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Globally enhanced chiral field generation by negative-index metamaterials
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We show that negative-index metamaterials can generate chiral electromagnetic fields, which can be used to
enhance molecular chiroptical signals by inducing strong local magnetic fields. Compared to circularly polarized
light (CPL), the enhanced chiral field generated by a double-fishnet negative-index metamaterial shows a 3.5-fold
enhancement of the volume-averaged optical chirality and possesses the same handedness as that of incident
CPL, thereby forming a globally enhanced chiral field. By analyzing near-field configurations, the mechanism of
the optical chirality enhancement by double-fishnet negative-index metamaterial is elucidated. We thus anticipate
that these metamaterials have potential applications in chiroptical spectroscopy.
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Chiroptical spectroscopy is an efficient optical method used
to characterize the absolute configuration of chiral molecules
that have nonsuperimposable mirror images. Circular dichro-
ism (CD) measurement, one of the most popular chiroptical
methods, utilizes differential absorption of chiral molecules
corresponding to two opposite circular polarizations [1]. CD
signals, however, are inherently weak because the chiral length
scale of molecules is much smaller than that of light and
they are about 107 to 1072 times weaker than absorption.
Therefore, amplification of CD signals has been a challenging
issue in chiroptical spectroscopy [1,2].

Recently, it has been shown that certain configurations of
spatially varying electromagnetic fields, so-called “superchi-
ral” fields in a standing wave form, can enhance dissymmetric
CD signals more than circularly polarized light [3-6]. Several
groups have also demonstrated that strong near fields in
the immediate vicinity of nanostructures generate enhanced
chiral fields because locally varying electromagnetic fields can
meet the required conditions for enhancements of chiroptical
signals [7—12]. For an improved detection of chiral molecules
using chiral fields, however, two significant factors should
be considered: the achiral design of nanostructures and the
globally enhanced chiral field generation. First, it is noted that
nanostructures with chiral geometry have their own structural
chiral signals [13—15], which could easily contaminate chiral
signals from molecules enhanced by the local chiral fields.
Although the chiral geometry of nanostructures can generate
strong chiral fields at resonant frequency [7,10], it is difficult to
distinguish enhanced molecular chiral signals from structural
chiral signals in the CD measurements, illustrating the need
for an achiral nanostructure for the sensing of chiral molecules
with chiral fields. Secondly, locally enhanced chiral field
generation [7-10,12] alone cannot provide measurable CD
signal enhancement because the measured CD signals result
from the overall optical chirality of enhanced chiral fields over
the entire region in the vicinity of the nanostructure [11]. In
other words, the generation of globally enhanced chiral fields
having uniform handedness throughout the volume containing
chiral molecules, is desirable for practical chiral molecular
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sensing. Recently, Garcia-Etxarri and Dionne suggested that
surface-enhanced CD measurement is feasible by using high-
index nonchiral nanoparticles [11]. However, little has been
known for the global enhancement of chiral fields in a large
volume region.

In this Rapid Communication, we demonstrate that
negative-index metamaterials can generate the significantly
enhanced chiral fields upon incidence of circularly polarized
light. Inside the cavity of stacked double-fishnet layers (as
shown in Fig. 1), the generated chiral fields have the same
handedness (either left or right circularly polarized state) over
the entire region inside each cavity. Compared with differential
absorption, i.e., CD signal, of molecules in circularly polarized
plane waves, the double-fishnet negative-index metamaterials
enhance differential absorption itself by a factor of 3.5 in
volume-average optical chirality. Such an increase in the differ-
ential absorption will give rise to measurable enhancement of
CD signals. Furthermore, our structure has achiral geometry
so as to avoid chiral signals from its own structure. This is
absolutely critical in selectively measuring chiroptical signals
using such enhanced chiral fields. We also explain herein
how achiral negative-index materials can generate the globally
enhanced chiral fields via strong excitation of local magnetic
fields. To the best of our knowledge, negative-index materials
have been considered neither for generating enhanced chiral
field nor for characterizing absolute configuration of chiral
molecules in those nanostructures.

Recently, as a measure of chirality of electromagnetic wave,
the optical chirality (C), which is one of the zilches considered
by Lipkin, has been used by Tang and Cohen to characterize
the superchiral fields [3], which is defined by Eq. (1):

— —%T”Im[E* .BJ, (1)

where &y is vacuum permittivity and w is angular frequency,
electric field E and magnetic field B are complex-valued
vectors, and the asterisk denotes complex conjugation. The
differential absorption, i.e., CD signal, is directly proportional
to the optical chirality as AA = A;, — Ag =4G"C /gy, where
A; (Ag) represents the absorbance of chiral molecules
for left (right) CPL, and G” is the imaginary part of the
isotropic electric-magnetic dipole polarizability of a given
chiral molecule [8]. From Eq. (1), we note that spatially
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FIG. 1. (Color online) Schematic of a double-fishnet structure
generating globally enhanced chiral fields. The upper inset shows
a spatial distribution of the optical chirality under normally incident
left CPL. Globally enhanced chiral fields are generated inside the
cavities of a double-fishnet structure. Double-fishnet structure also
causes negative refraction of light.

—l

varying electric and magnetic fields, which are parallel and
out of phase to each other, have nonvanishing optical chirality
C. Throughout this Rapid Communication, we shall consider
the ratio C/ CcpL, where Ccpy, represents the optical chirality of
CPL,i.e., Ccpr = gowE}/c with Ej and ¢ being the amplitude
and the speed of light, respectively.

Here, we consider negative-index metamaterials for the
generation of enhanced chiral fields. Negative-index metama-
terials have strong local magnetic responses and near fields
excited by their structure. Therefore, we expect that negative-
index metamaterials can efficiently generate enhanced chiral
fields, as optical chirality is proportional to magnetic field
amplitude in Eq. (1). In this work, we consider the so-
called double-fishnet structure as a representative case of
negative-index metamaterial. Double-fishnet structures have
been used to obtain optical magnetism and negative refractive
indices at various wavelength bands [16-22]. Double-fishnet
structures comprise metal-dielectric-metal (MDM) multilay-
ers with square cavities, as shown in Fig. 1. Our double-fishnet
structure is composed of 30-nm silver layers and 35-nm
hydrogen silsesquioxane (HSQ) layers on the glass substrate.
The material parameters for silver are obtained from the
reported data [23], and the refractive index of HSQ and
glass are 1.41 and 1.5, respectively [18]. Cavities are square
shaped with sides h, = hy = h = 200 nm, and located
periodically with lattice constants a, = a, = a = 320 nm.
This double-fishnet structure has recently been shown to be
a low-loss negative-index metamaterial [18]. Given that the
basic unit of a double-fishnet structure consists of a single
MDM layer, we investigated numerically the enhanced chiral
field generation with single (MDM), double [(MD),M], and
triple layers [(MD);M].

Direct evidence of the chiral field generation by the
negative-index metamaterial can be found in Fig. 2. Figure 2(a)
and the inset of Fig. 2(b) show spectra of transmittance and
effective parameters for the metamaterial under left circularly
polarized incident light, respectively. Figure 2(a) shows two
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FIG. 2. (Color online) (a) Spectra for transmittance, reflectance,
and absorption of a single MDM double-fishnet structure. (b) Volume-
averaged optical chirality inside the cavities of the double-fishnet
structure, which is normalized by the optical chirality of incident
circularly polarized plane wave Ccp.. MR1 and MR2 indicate the
first- and second-order magnetic resonances, respectively. Inset of (b):
Retrieved effective parameters for the double-fishnet structure (solid
and dashed lines denote the real and imaginary parts, respectively).

absorption peaks at 714-nm and 894-nm wavelengths, which
also correspond to two transmittance dips. Effective perme-
ability in the inset of Fig. 2(b) indicates that the absorption
peaks at 894 and 714 nm originate from the first- and second-
order magnetic resonances, respectively. The two magnetic
resonances are related to the surface plasmon polariton (SPP)
Bloch modes satisfying the phase matching conditions of the
wave vectors to the periodicity of cavities [19]. The first- and
second-order SPP Bloch modes correspond to the I'—X and
I'— M directions of the Brillouin zone, respectively. It is known
that these two Bloch modes form gap SPPs in between two
metal layers [17-19]. The gap SPPs of the two Bloch modes
circulate inside an MDM layer, and provide optical magnetic
resonance and negative effective permeability [24]. Effective
permittivity, which describes an electric response, is highly
negative at the long wavelength region supported by the cutoff
frequency of cavities. From these effective parameters, we
can expect that simultaneous excitations of strong electric and
magnetic fields occur at two magnetic resonance wavelengths.

In order to verify our expectation that the negative-index
property is of use to generate enhanced chiral field, we
compared the spectra of volume-averaged optical chirality
inside cavities and the spectral positions of magnetic reso-
nances. As can be seen in Fig. 2(b), the two major peaks of
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(a-c) 1st magnetic resonance at 892 nm
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FIG. 3. (Color online) Horizontal and vertical distribution of electric fields, magnetic fields, and optical chirality ratio C/Ccpp at (a)—(c)
first-order magnetic resonance near 892 nm and (d)—(f) second-order magnetic resonance near 682 nm. White dotted lines indicate the cavity

boundaries in the double-fishnet structure.

volume-averaged optical chirality and those of the imaginary
part of effective permeability appear at the same wavelengths
(682 and 892 nm, respectively.) Thus, it is concluded that the
absorbed energy, shown as ared line in Fig. 2(a), is used to form
gap SPPs inside metamaterial structures, which subsequently
generate the significantly enhanced chiral fields, as shown
in Fig. 2(b). Likewise, Fig. 2(a) shows that high reflectance
(at 637 nm) results in the optical chirality dip at the same
wavelength. This is due to the fact that most of the incident
light is reflected back, and thus optical chirality is reduced
inside the metamaterial.

In order to investigate the origin of the enhanced chiral
field generation by the double-fishnet structure, we analyzed
near-field responses of electromagnetic fields and the optical
chirality at two magnetic resonances. Figure 3 illustrates
horizontal distributions of fields at the central dielectric gap,
vertical distributions of electric fields, and the optical chirality
ratio C/Ccpr. Vertical distributions show that the major
enhancement of the optical chirality occurs at the dielectric
gap where gap SPPs are formed. Figures 4(a) and 4(b) clearly
show that there are strong enhancements in longitudinal
electric and magnetic fields near cavity edges. Strong E,
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FIG. 4. (Color online) Time snapshots of longitudinal (a) electric
field E,/E, and (b) magnetic field H,/H, at xy cut (white lines
specify cavity boundaries), (c) vector field maps of electric field
vector E = E X + E,Z at xz cut (green-yellow-green region indicates
metal-dielectric-metal layers), and (d) differential electric field vector
E — (E) = (E, — (E\))X+ (E, — (E,))y inside cavities at xy cut.
The wavelength of the field map in (a)—(d) is 892 nm, which is the
first-order magnetic resonance.

originates from excited gap SPPs forming virtual currents
between two metal layers [see Fig. 4(c)], and then induces
strong resonance of transverse magnetic field components
(H¢,H,) providing effective permeability (i) responses at
the far-field level. In contrast, transverse electric components
supported by cavities (E,, E ), providing effective permittivity
(e) responses, induce H, because they have a spatial curl of
electric fields. Figure 4(d) displays the differential electric field
vector E — (E) = (E, — (E,))X + (E, — (E,))¥ that induces
the longitudinal magnetic field component H,. When the
longitudinal components E, and H, are dominant and out
of phase with respect to each other, optical chirality in
Eq. (1) becomes strongly enhanced. This explains the mecha-
nism of enhanced chiral field generation by the negative-index
metamaterial. The mechanism shown here differs from the
conventional mechanism based on geometrical chirality of
nanostructure, which already gives a curl of electric fields at the
curvature of chiral nanostructures [7,8,10,12]. Our mechanism
therefore presents a new route to generate superchiral fields
using an achiral nanostructure.

Another noteworthy feature is that the generated enhanced
chiral field is global inside the cavity, meaning that the
chiral handedness is spatially uniform [Figs. 3(c) and 3(f)].
From Eq. (1), we find that optical chirality can be positive
or negative, and that most nanostructures previously sutdied
generate superchiral fields with varying handedness flipping
signs [7,9,10,12]; this is detrimental to volume-averaged
enhancement over the entire region. Therefore, the globally
enhanced chiral fields seen in Figs. 3(c) and 3(f) result in
the volume-averaged enhancement of the optical chirality [see
Fig. 2(c)]. Thus, the present enhanced chiral field generation
method will be of critical use in practical molecular sensing
because CD signals from net molecules are measured inside
the nanostructures.
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FIG. 5. (Color online) (a) Volume-averaged optical chirality. In-
set of (a): Differential absorption of net molecules inside cavities
(o) at two resonances. The normalizing unit (ocp.) is the differential
absorption of molecules, by incident CPL, within the volume of a
single MDM cavity. (c¢) The xz cut of optical chirality for double
(left) and triple units (right) at the first-order resonance (upper) and
the second-order resonance (bottom).

Finally, comparing the spatial distribution of the optical chi-
rality in Figs. 3(c) and 3(f), the first-order magnetic resonance
(892 nm) generates stronger enhancement of the local optical
chirality than the second-order magnetic resonance (682 nm)
does. This explains why the volume-averaged optical chirality
of the first-order magnetic resonance is much higher than that
of the second-order magnetic resonance in Fig. 2(b).

With this in mind, one important question remains: Can
stacking MDM layers of the double-fishnet structure enlarge
enhanced optical chiral regions inside cavities with the same
handedness? As shown in Fig. 5, we considered stacked
layers [(MD),M] up to n = 7. In metamaterial studies, it has
been demonstrated that effective parameters and metamaterial
figures of merit are influenced by the number of stacking
layers [19,21,22]. Figure 5(a) shows that the volume-averaged
enhancement factor of optical chirality at the first-order (but
not at the second-order) magnetic resonance remains the same
even with increasing the number of MDM units. In the inset
of Fig. 5(a), the differential absorption of net molecules
inside cavities, o = f AAdV, which is directly related to
the strength of CD signals, clearly shows that the first-order
resonance is much more efficient for the enhanced chiral
field generation than the second-order resonance, because
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the differential absorption of net molecules inside cavities
at the first-resonance wavelength increases linearly relative
to the number of MDM units. This peculiar observation can
be understood by examining the vertical distribution of the
optical chirality [Fig. 5(b)]. In Fig. 5(b), there are changes in
the handedness of chiral fields produced by the second-order
magnetic resonance mode. In contrast, the distribution of
the optical chirality at the first-order resonance shows highly
uniform optical chirality enhancement without sign flipping.
From this observation, we can conclude that the globally
enhanced chiral fields can be attained only for the first-order
magnetic resonance when the number of MDM units increases.
The seven layers in Fig. 5, amounts to a physical path length
of 0.5 um in CD measurement, while the effective path length,
taking into account the enhanced chirality by a factor of
3, is about 1.5 um. Effective path lengths can be further
increased by adding more layers or using optimally designed
metamaterials to improve the sensitivity of detecting chiral
molecules.

The spectral shift of the generated enhanced chiral fields
is also noteworthy. In Fig. 5(a), the volume-averaged optical
chirality at two magnetic resonances changes as the number
of stacking layers increases. This is a natural consequence
of metamaterials having tunable characteristics. Metamaterial
studies have shown that spectral position and strength of
magnetic resonance can be tuned by simply controlling the
number of stacking layers, cavity size, and periodicity [18-22].
Likewise, we expect that such factors, which tune the optical
properties of metamaterials, can affect the spectral position
and strength of the enhanced chiral fields. This is particularly
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important because one can easily make metamaterials suitable
for a given chiral molecule. However, there could be poten-
tial complications originating from calibration of measured
spectrum and specific interaction of chiral molecules with
metamaterial.

In this study, we have shown that negative-index metama-
terials can be used to generate the enhanced chiral fields. The
underlying mechanism of the enhanced chiral field generation
by negative-index metamaterials is shown to be directly
related to the simultaneous excitation of strong electric and
magnetic fields in the longitudinal direction, satisfying the
parallel and out-of-phase condition for large optical chirality in
Eq. (1). The present study and results can provide guidelines
for achieving strongly enhanced chiral field generation by
specifically designed nonchiral structures. The enhanced
chiral field generated by the metamaterials would be of use
in chiroptical spectroscopy. We anticipate that the bridging
of chiroptical spectroscopy and photonic metamaterials, two
distinct disciplines of optics, will offer new possibilities for
applications of metamaterials in the future.
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