur symmetrically for
opposite enantiomers.

In order to quantify such enhancement phenomena, we
define the CD enhancement factor f as the ratio between the
absolute values of the CD signal of the chiral medium patches
alone and with plasmonic antennas. Note that this definition
only accounts for the enhancement of the CD signal for a fixed
size and position of the chiral patches at a certain wavelength.
In order to obtain larger total CD signals, it is of course
possible to increase the size of the chiral patches. However,
investigating chiral patches that extend the region of the
plasmonic near fields does not reveal any enhancement effects
due to the plasmonic resonances. Plotting the CD enhance-
ment factor for the case of the plasmonic nanorod array with
chiral patches provides a maximum enhancement factor of
about 750 (Figure 2c). It is important to note that this
enhancement factor is independent of the magnitude of the
Pasteur parameter k as long as it is small with respect to the
dielectric permittivity, which is usually the case for realistic
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chiral analytes. Therefore, our results reveal fundamental
insights independent of the actual properties of the chiral
medium.

The enhancement effect is clearly tied in with the effect of
field enhancement that can be observed at the ends of the metal
nanorods. Figure 2d shows the electric field enhancement (|El),
which has been calculated by averaging the absolute electric
field value |El over the volume V occupied by the chiral medium
cubes and normalizing to the amplitude E; of the incident
electric field:

L

1
1 = va E, 3)

In the Supporting Information, we additionally analyze the
origin of the enhanced CD signals by distinguishing between
energy absorbed in the metallic nanoantenna and in the chiral
medium patches. We find that the CD signal is dominated by
the contribution of the nanoantenna, so that the most relevant
mechanism is the so-called induced CD.”° Note, however, while
the CD enhancement obtained for the present case of
plasmonic rod antenna arrays is an undeniably large effect, it
still yields an overall CD signal below the detection limit of 1
mdeg for common CD spectrometers.

Therefore, we carried out numerical studies of variations of
the basic rod antenna geometry to assess whether higher CD
enhancement factors can be obtained.

As near-field concentration plays a crucial role, the next
iteration of the rod antenna geometry is the gap antenna, i.e.,
two rod antennas aligned along their long axes such that they
are interacting through the near fields at the junction formed
between them. In the gap region, the field enhancement is
larger than at the ends of a rod antenna alone.”* We studied the
geometries presented in Figure 3: the gap antenna has
dimensions [ = 150 nm, w = 40 nm, and t = 40 nm with gap
sizes g varying from S to 60 nm. The gap region is fully
occupied by the chiral medium; that is, its dimensions are 40
nm X 40 nm X g. The antennas are arranged periodically with
period p, = 1300 nm and p, = 650 nm.

In order to directly compare the gap antenna CD
enhancement factors to those obtained from a single rod
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antenna, we used an equivalent geometry that does not exhibit
gap hot-spots by placing two rod antennas at a distance from
one another that is sufficient to avoid near-field coupling. In
particular, the end-to-end distance between the two rods was
chosen to be 175 nm. The chiral medium volume was cut in
half for this geometry compared to that employed for the gap
antenna, with one-half patch each being placed at the ends of
the rod antennas that face each other. As expected, the field
enhancement for the gap antenna is higher than for the single
rod antenna. For the smallest gap size of g = 5 nm, the gap
antenna field enhancement is 4 times higher than for single rod
antennas. In this case, the highest CD enhancement factor ratio
is achieved between the two systems. The gap antenna exhibits
a CD enhancement factor of 3000, and the equivalent single-
rod configuration yields only one-third of that with a CD
enhancement factor of about 1000.

The average field and CD enhancement factors show a slight
increase for the single-rod geometry as the chiral medium patch
size decreases, which happens due to the fact that the near
fields are stronger closer to the antenna surface. Consequently,
PECD enhancement benefits are more pronounced for small
judiciously placed chiral analyte patches and decrease when
using continuous analyte layers, because the chiral material
outside the near-field regions of the plasmonic antennas does
not contribute to an enhanced CD signal.

It should be mentioned that the gap antennas with gaps of 40
and 60 nm provide slightly lower CD enhancement than
equivalent single rod configurations. We attribute this to the
more eflicient excitation of higher diffraction orders by the gap
antenna as compared to single rods, which results in a
nontrivial redistribution of radiation to the far field. However, a
detailed discussion of the influence of higher diffraction orders
and other grating effects on the CD enhancement is beyond the
scope of this paper.

Furthermore, we tested if the chiral equivalent of the gap
antenna dimer, i.e.,, a Born—Kuhn-type chiral dimer,> yields
higher CD enhancement factors (Figure 4). We used the same
dimensions as before for the rods that constitute the chiral
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Figure 4. Chiral plasmonic dimers with chiral medium patches placed
in their hot-spot region. (a) CD enhancement factor for different gap
sizes. (b and c) Averaged electric field enhancement within the hot-
spots of the plasmonic dimers for RCP and LCP incident light,
respectively.

581

dimer with [ = 150 nm, w = 40 nm, t = 40 nm, and vertically
varying gap sizes g. The chiral dimer itself already possesses a
CD signal that would appear as background in the PECD
measurement. Therefore, the CD enhancement factors
presented in Figure 4a were obtained from baseline-corrected
CD signals (Supporting Information S2). Due to mode
hybridization, a bonding and antibonding mode can be excited
depending on the handedness of the incident illumination.
Here, we present the results for a left-handed dimer for which
the field enhancement in the gap region is slightly larger for
RCP light (Figure 4b) and comparable to that obtained for the
achiral gap antenna. However, the CD enhancement factor is 1
order of magnitude lower than in the previously considered
case of the gap antenna (Figure 4a).

The significant drop in CD enhancement for the chiral dimer
can be explained by considering the intermediate geometrical
configurations schematically shown in Figure S on the left. The
chiral cubic patches have the same dimensions as before with g,
= g, = 40 nm. The planar gap antenna delivers the highest CD
enhancement, which drops to about half its value for the second
geometry from the top, where one of the rod antennas has been
vertically lifted out of the plane. This value further decreases by
an order of magnitude when the ends of the nanorods overlap
(Figure Sa). The average field enhancement, however, drops
only roughly by a factor of 2. This indicates that the relative
orientation of the incident electric field vector and the electric field
vector in the hot-spot region is of great importance for plasmon-
enhanced CD signals. While the standard gap antennas possess
hot-spot electric field vectors that are parallel to the incident
electric field vector, this is not true for the other two cases. In
particular, the hot-spot and incident field vectors are mostly
orthogonal to each other for the gap antenna where the ends
are overlapping each other (Figure S right side), which likely
causes the dramatic reduction of the CD enhancement effect.

In summary, we studied the contribution of macroscopic
electromagnetic effects to plasmon-enhanced CD spectroscopy.
To this end, we implemented chiral constitutive equations in
the COMSOL RF simulation environment. The highest
enhancement factor is achieved for the standard planar gap
antenna, which outperforms both the single rod antenna and its
chiral equivalent, the Born-Kuhn-type dimer. Careful analysis of
intermediate geometries revealed the pivotal role that the
mutual orientation of incident and hot-spot electric field vectors
plays. In our findings, CD enhancement is highest for
geometries where these field vectors are parallel to one another
and when, simultaneously, the average field enhancement value
is high. The large CD enhancement of roughly 3 orders of
magnitude constitutes the electromagnetic contribution to
plasmon-enhanced CD spectroscopy. The limiting aspect here
lies in the small volumes occupied by enhanced near fields at
the hot-spots of plasmonic antennas. Only in these regions does
electromagnetic CD enhancement occur.

It should be noted that in the cases without any additional
alignment effects or chemical enhancement® that may occur
for chemisorbed analytes and are strongly analyte dependent, it
might be more practical to measure the molecular resonance
directly in the ultraviolet spectral region when employing a
substrate-based enhancement scheme, as the molecular CD
resonance remains stronger than the induced CD signal at 780
nm in absolute terms. The ratio between the maximum values
of induced CD (at the plasmonic resonance) and molecular CD
(without plasmonic nanoantenna at the molecular resonance)
reaches about 0.04 for the rod antenna and 0.17—0.52 for the
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Figure 5. Enhancement factors for different dimer configurations (geometries are schematically shown on the left). (a) CD enhancement factor. (b)
Electric field enhancement factor within the hot-spot regions. On the right, electric field lines and charge distributions are depicted at the resonance

wavelength.

gap antenna with gap sizes of 60—5 nm, respectively. Only in
those cases where one is restricted to typical plasmon
resonance wavelengths for detection is a pure electromagnetic
plasmon-enhanced CD scheme advantageous for measuring the
CD signal from small patches of chiral media at the hot-spots of
the electric fields.

The present thorough analysis is an important step toward
dissecting the different contributing effects involved in
plasmonic substrate-based CD enhancement schemes. As with
SERS, large overall enhancement in plasmon-enhanced CD is
expected to be composed of both physical and chemical parts.
Note that the contribution of the chemical part may be relevant
in experiments, but it is beyond the scope of this work to
discuss the potentially involved mechanisms as well as to
estimate the magnitude of the resulting CD enhancement due
to the chemical effects.

While the determined electromagnetic enhancement of 3
orders of magnitude does not strictly represent an upper
bound, it is reasonable to assume that for homogeneous and
isotropic chiral medium patches the present numerical results
give a good estimate of the maximally experimentally achievable
CD enhancement based on electromagnetic effects. This is due
to our finding that high field enhancement, which is challenging
to achieve in real devices, is the overall limiting factor.

Despite assuming the chiral medium patches to be
homogeneous and isotropic here, future work will also include
molecular orientation effects that can be easily implemented in
our numerical method by using tensorial parameters. Such
additional detail might very well reveal even higher electro-
magnetic enhancement factors.

B METHODS

The results presented here are based on the numerical solution
of Maxwell’s equations incorporating the constitutive eqs 1 for
the chiral medium. We used the commercial finite element
method software COMSOL Multiphysics.

Materials. The bulk dielectric function for gold is fitted
using a phenomenological Brendel-Bormann model.”” The
chiral medium is determined by complex dispersive isotropic
macroscopic parameters: dielectric permittivity &, magnetic
permeability 4 = 1, and Pasteur parameter k (Supporting
Information (S1)).

Mesh. To adequately resolve the electromagnetic effects, we
chose at least five tetrahedral elements with second-order shape
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functions per local wavelength. At least two second-order
elements were used to resolve the field variations occurring
within the skin depth at the surface of the metal. A denser mesh
was generated in the near-field regions at the hot-spots to
register the weak chiral signals from the chiral medium. Each
simulation was checked for convergence.

CD Enhancement Factors. Circular dichroism is calcu-
lated as a difference in absorption of left-handed and right-
handed circularly polarized incident light: CD = Agcp — Apcp.
To obtain the CD enhancement factor, we normalize the CD
signal from the combined plasmon-chiral medium system by
the CD signal of the chiral medium itself at the same
wavelength: f = |[CD,,,|/ICD l.

chiral medium
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