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ABSTRACT: Plasmonic nanostructures can generate electromagnetic ﬁelds with high optical chirality that interact strongly
with chiral molecules. We demonstrate how structures with
chiral eigenmodes lead to chiral near-ﬁelds of predominantly
one handedness. Our theoretical design with multiple metallic
helices exhibits very high optical chirality over a large volume.
The expected averaged chiroptical interaction is almost 2 orders
of magnitude higher than for circularly polarized light.
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O

experimentally.50−57 One approach uses the chiral near-ﬁeld
response of plasmonic nanostructures. The chiroptical interaction between an electromagnetic ﬁeld and a chiral molecule
can be described as58,59

bjects that cannot be superimposed with their mirror
image are called chiral.1 Chirality is a common concept in
nature. Many biomolecules like, for example, the essential
amino acids are chiral. This means that they exist in two
enantiomeric forms that diﬀer only in their handedness while all
other physical properties are the same. Their chiral nature can
only be probed by interactions with other chiral objects. One
common method is the interaction with circularly polarized
light that leads to a diﬀerence in the absorption depending on
both the handedness of the molecule and that of the light.2
However, this chiroptical response is small for most molecules,
which renders such analysis rather challenging, especially when
small volumes should be probed.3,4
Artiﬁcial chiral materials can show chiroptical responses that
are several orders of magnitude stronger.5 The threedimensionality of these structures, which is an important
prerequisite for chirality, could be obtained by stacking of
planar structures6−14 or by the combination of a planar
structure with a substrate that breaks the symmetry.15−18 Fully
three-dimensional designs are possible by methods such as
direct laser writing,19,20 glancing angle deposition,21,22 electronand ion-beam induced deposition,23,24 colloidal lithography
with tilted angle evaporation,25 or by a sophisticated method
that utilizes the strain in heterostructured ﬁlms.26 Furthermore,
self-assembly techniques have been used to fabricate a broad
range of chiral plasmonic systems such as tetrahedral
arrangements of diﬀering nanoparticles27−29 or chiral arrangements of similar building blocks.30−33 Also, a broad understanding of the chiroptical far-ﬁeld response of chiral plasmonic
nanostructures has recently been gained.34−45
In the previous years, the potential of plasmonic structures
for enhancing the chiroptical response of nearby chiral
biomolecules has been analyzed both theoretically46−49 and
© 2014 American Chemical Society

A ∝ αeUe + αmUb − βC

(1)

where A is the absorption of the molecule. Ue and Ub are the
electric and magnetic energy density, respectively, while αe and
αm are the imaginary parts of the corresponding electric and
magnetic dipole polarizability. The so-called mixed electricmagnetic dipole polarizability β is a material parameter
describing the intrinsic chirality of the molecule, while the
optical chirality C is a chiral measure for the electromagnetic
ﬁeld. It can be calculated as58,60
C=−

ε0ω
Im(E*·B)
2

(2)

Here, E and B are the complex electric and magnetic ﬁelds. The
optical chirality, which is connected to the helicity of the
light,61,62 quantiﬁes the interaction strength of an electromagnetic ﬁeld with a chiral molecule for a given β. The
theoretical diﬀerential absorption for two enantiomeric ﬁelds,
that is, C+ = −C− and U+e,b = U−e,b, is directly proportional to the
optical chirality. Maximum optical chirality in plane waves is
obtained for circularly polarized light:
±
=±
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The positive sign corresponds to left-handed, and the
negative sign corresponds to right-handed circular polarization.
Tang and Cohen demonstrated a measurement scheme where
the electrical energy density is decreased while the optical
chirality stays the same leading to an improved enantioselectivity.63 Similar eﬀects have been reported for light with
orbital angular momentum.64 Recent work has shown that also
plasmonic nanostructures, whose geometry directly inﬂuences
the properties of their near-ﬁelds, can be used to obtain chiral
ﬁelds with strong optical chirality. Interestingly, although the
combination of twisted structures with circularly polarized light
can lead to chiral hot-spots,65 even achiral structures
illuminated with linearly polarized light can generate locally
chiral near-ﬁelds.48,66−68 First experiments conﬁrmed these
ﬁndings.69
However, many structures discussed in literature rely on the
properties of the incident ﬁeld. The designs discussed in ref 67
rely on circularly polarized light, while the concepts discussed
in refs 48, 65, and 68 take the phase diﬀerence between
incident and scattered ﬁelds into account, which might be
sophisticated to control. Also, it is often not straightforward
how to access only one handedness of the chiral ﬁelds. Many
designs lead to both left- and right-handed near-ﬁelds that
cancel each other on average.
In this paper, we introduce a novel concept: Plasmonic
nanoantennas70 that support chiral eigenmodes, meaning that
the near-ﬁelds of the eigenmodes are chiral. By that means, the
incident ﬁeld is only necessary to excite those modes but has no
further inﬂuence on the characteristics of the generated chiral
near-ﬁelds. This reduces the parameters that must be controlled
and may therefore lead to more reliable designs for the
experiment. The overall chirality of the near-ﬁeld should not
vanish when integrating over the whole space to ensure that the
structure and its generated chiral ﬁelds can be used without any
additional requirements for applications such as enantiomer
discrimination. Symmetry considerations dictate that structures
that fulﬁll these conditions must be chiral themselves.
Otherwise, parity inversion would change the net handedness
of the near-ﬁeld after averaging, but leave the structure itself
unaltered.

Figure 1. The fundamental mode of a helical plasmonic nanoantenna
exhibits nonorthogonal electric and magnetic dipole moments. Within
the structure, the electric (red) and magnetic (blue) ﬁeld vectors are
mainly parallel, leading to nonzero optical chirality. Changing the
handedness of the structure ﬂips the relative orientation of the ﬁeld
vectors and, therefore, the handedness of the chiral near-ﬁelds. Thus,
such helical antennas are prototypes of a plasmonic nanostructure with
strong chiral eigenmodes.

the usage of this structure as circular polarizer, where the helix
is illuminated axially, that is, k is parallel to the axis of the helix.
This illumination leads to diﬀerent excitation for left- and righthanded circularly polarized light.19,36
The conﬁnement of the chiral near-ﬁelds is best when the
pitch of the helix is small. Figure 2a depicts the calculated

■

RESULTS AND DISCUSSION
Equation 2 gives the condition for nonzero optical chirality:
The electric and magnetic ﬁelds must have parallel components
that are out of phase. A prototypical design that fulﬁlls this
condition is a helical structure, as shown in Figure 1. The
fundamental mode has a dipolar character leading to an electric
ﬁeld vector pointing from one end to the other. A magnetic
ﬁeld in the same direction is generated due to the coiled wire.
Also, the phase condition between electric and magnetic ﬁeld is
automatically fulﬁlled as the magnetic ﬁeld scales with the
current, while the electric ﬁeld is maximum when the carriers
are accumulated at the ends of the wire. Therefore, strong chiral
near-ﬁelds are expected in the region surrounded by the wire.
Changing the handedness of the helix will change the relative
orientation of the two ﬁelds and therefore change the
handedness of the respective near-ﬁelds.
As the fundamental mode of the helix by itself will generate
chiral near-ﬁelds, the incident ﬁeld is only needed to excite this
mode. This can be carried out most eﬃciently by illuminating
the helix from the top with linear polarization, as indicated in
Figure 1. In this conﬁguration, the external ﬁeld couples to the
dipole moment of the helix. Note that this scheme diﬀers from

Figure 2. (a) A single helix with a small pitch exhibits well conﬁned
chiral near-ﬁelds. (b) The absolute values of optical chirality increase
with increasing pitch, but the conﬁnement becomes weaker.

normalized optical chirality Ĉ (r) near a small gold helix with a
pitch of 50 nm excited at its fundamental resonance. The
optical chirality of circularly polarized light has been used to
perform the normalization:
Ĉ :=

C
+
CCPL

(4)

The radius of the helix is 30 nm, and the wire diameter is 10
nm. The plot shows that nonzero optical chirality is not only
found close to the metal, but also inside the helix, as expected.
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On the other hand, a larger pitch increases the dipole
moment of the structure and therefore improves the coupling
to the external ﬁeld. This can lead to an increase of the absolute
values of optical chirality, as seen in Figure 2b for a pitch of
100 nm, but with weaker conﬁnement of the ﬁelds. The
ultimate limit is a straight rod antenna, as discussed in ref 67.
This leads to a trade-oﬀ between strength, conﬁnement, and
net chirality of the generated ﬁelds. An optimum design should
feature strong chiral near-ﬁelds of one handedness over a large
volume.
To obtain this goal, the initial design of a single helix must be
extended. Figure 3 sketches two diﬀerent approaches. The ﬁrst

Figure 3. Modiﬁed designs that are expected to feature simultaneously
strong chiral near-ﬁelds and good coupling to the external ﬁeld. (a)
The dipole moment of the loop-wire structure is enlarged due to the
linear antennas at each side of the loop. (b) Designs with multiple
helices couple well to the external ﬁeld as the pitch of each single helix
can be enlarged. Simultaneously, the wires surround a larger volume.

one (Figure 3a) starts from a helix with a small pitch and adds
additional antennas at each end to increase the coupling to the
external ﬁeld. This so-called loop-wire structure has already
been discussed as prototype for plasmonic structures with
strong chiroptical far-ﬁeld response,71,72 but should also feature
promising near-ﬁeld characteristics. However, due to the small
pitch, the volume covered by chiral near-ﬁelds is limited.
Therefore, we will focus on the second approach sketched in
Figure 3b: We start with a large pitch helix, which automatically
leads to a larger volume that is enclosed by gold wires. To
obtain a better conﬁnement of the ﬁelds, additional helices are
added. A similar approach has been also used for circular
polarizers, where superstructures of multiple helices have been
used to improve the circular polarization extinction ratio.73−75
Small Four-Helix Design. Additional helices lead to a
more complicated behavior of the whole design as the single
helices can interact with one another. Figure 4a shows the
extinction cross section of four interlocking helices for pitch
values varying from 50 to 150 nm. The pitch is varied by 10 nm
for neighboring plots. All other dimensions are the same as for
the single helix calculated in Figure 2. As expected, the
extinction cross section increases with increasing pitch, as the
structure couples stronger to the external ﬁeld. However, for
small pitch values an increase of the pitch leads to a blueshift of
the fundamental resonance. This is in contrast to the
expectation, as an increasing pitch leads to longer wires and
should therefore result in a redshift. It can be explained by
analyzing the mode hybridization in the four-helix structure.
Only the lower energy mode is excited by the external dipolar
ﬁeld. This mode exhibits a strong blueshift when the coupling is
reduced due to an enlargement of the pitch. In the case of small
pitches, where the initial coupling is suﬃciently strong, this
blueshift can supersede the intrinsic redshift resulting from the
elongation of the wires. The redshift dominates the observed
behavior for pitches larger than 100 nm.

Figure 4. (a) The extinction cross section of the four-helix structure
increases with increasing pitch. A strong blueshift occurs when starting
from small pitch values. This switches to the expected redshift when
the pitch is further increased. The pitch is changed by 10 nm for
neighboring plots. (b) Strongly conﬁned chiral near-ﬁelds are
generated within the helices for a pitch of 100 nm (red circle in a).
(c) The slice plots conﬁrm the conﬁnement to the interior region.

Figure 4b shows a three-dimensional map of the optical
chirality around a four-helix structure with a pitch of 100 nm on
resonance (red circle in Figure 4a). The resonance position is
located in the near-infrared wavelength regime at 1.63 μm. The
chiral near-ﬁelds are mainly located inside the structure and are
enclosed by the wires. The slice plots in Figure 4c conﬁrm this
observation. Note that the ﬁelds are right-handed (C < 0) in
the whole interior of the structure. Left-handed ﬁelds also occur
(mainly at the ends of the wires), but when averaging over the
whole volume, the right-handed characteristic of the near-ﬁelds
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dx.doi.org/10.1021/ph5000743 | ACS Photonics 2014, 1, 530−537

ACS Photonics

Article

dominates. This is in accordance with the right-handed nature
of the structure.
The structure also performs well regarding the absolute
values of normalized optical chirality. Maximum and minimum
values are indicated by the horizontal bars in Figure 4a. This
particular design reaches −38 for the minimum optical chirality.
Higher values have been reported for other structures, but only
in some hot spots.65 The four-helix structure, on the other
hand, features near-ﬁelds with signiﬁcantly higher optical
chirality than circularly polarized light of the same frequency
over an extended volume.
When the pitch is further increased to 150 nm, the maximum
and minimum values of optical chirality stay almost the same,
although the extinction cross section roughly doubles. Additionally, the conﬁnement of the ﬁelds becomes weaker as
already discussed for the single helix. Therefore, we attribute
the characteristics of the four-helix structure to the coupling
between the single wires. Increasing the pitch further than
100 nm, where the resonance position starts to shift red with
further increasing pitch, seems to have no beneﬁt for the
generation of chiral near-ﬁelds.
Note that the dimensions of the design are very small, which
could pose challenges for fabrication. Recently, Mark and
collaborators have fabricated single helices with comparable
dimensions by a glancing angle deposition technique.21
However, especially the ratio between helix diameter and
wire thickness is substantially smaller than in our calculations,
which leads to a narrowing of the accessible volume inside the
helix. DNA nanoassembly with subsequent metal coating might
oﬀer an alternative route, but the DNA scaﬀolds prevent the
analyte from reaching the interior region.31 Helices with feature
sizes below 100 nm have been fabricated by electron-beam
induced deposition, but the metal is incorporated in a carbon
matrix, which is expected to weaken the near-ﬁeld response.23
Additionally, all of these techniques have been used to fabricate
only single helices thus far. The step to the suggested four-helix
design seems to be nontrivial.
Large Four-Helix Design. A technique that could in
principle fabricate the proposed design is 3D direct laser writing
(DLW) as it is very versatile in terms of possible geometries.
However, the laser wavelength limits the minimum feature size.
Additionally, the smallest voxels that can be written are
elliptical due to a diﬀerence between the axial and the
longitudinal resolution. Recent developments such as STED
DLW,76 utilization of the diﬀusion of quencher molecules77 or
the combination of DLW with spatial light modulators78
signiﬁcantly improved both the resolution as well as the voxel
aspect ratio. However, the dimensions of the small design
discussed in the previous chapter are still out of reach for DLW
with present techniques.
Therefore, we now analyze the behavior of a 20 times larger
version of our four-helix design. Now, the pitch of the structure
is 2.0 μm, the helix radius is 0.6 μm, and the diameter of the
wire is 0.2 μm. Such dimensions are in principle feasible for a
3D direct laser writing approach. However, the obtained optical
chirality is reduced by a factor of roughly 1.7 compared to the
original design (cf., Figure 5). The scales of both the threedimensional map and the slice plots are the same as in Figure 4
that showed the small version of the design. This is even more
striking as the dipole moment of the structure is strongly
increased due to the upscaling. Therefore, higher values of
optical chirality were expected.

Figure 5. (a) The optimum design is enlarged by a factor of 20 to
enable fabrication by 3D direct laser writing. After this upscaling
process, the obtained normalized optical chirality is decreased. (b) The
slice plots demonstrate a drop by a factor of 1.7 compared to the small
design.

We also calculated the far-ﬁeld response depending on the
pitch as already done for the small four-helix structure to obtain
further insight in the behavior of the enlarged design. The
results are shown in Figure 6a for pitch values between 1.0 and
2.0 μm. Neighboring plots diﬀer by 0.1 μm in pitch. As for the
smaller structure, these values are in the range where we obtain
a blueshift when increasing the pitch. Also, the extinction cross
section increases with the structure, as expected. Interestingly,
the absorption cross section behaves diﬀerently for the enlarged
structure. One obtains a decreasing absorption cross section
with increasing pitch. This behavior is opposite to the small
four-helix structure where the absorption and scattering cross
sections show the same scaling behavior.
Figure 6b depicts the normalized optical chirality around the
large four-helix structure for the smallest pitch calculated
(1.0 μm, red circle in Figure 6a). Compared to the 2.0 μm
pitch, the optical chirality is enhanced by a factor of roughly 8.
The resulting chiral near-ﬁelds reach values for the optical
chirality down to −179, which even exceeds the best design of
the small four-helix structure and is, to the best of our
knowledge, the highest value reported in literature thus far. The
slice plots (Figure 6c) conﬁrm that we also obtain
predominantly right-handed near-ﬁelds that are conﬁned to
the interior of the structure. Compared to the small four-helix
design, the values decrease faster when we move away from the
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Figure 6. (a) Extinction and absorption cross section of the upscaled four-helix structure. The pitch is changed by 0.1 μm for neighboring plots.
Maximum absorption is obtained for the smallest pitch (1.0 μm, red circle). (b) The three-dimensional optical chirality map for this pitch value
shows strong chiral near-ﬁelds of one handedness in the whole interior of the nanostructure. (c) The slice plots conﬁrm the conﬁnement to the inner
region.

the proposed design, more specialized calculations are
necessary for realistic modeling of deﬁnite experiments.
Additionally, the plasmonic resonance of the structure should
be tuned to the chiroptical response of the target analyte to
obtain strongest enhancement. Our designs exhibit their
resonances in the near- to mid-infrared wavelength region.
This is the region of fundamental vibrational circular dichroism
modes.80 Therefore, our design is best-suited to enhance this
response, which is even smaller than standard circular
dichroism occurring in the ultraviolet for most molecules.
Smaller structures with plasmonic resonances in the visible have
also the potential to enhance visible electronic circular
dichroism.
When the four-helix design is used for chiroptical spectroscopy, it is not suﬃcient to only consider single spatial points.
Rather, one obtains the response that is of interest by averaging
over a speciﬁc volume that is ﬁlled with a chiral analyte. The
recorded quantity in a circular dichroism type measurement is
the diﬀerence in absorption for two electromagnetic ﬁelds of
the same energy density with opposite handedness:

wires toward the center of the structure. This can be explained
by the stronger coupling between the wires in case of the
enlarged structure with smaller pitch that leads to higher ﬁeld
enhancement in the gap and therefore higher values of optical
chirality at the respective positions. Nevertheless, we still obtain
substantial chiral near-ﬁelds in the center of the structure that
exceed the response of the small four-helix structure. It is also
noteworthy that a decrease of the pitch of the small design does
not lead to the same eﬀect. In the contrary, the optical chirality
is weakened because the inﬂuence of the weaker coupling to the
external ﬁeld is stronger than the beneﬁts from the stronger
coupling between the wires in this case.
It should also be mentioned that this design is more diﬃcult
to fabricate because of the small gaps between the wires when
compared to designs with larger pitch values. Additionally, the
enlarged version shifts the operating wavelength to the mid
infrared wavelength regime, which might be a drawback for
some applications. The resonance frequency is very sensitive to
the actual pitch due to the coupling between the wires, which is
also challenging for fabrication. A balance between performance
and fabrication demands should be found for real applications.
Of course, the details of this optimization depend crucially
on the fabrication technique that is used. The chosen technique
might also introduce additional imperfections such as grainy
surfaces or deviations from the assumed perfectly round shape
of the wires. The former inﬂuences the near-ﬁelds only very
close to the surface;79 the latter might modify the coupling
between the helices. While our ﬁndings provide fundamental
insights into the working principle and general characteristics of

ΔA = A− − A+ ∝ 2βC +

(5)

where C+ corresponds to the optical chirality of the
predominantly left-handed ﬁeld. To obtain such ﬁeld pairs,
both enantiomers of the nanostructure can be used to create
the respective ﬁelds. In this case, corresponding locations,
where the near-ﬁelds are interchangeable by parity, can be
found (cf., Supporting Information of ref 67). Then, the
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Signiﬁcant enhancement of the response is expected for all
values of L as long as the chiral analyte is restricted to the
interior of the helix. As soon as the analyte also reaches the
exterior parts, the signal drops. This is due to the increasing
volume with chiral near-ﬁelds with opposite or vanishing optical
chirality. As ⟨ΔÂ ⟩V describes the enhancement compared to the
whole volume beeing analyzed by circular dichroism spectroscopy, its value is obviously maximal when V is conﬁned to the
region with highest optical chirality. For an inﬁnite radius,
⟨ΔÂ ⟩V approaches zero. Small radii, on the other hand, also
lower the response because the strongest chiral near-ﬁelds are
located closer to the wires. Therefore, maximum signal
enhancement is obtained when r equals the radius of the
four-helix structure.
The optical chirality is longitudinally conﬁned to the center
of the structure: Larger values of L lead to a smaller overall
chiral response. When L exceeds the pitch of the structure, the
maximum enhancement shifts to lower radii as the exterior of
the structure possesses near-ﬁelds with opposite optical chirality
to its interior (cf., Figure 6c). Highest enhancement is obtained
for small values of L. For a cylinder length that equals half of
the pitch, enhancement factors of more than 80 have been
calculated.

diﬀerential response of two molecules situated at these
positions has the same form as eq 5.
We can now compare this response to the diﬀerence signal
by a standard circular dichroism measurement, that is, with
circularly polarized light. Using eq 3, we obtain
εω
ΔA CD ∝ 0 β |E|2
(6)
c
This leads to the diﬀerence signal enhancement of
ΔÂ :=

+
C+
ΔA
= + =: Ĉ
CCPL
ΔA CD

(7)

that yields a factor by which the response is expected to be
enhanced due to the presence of the nanostructure (and the
described measurement scheme) for every point in space
compared to a circular dichroism measurement. Averaging over
a speciﬁc volume V ﬁnally leads to
+
1
1
⟨ΔÂ ⟩V :=
Ĉ dV = −
Ĉ helix dV
(8)
V V
V V

∫

∫

which quantiﬁes the expected enhancement of the response
when V is ﬁlled with a chiral analyte. The negative sign has
been added because the calculated ﬁelds Ĉ helix for the diﬀerent
helical nanostructures analyzed are right-handed inside the
structures and therefore show negative optical chirality.
We evaluated eq 8 for the large four-helix structure with a
pitch of 1.0 that showed the strongest chiral near-ﬁelds. V has
been chosen as volume of a cylinder with radius r and length L
that is collinear with the helix. Figure 7 shows the value of

■

CONCLUSIONS
We have demonstrated that plasmonic nanostructures consisting of multiple helices generate near-ﬁelds with high optical
chirality over an extended region. The incident ﬁeld is only
used to excite the resonance of the structure. The chiral
eigenmodes lead to chiral near-ﬁelds of one handedness inside
the structure. Depending on the dimensions of the helices,
diﬀerent approaches are necessary to maximize the obtained
optical chirality: Small structures need a suﬃciently large pitch
to obtain good coupling to the external ﬁeld, whereas large
structures beneﬁt from small pitches and the resulting stronger
coupling between the single wires. We showed that these
structures can be utilized as near-ﬁeld sources for chiroptical
spectroscopy with an almost 2 orders of magnitude enhanced
response compared to circularly polarized light. By this means,
our designs aid as prototypes for chiral near-ﬁeld sources for
applications such as optical enantiomer discrimination.

■

METHODS
Simulation. All simulations were performed by a thirdorder frequency domain solver (CST Microwave Studio) using
a third-order tetrahedral mesh. The gold was modeled by a
Drude model with a plasma frequency of 1.37 × 1016 s−1 and a
collision frequency of 1.22 × 1014 s−1. The helices were
modeled as single structures in vacuum. Additional space was
added until no inﬂuence from reﬂections at the open
boundaries on the resulting values for optical chirality occurred.
Additional adjustments on the parameters for the mesher were
necessary to resolve the small helices properly. To suppress
single numerical errors at the interfaces, the calculated optical
chirality has been ﬁltered by a 3 × 3 × 3 median ﬁlter. For
comparison, the optical chirality has been normalized by the
optical chirality of circularly polarized light at the same
frequency.
Visualization. The three-dimensional optical chirality maps
were generated by POV-Ray. The volume rendering was
obtained by a transparent medium whose density and color is
determined by the local value of optical chirality. Due to the

Figure 7. The averaged normalized optical chirality is a measure of the
possible enhancement of chiroptical responses compared to a circular
dichoism measurement when the integration area is ﬁlled with a chiral
analyte. The integration has been performed for cylindrical areas with
varying radius r (cf. inset). The results are plotted for several cylinder
lengths L. All evaluations have been performed for the large four-helix
structure with a pitch of 1.0 μm at its fundamental resonance
(12.6 μm). The yellow stripe depicts the area where the gold wires are
located.

⟨ΔÂ ⟩V depending on r. The diﬀerent plots correspond to
diﬀerent lengths L. The yellow vertical area depicts the location
of the wires. When r reaches this area, the integration volume
penetrates into the metal. The respective points have been
excluded from the volume calculation, as they cannot be
accessed by the chiral analyte.
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(70) Alù, A.; Engheta, N. Theory, modeling and features of optical
nanoantennas. IEEE Trans. Antennas Propag. 2013, 61, 1508−1517.
(71) Tretyakov, S.; Mariotte, F.; Simovski, C.; Kharina, T.; Heliot, J.P. Analytical antenna model for chiral scatterers: comparison with
numerical and experimental data. IEEE Trans. Antennas Propag. 1996,
44, 1006−1014.
(72) Rockstuhl, C.; Menzel, C.; Paul, T.; Lederer, F. Optical activity
in chiral media composed of three-dimensional metallic meta-atoms.
Phys. Rev. B 2009, 79, 035321.
(73) Yang, Z. Y.; Zhao, M.; Lu, P. X.; Lu, Y. F. Ultrabroadband
optical circular polarizers consisting of double-helical nanowire
structures. Opt. Lett. 2010, 35, 2588−2590.
(74) Yang, Z.; Zhao, M.; Lu, P. How to improve the signal-to-noise
ratio for circular polarizers consisting of helical metamaterials? Opt.
Express 2011, 19, 4255−4260.
(75) Kaschke, J.; Gansel, J. K.; Wegener, M. On metamaterial circular
polarizers based on metal N-helices. Opt. Express 2012, 20, 26012−
26020.
(76) Fischer, J.; Wegener, M. Three-dimensional optical laser
lithography beyond the diffraction limit. Laser Photon. Rev. 2013, 7,
22−44.
(77) Sakellari, I.; Kabouraki, E.; Gray, D.; Purlys, V.; Fotakis, C.;
Pikulin, A.; Bityurin, N.; Vamvakaki, M.; Farsari, M. Diffusion-assisted
high-resolution direct femtosecond laser writing. ACS Nano 2012, 6,
2302−2311.
(78) Waller, E. H.; Renner, M.; von Freymann, G. Active aberrationand point-spread-function control in direct laser writing. Opt. Express
2012, 20, 24949−24956.
(79) Kern, A. M.; Martin, O. J. F. Excitation and re-emission of
molecules near realistic plasmonic nanostructures. Nano Lett. 2011, 11,
482−487.
(80) Naﬁe, L. A. Vibrational Optical Activity: Principles and
Applications, 1st ed.; Wiley-VCH: New York, 2011.

(36) Gansel, J. K.; Wegener, M.; Burger, S.; Linden, S. Gold helix
photonic metamaterials: A numerical parameter study. Opt. Express
2010, 18, 1059−1069.
(37) Chigrin, D. N.; Kremers, C.; Zhukovsky, S. V. Plasmonic
nanoparticle monomers and dimers: from nanoantennas to chiral
metamaterials. Appl. Phys. B: Laser Opt. 2011, 105, 81−97.
(38) Zhukovsky, S. V.; Kremers, C.; Chigrin, D. N. Plasmonic rod
dimers as elementary planar chiral meta-atoms. Opt. Lett. 2011, 36,
2278−2280.
(39) Zhang, S.; Zhou, J.; Park, Y.-S.; Rho, J.; Singh, R.; Nam, S.;
Azad, A. K.; Chen, H.-T.; Yin, X.; Taylor, A. J.; Zhang, X.
Photoinduced handedness switching in terahertz chiral metamolecules.
Nat. Commun. 2012, 3, 942.
(40) Hentschel, M.; Wu, L.; Schäferling, M.; Bai, P.; Li, E. P.;
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